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Abstract 

For the past 50 years, the magnetic storage industry has been the ultimate provider, 

covering the ever-expanding needs of digital mass storage. Up to now, scaling to 

smaller dimensions has been the core approach for achieving higher areal densities in 

conventional media. However, recent studies have shown that further miniaturisation is 

physically bound by superparamagnetic effects. Bit patterned media (BPM) is one of 

the most promising solutions for extending the areal densities beyond 1Tbit/in
2
. 

The ability to magnetically characterise novel BPM is a key requirement for its future 

commercialisation. The work presented in this thesis describes the investigation of the 

Magneto-Optic Kerr Effect (MOKE) and the Anomalous Hall Effect (AHE) 

techniques, used in the characterisation of BPM samples. These samples were 

produced as part of this work using a customised subtractive fabrication process. 

Continuous thin magnetic films with Ptseed(10nm)/[Co(0.4nm)/Pt(1nm)]x15 

composition and perpendicular anisotropy, were deposited using electron-beam (e-

beam) evaporation, and subsequently patterned into magnetic nano-islands through 

means of e-beam lithography and Ar
+
 ion milling. 

In terms of the MOKE technique, a fully customised polar MOKE system has been 

developed and successfully used to observe the hysteretic behaviour of magnetic nano-

island arrays with varying dimensions. An expected reduction in the MOKE signal due 

to pattering has been observed, as well as an additional signal reduction due to the 

scattering effect arising from the non-vertical sidewalls of the dome-shaped islands. In 

the case of islands with improved shape profile, the magnetic reversal of BPM arrays 

with islands sizes down to 35nm has been successfully detected, demonstrating a 

sensitivity of approximately 6x10
-13

emu for the MOKE system. 

In terms of the AHE technique, Au Hall crosses were deposited on top of the BPM 

arrays that had been previously characterised by MOKE, allowing the direct 

comparison and cross-verification of the results obtained by the two techniques. A 

revised Hall cross design, where the Hall crosses were generated by direct patterning 

of the Pt seed layer, has provided a significant improvement in AHE signal. This has 

allowed the detection of the magnetic reversal of individual sub-50nm magnetic 

islands, demonstrating a sensitivity of approximately 6.6x10
-15

emu for the AHE 

technique. The spatial sensitivity of these Hall cross structures has been experimentally 

determined, indicating a decrease in sensitivity with increasing distance from the cross 

centre and with decreasing island diameter. In conclusion, the sensitivity profile of 

Hall cross structures must be taken into account for the accurate interpretation of BPM 

characterisation results obtained by the AHE technique. 

Finally, some suggestions are outlined with regard to the future improvement of the 

developed characterisation techniques and the further continuation of the work 

presented in this thesis. 
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CHAPTER 1  
 _____________________________________________________________________________________________________________________________________  

1Introduction 
 _____________________________________________________________________________________________________________________________________  

The first chapter portrays the significance of digital data storage and in particular the 

remarkable success of magnetic storage in the form of the Hard Disk Drive. The key 

elements of a typical magnetic storage system are introduced in order to understand 

how Bit Patterned Media fits in this context and to explain the purpose of this 

research. A brief description of the thesis outline is given at the end of this chapter.  

Since the mid-20th century the world has witnessed an unmatched 

technological progression, following an ever increasing pace to this day. During this 

period, the invention of the Computer and the Internet have rightfully earned a position 

amongst the greatest engineering achievements. Their importance is evident by the 

impact they have in everyday life, in today’s so often called “digital world”. This 

digital transformation is attributed to the concept of describing any information into 

digital data, represented by “1” and “0” (binary bits), which can be easily manipulated 

through the use of electronics. However, what enabled the evolution of this concept 

was the ability to store the digital data in a non-volatile manner, i.e. the ability to retain 

stored data even when no power is supplied. The continuous increase in computational 

power alone would in fact be of minimal importance unless there was a way to access 

the corresponding amount of information, without requiring constant real-time data 

retention. The necessity for digital storage is apparent by the vast amount of 

commercial products that incorporate a storage mechanism. Examples include the 

Personal Computer (PC), large company databases, compact video/audio players, 

online libraries, cameras and mobile phones. 
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Non-volatile digital storage can be categorised into three major technologies: 

optical, solid state and magnetic. While all of them have established an invaluable part 

in commercial markets, the reasons behind their success are different. Optical storage, 

widely known in the form of Compact Discs (CDs), Digital Versatile Discs (DVDs) 

and Blue-ray Discs (BDs), is robust, portable and more suited for product specific 

applications such as in the entertainment industry. In the case of solid state technology, 

information is stored electronically, typically through the use of floating-gate flash 

memory (e.g. NAND/NOR arrays) [1, 2]. The success of this technology is attributed 

in its ability to store/access information faster, while the devices do not incorporate 

any moving parts which make them extremely durable. Some of the more recent and 

emerging solid state memory types [3, 4], such as the Magnetoresistive random access 

memory (MRAM) and the Spin transfer torque random access memory (STTRAM) 

[5], also incorporate magnetic elements to assist in the non-volatile storage of 

information even though these devices are still controlled electronically. Alternative 

electronic storing mechanisms that are currently being developed [3], such as the 

Phase-change random access memory (PCRAM) [6], and the memory resistor 

(memristor) [7, 8], show also great potential in terms of storing information denser and 

faster while having reduced power requirements compared to other solid state memory 

types. On the other hand, the magnetic storage technology, in the form of rotating Hard 

Disk Drives (HDD), has always been considered as the optimum solution for non-

volatile mass storage due to its ability to store information denser than any other 

existing technology [9]. The impact of the HDD industry is best reflected in the 2007 

study by the International Data Corporation (IDC) [10], which shows how the 

available world-wide digital storage is allocated to each storage technology (see figure 

1.1). In numbers, the study indicates that a world-wide total of 1,288x10
18

 bits (1.6 

billion GBytes) was digitally stored in 2006, with a projected estimate of 988 exabytes 

(1EByte=1x10
6
GBytes) for 2010. A subsequent version of the study in 2010 showed 

that in fact, the total digital storage will reach 1.2 zettabytes (1ZByte=1000EBytes) by 

the end of this year, followed by a 44-fold increase until 2020 [11]. 
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Figure 1.1: A graphical representation of the world-wide digital storage allocation 

amongst the different memory technologies during the past five years [10]. 

Clearly in a time where the digital storage needs have never been greater, the 

HDD industry addresses the largest share of this digital storage market, and is expected 

to continue to do so in the years to come. HDDs have so far satisfied the data storage 

needs by gradually improving in terms of storage capability, speed and reliability, and 

at the same time reducing their size and cost (per amount of information that can be 

stored). However, after fifty years of continuous improvement, studies have shown that 

HDD technology, in its current form, has reached a saturation point, where further 

progression is bound by physical limitations [12-14]. More specifically, the structure 

of the magnetic media being used so far will be incapable to support denser magnetic 

data storage (i.e. more data in less physical space). Further development will require 

significant technical and structural changes, and inevitably, the quest for a viable 

replacement has already begun. 

The use of Bit Patterned Media (BPM) is one of the most promising 

approaches for future magnetic storage [15-17]. BPM are still under development 

hence their capabilities are yet to be determined fully in terms of their structural and 

magnetic properties. In other words, the characterisation of BPM is an essential 

requirement for their future progression. 
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1.1 Magnetic Storage Fundamentals 

A conventional magnetic storage system is primarily divided into two main 

components; the recording medium and the read/write component (see figure 1.2). 

Binary bits “1” and “0” are represented by small areas on the magnetic medium (bit 

cells), which have opposite magnetic polarities [18]. Storing and retrieving information 

from the medium are referred to as the recording and readout processes, respectively. 

Recording is performed by applying an appropriate current to the write element core, 

which in turn produces a corresponding magnetic fringing field, able to force the bit 

cell directly beneath into the desired magnetic polarity. Reversing the applied current 

polarity corresponds to a reversed magnetisation polarity. In readout, the read element 

detects the field generated by a magnetised bit cell, and therefore, it can distinguish the 

transitions between bit cells of opposing polarity. These transitions are then translated 

into a corresponding current value, from which a digital representation of the data can 

be obtained [18]. 

 

Figure 1.2: A schematic illustrating the magnetic recording/readout principle, using 

an inductive read/write element [14]. 

In HDDs the magnetic storage medium has the form of a circular disk platter 

(Hard disk), divided into region forming concentric circles called tracks (see figure 

1.3) [19]. The rotational motion of the disk, in combination with the traversing 

movement of the head (read/write element), provides access to the whole disk surface. 

Each track is further divided into smaller manageable pieces (sectors), that the head 
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can access in one go. By using the tracks and sectors as guiding elements, the head can 

access a specific set of data at a predetermined disk location [19]. 

Clearly, this arrangement improves the efficiency of the recording and readout 

processes. However, the overall performance of a HDD is governed by a much larger 

set of parameters. As a mass storage device, the most important performance 

parameter of a HDD is the areal density; defined by the number of data bits that can be 

recorded per unit area on the disk surface, and measured in bits/in
2
 (bits per square 

inch). Figure 1.3 presents the areal density as the product of linear and track densit ies, 

defined by the bit length and track width, respectively. Therefore, attaining higher 

areal densities implies a size reduction of the magnetically defined bits. More 

specifically, it requires a head that is able to provide a contained write field, as well as 

being sensitive enough to detect the magnetic transitions from smaller bits. At the 

same time, the disk medium must have the appropriate structural properties that will 

ensure that the recorded bits will maintain their magnetisation polarity, i.e. preserve its 

non-volatile nature. 

 

Figure 1.3: A schematic showing the mechanical motions of the Hard disk and 

read/write head, along with the data storing arrangement on the disk surface. 

1.2 Conventional Media 

The magnetic medium used in modern HDDs, has the structure of a continuous 

thin granular film, typically consisting of a Co-based (cobalt) alloy deposited on a 

glass or an aluminium substrate [18]. Remarkably, since the appearance of the first 
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HDD over 50 years ago, this basic structural description has remained the same, hence 

the name conventional media. 

In the absence of an external magnetic field, individual magnetic grains have an 

energetically favourable axis/direction (easy axis) along which their magnetisation lies 

[20]. Exposing a group of grains to an appropriate magnetic field causes a re-

orientation of their magnetisation according to the direction of the applied field [20]. A 

collection of such uniformly magnetised grains forms a magnetic domain [18]. Figure 

1.4 illustrates how such groups of grains define a data bit cell in conventional media 

recording. The size of a bit cell is directly related to the size of the read/write head 

[18], however, the arbitrary shape and size of the grains ultimately defines the bit cell 

formation [21]. Generally, it is preferable to have smaller grains condensed in less 

physical space, since this will allow denser recording (assuming an equally small head 

is used). In fact, this scaling concept has been the main driving force towards 

improving the areal density of conventional media so far [14]. 

 

Figure 1.4: A schematic of recorded data on conventional granular media  [22]. 
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The latest commercial HDDs employing conventional media have reached 

areal densities in the order of 500Gbits/in
2
 [23], with a sub-10nm average grain 

diameter [21]. However, recent studies have shown that, based on the current 

technology, the estimated maximum achievable areal density will be in the order of 

1Tbit/in
2
 [12, 24, 25]. Beyond this limit, both the shrinkage of read/write heads and the 

storage media will be extremely challenging [14]. While the former is an engineering 

problem, hence theoretically solvable, the latter is bound by physical limitations. 

Further reduction of the grain size will cause them to be magnetically unstable and 

therefore unable to perform in a reliable non-volatile manner [21]. The prospect of an 

imminent expiration date for conventional media has urged researchers in the field of 

magnetic storage to seek alternative solutions. 

1.3 Bit Patterned Media 

Whilst numerous solutions have been proposed for extending the areal density 

of magnetic storage in excess of 1Tbit/in
2
, BPM is perceived amongst the most 

promising ones [15-17]. Figure 1.5 illustrates the principal structural formation of a 

Hard disk incorporating BPM. The obvious change against conventional media is the 

absence of a continuous magnetic film [26, 27]. Instead, the BPM surface is discretised 

into isolated magnetic islands, surrounded by a non-magnetic material. In other words, 

instead of recording freely on the surface of continuous media, the recording position 

is now predetermined by structurally defined magnetic islands. Ideally, each island 

consists of single or a few large grains, and it can be magnetised independently. 

Assuming the islands are patterned with fixed shape and size, then both the bit length 

and track width can be predetermined, and hence, the areal density can be controlled. 

Since the areal density is essentially determined by the island size and the 

distance between neighbouring islands, the grain size reduction is no longer a 

prerequisite for increasing the areal density. Maintaining the grain size and reducing 

the number of grains per island, can effectively reduce the island size while preserving 

the magnetisation stability of the island. Although in theory this concept may appear as 

a simple solution to the areal density problem, in practice, creating BPM is a non-

trivial objective. Bearing in mind that BPM are aimed for areal densities in excess of 
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1Tbit/in
2
, the corresponding required island sizes will have to be in the order of a few 

nanometres. Evidently, the ability to fabricate such minute structures as well as 

read/write heads of proportional size poses a major engineering challenge. Equally 

important, the development of future BPM will heavily depend on the ability to 

characterise its structural and magnetic properties, thus providing a guided route 

towards utilising BPM. 

 

Figure 1.5: A structural representation of bit patterned media with recorded data on 

individual magnetic islands  [28]. 

1.4 Magnetic Characterisation 

For the purposes of this research project, particular focus is given in the 

magnetic characterisation of BPM. In general, the magnetic behaviour of a HDD 

medium is fundamentally described by a magnetic hysteresis loop (red curve in figure 

1.6). At the virgin state (demagnetised), the magnetisations of all the individual 

magnetic domains in a medium collectively average into zero magnetisation value. 
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However, when the magnetic medium is exposed to an externally applied magnetic 

field, H, it exhibits a corresponding magnetisation, M (the magnetisations of multiple 

domains are aligned). Traversing between the negative and positive saturation 

magnetisation, Ms, reveals the hysteresis loop for a particular medium. In a similar 

way, a magnetic characterisation technique could obtain this hysteresis loop, assuming 

it has the appropriate means for applying a controllable variable external field and at 

the same time being able to detect the magnetisation of the medium. 

The importance of this hysteretic behaviour lies in the fact that two different 

paths exist for switching between positive and negative Ms and none of them passes 

through the origin. This implies that the medium can retain its magnetisation (either 

positive or negative), even if the external magnetic field is removed (non-volatile). 

This behaviour fits well with the requirements of digital data storage, where the binary 

bits (0 and 1) can be represented by the two corresponding magnetisation states. 

 

Figure 1.6: An example of a ferromagnetic hysteresis loop indicating important 

behavioural parameters. 

Three specific variables deduced from a hysteresis loop are of particular 

importance: 

 The saturation magnetisation, Ms, is the maximum magnetisation (positive or 

negative) that a magnetic material can have. Further increase in the magnitude of 

the externally applied magnetic field will have no impact on the material 

magnetisation once it has reached its Ms value. 
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 The remanent magnetisation, Mr, is the maximum magnetisation value (positive or 

negative) that the material can retain without the support of the externally applied 

magnetic field. Once the material has been magnetically saturated, it is then 

possible to remove the external field (set to 0) whilst the material itself will remain 

magnetised at Mr. Higher Mr is favourable since it corresponds to a higher 

magnetic signal being picked up by the read head (easing the head requirements 

for sensitive detection). 

 The medium coercivity, Hc, is the minimum required externally applied magnetic 

field (positive or negative) in order to bring the magnetisation of the medium back 

to 0, i.e. it is a measure of the magnetisation stability of the medium. Therefore, it 

is preferable to have high Hc (wider hysteresis loop) media so that the 

magnetisation cannot be switched easily/accidentally (e.g. by fluctuations of the 

external magnetic field). However, if the Hc is significantly increased, the write 

head might be incapable of producing the corresponding required field. Therefore 

a trade-off exists between the media Hc and the head write-ability. 

 

Further information can also be deduced from the overall shape of the 

hysteresis loop. In particular, the slope of the hysteresis loop at Hc (dM/dH|Hc) is a 

determining factor for the switching field distribution (SFD) of the media [29]. In 

simple terms, the SFD describes the variability of the switching field amongst different 

magnetic elements in the medium. In conventional media the SFD can arise from 

different bit cells (or more accurately the magnetic domains), whereas in BPM the 

SFD describes the variability between magnetic islands. The relationship between the 

SFD and the loop parameters is best described by the Williams-Comstock construction 

[30]: 
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where, S* is called the loop “squareness” and is defined by the Mr/Ms ratio [31]. 

Alternatively, the SFD can be calculated by directly differentiating the hysteresis loop 

(dM/dH), to obtain the full-width at half-maximum (ΔH) of the differentiated curve 

[29], as shown by the green curve in figure 1.6. While the Williams-Comstock 
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approach is the preferable technique for continuous granular media, the differentiation 

approach is more suited for particulate systems [29], such in the case of BPM. 

1.5 Research Aims and Objectives 

The existing characterisation techniques were originally intended for 

conventional media and are not necessarily applicable in BPM, especially in the case 

of magnetic characterisation. While in conventional media the continuous thin 

magnetic film structure implies a relatively uniform magnetic behaviour across the 

whole surface of the media, this is not the case in BPM. Consequently, where 

previously a bulk magnetic characterisation of a qualitative nature would suffice, the 

individual island structure of BPM suggests that a quantitative magnetic 

characterisation would be more appropriate. Because of the individuality of each 

magnetic island, typically arising due to the fabrication process, the magnetic 

properties may vary significantly from island to island. Ideally, the characterisation of 

BPM should be performed on an individual island basis as well as on groups of 

magnetic islands, thus revealing both the magnetic behaviour of single islands, and of 

the media as a whole. 

The aim of this research is to investigate magnetic characterisation techniques 

that are well suited for BPM. In this two-fold project, the first task entails the 

development of new customised techniques that fulfil the requirement for quantitative 

magnetic characterisation. The second part involves the evaluation of these techniques 

by testing them in practise against newly fabricated BPM samples, aiming at the 

successful characterisation of sub-100nm island scales. The fabrication of these 

samples was based on a customised version of a novel fabrication process developed at 

the University of Manchester. Noticeably, the characterisation of such BPM samples 

has so far been limited and rather complicated [32]. Therefore, developing simplified 

characterisation techniques would be extremely beneficial. Nevertheless, a simplified 

technique must still be able to perform efficiently in the nanoscale range of magnetic 

islands in BPM. Clearly, the acquired signal from such miniature structures can be 

very small, thus extremely susceptible to noise. Improving the Signal-to-Noise Ratio 

(SNR) is a challenging task, involving careful design and use of electronics.  
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In this project, two particular techniques have been selected, namely; the 

Magneto-Optical Kerr Effect (MOKE) and the Anomalous Hall Effect (AHE) 

characterisation techniques. While MOKE measurements are more comprehensible 

and widely used; AHE measurements are more challenging and less adopted, though, 

they can potentially provide significantly enhanced resolution and sensitivity. By 

characterising the same island pattern, a comparison of the two techniques can be 

achieved. Finally, having two sets of measurements is advantageous in terms of 

confirming the correctness of results. 

1.6 Thesis Outline 

A brief summary of the following chapters is presented in this section, in an 

attempt to provide a comprehensive view of the scope of this thesis. 

Chapter 2 includes the basic background information regarding the historical 

development of magnetic storage in general and the HDDs in particular. This helps to 

appreciate the progression rate of magnetic storage over the years and the importance 

of maintaining this rate for future development. An in-depth analysis of conventional 

media identifies the limiting factors that prohibit the improvement of the areal density 

in the currently used magnetic storage technology. The review of some of the most 

promising technologies, which can potentially provide increased areal densities, 

reveals the different ways the limiting factors of conventional media can be tackled. 

Particular emphasis is given in the explanation of BPM in order to understand their 

potential areal density advantage compared to the other candidates for future magnetic 

storage. At the same time, the problems associated with their structural formation are 

identified, indicating the significance of magnetic characterisation for their future 

development.                   

Chapter 3 gives an overview of the commonly used techniques for BPM fabrication, 

where the assessment and comparison of the techniques reveals the BPM structural 

variations that may arise when different techniques are employed. The chapter 

concentrates on the particular fabrication process, followed in this research project, to 

produce the BPM samples that are later magnetically characterised using the suggested 
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characterisation techniques. Through the description of the individual process steps, as 

well as of the finalised BPM samples, the main attributes/properties of the magnetic 

islands are identified. 

Chapter 4 investigates some of the existing structural and magnetic characterisation 

techniques, including the ones that have been used, partially or extensively, in this 

research project. According to the scope of this study, the emphasis is on magnetic 

characterisation techniques and their ability to perform quantitative magnetic 

characterisation. The merits and drawbacks of the described techniques are clarified, in 

an attempt to determine their capabilities in terms of BPM characterisation. However, 

the main focus of this chapter is on the selected magnetic characterisation techniques, 

namely the MOKE and the AHE techniques. An in-depth analysis of their functionality 

reveals their advantages over other existing techniques, supporting the choice for using 

them in the characterisation of BPM samples. Nevertheless, specific problems 

associated with these techniques are also pointed out, with the intension of finding the 

limiting factors for BPM characterisation.             

Chapter 5 describes the implementation of a custom MOKE system and its application 

in characterising BPM samples. The functionality of the system is explained in detail 

both in terms of the overall system layout and its individual main components, 

including mechanical, hardware and software custom-made parts. Initial hysteresis 

loop test results, obtained from the characterisation of continuous thin magnetic films, 

are verified against an alternative characterisation technique. The operability of the 

MOKE system is also confirmed for the characterisation of BPM samples with large 

magnetic islands (>100nm), including tests that involve the use of the remanence curve 

and the ΔH (M, ΔM) measurement approaches/algorithms that have been developed in 

software. Further investigations of BPM samples with smaller islands (<100nm) are 

presented, along with an in-depth analysis of results. The results are discussed in terms 

of correctness as well as in terms of the MOKE system detection capabilities. 

Chapter 6 investigates the use of Hall cross structures in the characterisation of BPM 

samples by the AHE technique. The initial Hall cross design explores the use of gold 

Hall crosses deposited on top of magnetic island arrays, where the results are 

compared with the corresponding MOKE measurements performed previously on the 
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same samples. An alternative novel Hall cross fabrication process, developed with the 

intention of improving the response of the AHE technique, is described in detail. The 

use of specifically designed magnetic island patterns enabled the sensitivity mapping 

of the spatial resolution of the Hall cross structures, experimentally. 

Chapter 7 gives a summary of the work undertaken in this research project and the 

conclusions arising from the investigations presented in this thesis. Potential 

improvements in the setup of the developed characterisation techniques are identified, 

while some preliminary work that has already been completed is also presented. 

Finally, some suggestions for the future continuation of this project are outlined. 
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CHAPTER 2  
 _____________________________________________________________________________________________________________________________________  

2Magnetic Data Storage 
 _____________________________________________________________________________________________________________________________________  

Chapter 2 describes the chronological progression of magnetic storage devices since 

their first appearance, leading to the invention of HDDs. An investigation of the 

development of HDDs is presented in an attempt to fully appreciate the importance of 

areal density growth, along with other key performance characteristics. The in-depth 

analysis of longitudinal recording and its limitations explains the recent transition to 

perpendicular recording. Finally, some of the proposed solutions for achieving areal 

densities in excess of 1Tbit/in
2
 are described, with particular emphasis on BPM and its 

revolutionary advantages. 

2.1 The History of Magnetic Data Storage 

The first formal indication of magnetic storage dates back in 1878 when 

Oberlin Smith conceived the idea of recording the electrical signals produced by the 

telephone onto a steel wire, as described in his published article in 1888 [33]. Soon 

after, in 1898, Valdemar Poulsen crystallised this concept into the first magnetic 

recording device called the “Telegraphone” [33]. It was a machine able to record 

telephone messages (i.e. analogue signals) using a steel wire, wound helically on a 

cylinder under an electromagnet connected to a microphone or an earphone. 

Rightfully, this is considered to be the predecessor of all magnetic storage devices. 

Until 1930, the Telegraphone was continuously improved by various companies, in an 

attempt to commercialise the product. At that time, the Marconi-Stille company had 

built the first steel band recorder with the following specifications: 3mm width, 80cm 

thickness, 1.5m/s speed and weight of 25Kg [34]. The first Steel tape (disk form) 

recorder, called the “Magnetophone”, appeared in 1933 and was created by the 
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German Allgemeine Elektrizitäts-Gesellschaft (AEG) company [33]. Enhancements of 

the original design, including two-channel (stereo) recording and video recording, led 

to the formerly dominant industry of magnetic recording (until the late 1990’s) of 

compact (audio) cassette and videotape recorders [33]. 

Despite the fact that HDDs were not the main focus of the magnetic storage 

industry up until the last couple of decades, their development had originated much 

earlier. The main difference of the HDD technology, compared to the previous one, 

relied on its dedicated design for storing digital data instead of analogue signals, and 

its ability to access the data faster. As one would expect, the development of HDDs is 

interrelated with the development of computers. In 1946, “ENIAC” (Electronic 

Numerical Integrator and Computer), the first large-scale digital computer, initiated the 

evolution of digital data processing [35]. By 1948, the University of Manchester 

created the Small-Scale Experimental Machine (SSEM) otherwise known as “The 

Baby”, which was the first machine that incorporated a memory-stored program on 

magnetic drums. “The Baby” is considered by many the predecessor of modern PCs  

since it was the first computer with a hardware architecture that resembles the one 

being used nowadays [35, 36]. Having a memory-stored program meant that it was 

fully programmable through software, already predicting that the requirement for data 

storage would eventually become a necessity. 

Indeed, in 1956, the RAMAC (Random Access Method of Accounting and 

Control) system developed by the International Business Machines (IBM) corporation, 

included the first HDD (coded as IBM 350 Disk storage unit) [37-39]. It had a capacity 

of 5 million 7-bit characters (≈4.4MBytes) covering the surface area of fifty 24-inch 

diameter metallic disks (platters), i.e. an areal density of 2000bits/in
2
. Figure 2.1 shows 

a replica of the original RAMAC HDD, which incorporated a pneumatic read/write 

head and a 2 HP (horse power) engine to spin the platters at 1200 revolutions per 

minute (rpm). It could achieve a data rate of 8800 characters per second (7700 Bytes/s) 

with an average seek time of 600 milliseconds. Most impressively, its cost at the time 

was approximately $50,000 USD (≈$10,000 per MByte). 

By 1962, an improved HDD model had been introduced. Namely, the 1301 

Advanced Disk File, which was half the size of the RAMAC and had a capacity of 
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about 28 MBytes; an increase in both areal density and data rate by about 1000% [40]. 

Key to this successful development was the ability to drive the read/write head closer 

to the metallic disks, therefore being able to record smaller magnetic bits [41]. 

Similarly, during the next few years, the gap between the head and the medium was 

further reduced by using a sealed internal environment (1973 Winchester disk drive) 

and by the invention of the new thin film heads (1979) [40]. Size was gradually 

reduced down to 2.5-inch form factor disks (platter size) in 1989, while more and more 

companies got involved in the industry of magnetic storage. In particular, after the 

commercial availability of the PC during the 1980s, the 5.25-inch form factor disk 

(introduced by Seagate’s ST-506 model) was established as a standard [40]. IBM 

adopted a subsequent version of the ST-506 (the ST-412 with 10 Mbytes capacity) by 

incorporating it in the company’s own commercialised PCs [40], thus making it the 

first HDD to be widely used in the PC-compatible world. 

 

Figure 2.1: An image of a replica of the first RAMAC HDD, incorporating fifty 24-

inch diameter metallic disks with a total capacity of about 4.4MBytes [37]. 

The early development stages of the HDD (described above) had already 

defined the contributing factors upon which the improvement of HDDs would rely. 

These main characteristics and performance parameters, still used today for describing 

HDDs, are summarised below: 

1. Size (Form Factor): The diameter of the Hard disk platter measured in inches (in). 

Ultimately defines the overall size of the containing device. 
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2.  Areal Density: The number of data bits stored per unit area of the Hard disk 

platter measured in bits per square inch (bits/in
2
). 

3. Total Capacity: The maximum amount of data bits that can be stored on a HDD 

measured in Bytes (1Byte=8bits). It is determined by the Form 

factor, the number of Hard disk platters within the HDD and the 

areal density. 

4. Spindle Speed: Describes the rotational speed of the Hard disk platters measured 

in revolutions per minute (rpm). 

5. Data rate: Defines the speed at which the recording and readout processes 

are performed (i.e. the rate at which magnetic bits are stored and 

retrieved from the Hard disk platter), measured in bits or Bytes 

per second (1Byte/s=8bits/s). 

6. Seek time: Is the average time required by the read/write head to find the 

physical location of a piece of data on the disk, measured in 

milliseconds (ms). 

7. Cost: The price of storage space measured in USD per Byte. 

2.2 The Rise of HDDs 

Hitachi Digital Global Storage Technologies (former IBM Storage Division), 

Western Digital, Seagate Technologies and Toshiba are some of the most dominant 

companies that have led the magnetic storage industry to its current level [40]. These 

companies were able to reduce the cost of HDDs, through mass production, in order to 

conform to the average consumer’s budget, thus converting the HDD into a 

commercialised product. Since the 1990s, the magnetic storage industry has succeeded 

in leading the digital storage “race” against the rival solid state (electronic) storage 

industry, by continuously reducing the price of storage space (see figure 2.2).  

As expected, the cost reduction is related to the improvement of the areal 

density. This is better illustrated in figure 2.3, which shows that the areal density 

follows an exponential compound growth rate (CGR), increasing from 25% to 60% 

and then to 100% within a decade (1990-2000). In fact, the CGR has been so rapid that 
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it has far exceeded the areal density increase of solid state storage (which has been 

following Moore's Law [42]). 

 

Figure 2.2: A comparison between magnetic HDDs and solid state technologies in 

terms of their storage cost per MByte, during the past few years [43]. 

 

Figure 2.3: A graphical representation (by Hitachi GST) of the areal density growth 

of magnetic HDDs since their first appearance, indicating some of the most important 

technological milestones [44]. 
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This sudden increase in the areal density growth rate is mainly attributed to the 

inventions of the Magnetoresistive (MR) and Giant Magnetoresistive (GMR) heads 

[45, 46]; the advancement in technology enabled the fabrication of smaller read/write 

heads, allowing even denser recording. Combined with the requirement for higher data 

rates, the increase in number of read/write errors was inevitable. Therefore, the 

employment of new and improved recording/detection algorithms (encoding/decoding) 

and error correction codes was necessary for preserving the validity of the stored data 

bits [47, 48]. 

Inevitably, the barrier of 1000Mbits/in
2
 (1Gbit/in

2
) was surpassed (by IBM in 

1996) [49], and physical limitations described by the superparamagnetic effect have 

since become a major issue in attaining higher areal densities. Further reduction of the 

head size alone does not offer any advantage since conventional media cannot 

physically withhold any more information. The fabrication of Antiferromagnetically-

Coupled (AFC) media [16, 50, 51] and the implementation of the new Tunnelling 

Magnetoresistance (TuMR) heads [52], combined with the recent adaptation of 

perpendicular magnetic recording [53], have helped to delay the onset reduction of the 

areal density CGR . Nonetheless, it is predicted that these techniques can only provide 

a temporary solution, with an estimated maximum achievable areal density in the order 

of 1Tbit/in
2
 [16, 21]. 

The latest HDDs incorporating perpendicular magnetic recording have reached 

areal densities of 541Gbits/in
2
 (announced by Toshiba in 2010) [23]. High end HDDs 

can achieve up to 15000rpm, with maximum data rates of about 160MBytes/s and 

average seek time below 3ms (e.g. Seagate’s Savvio® 15K.2 model) [54]. Their size 

has been reduced to 0.85-inch form factor disks (miniature microdrives), as illustrated 

in figure 2.4, with a corresponding maximum capacity of 4GBytes (Commercially 

available by Toshiba since 2005) [55]. In 2007, Hitachi GST was the first company to 

break the 1TByte capacity barrier (model 7K1000) [56]. Subsequently, the first 

2TBytes HDD, from Western Digital [57], became commercially available in 2009 at a 

retail price of approximately $300 USD, i.e. a negligible cost of about $0.15 USD per 

GByte (or $0.00015 per MByte). 
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Figure 2.4: An image of a 0.85-inch Form Factor disk by Toshiba [55]. 

In order to fully appreciate the vast improvement of HDDs through the years, a 

quick look at the corresponding figures describing their characteristics would suffice. 

A comparison between the first HDD invented over 50 years ago and a collection of 

the best specifications available in today’s HDDs is given in table 2.1. Indeed, the 

figures are quite impressive, exceeding the expectations of many. Nonetheless, this 

immense progress comes with the consequence of desiring even better specifications, 

expecting a CGR that matches the trend in recent years. 

 

Table 2.1: The specifications of the first RAMAC HDD compared against a 

collection of specifications from the best HDDs available to date. 

2.3 Fundamental Properties of Magnetic Media 

Understanding the behaviour of magnetic media requires a more in-depth 

analysis of some of the fundamental physical phenomena that occur in magnetic 

materials. At the molecular scale, the internal mechanisms responsible for the observed 
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magnetic behaviour of various materials lie in the motion of the electrons of the atoms. 

More specifically, each of the two kinds of electron motion, orbital and spin, give rise 

to a corresponding associated magnetic moment [58]. An electron orbiting around the 

nucleus is equivalent to a circulation of a charge (current loop), which has a 

corresponding magnetic moment according to the radius and the velocity of this 

motion (angular momentum), as well as to the amount of charge. At the same time, the 

spin motion describes the electron behaviour that is best understood by visualising the 

electron spinning about its own axis. Similar to the orbital motion, this spinning 

motion is associated with definite amounts of magnetic moment and angular 

momentum. However, understanding physically, and calculating the magnetic moment 

due to the spin of electrons is not feasible, since neither the shape nor the charge 

distribution of electrons are known. Therefore, the magnetic dipole moment generated 

by the spin and orbital motions of each electron has to be accepted as a fact, consistent 

with wave mechanics and experimental results, but with no basis in classical physics 

[58].  

An atom of a material may contain many electrons, each with a corresponding 

magnetic dipole moment, i.e. its magnetic moment is the vector sum of all its 

electronic moments. Assuming that these moments are oriented in such a way that they 

cancel each other out, then the atom has zero net moment and leads to diamagnetism. 

However, if the moments are only partially cancelled out, then the atom is left with a 

magnetic moment and leads to para-, ferro-, antiferro-, or ferrrimagentism. Of 

particular interest are the ferromagnetic materials that are typically used in magnetic 

storage media, and that exhibit a hysteretic behaviour as described earlier in chapter 1. 

2.3.1 Ferromagnetism 

Ferromagnetic materials, at temperatures below their Curie temperature, have 

the magnetic dipole moments of their atoms aligned in parallel. Figure 2.5 shows the 

three existing ferromagnetic metals, namely iron (Fe), cobalt (Co) and nickel (Ni), 

indicating the parallel alignment of magnetic moments in their crystalline atomic 

structure. The electrons attached to the atoms of these metals, cannot move about in 

the crystal, and are responsible for ferromagnetism. The generated magnetic moment 
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per atom is attributed almost entirely to the electron spin, rather than the orbital motion 

of the electrons. 

The molecular field theory by Weiss was the first attempt that helped in the 

theoretical understanding of ferromagnetism by proposing that in a crystal, a molecular 

field exists which is proportional (in magnitude) to the intensity of magnetisation in 

the material [59]. This molecular field is strong enough to spontaneously magnetise the 

material to saturation. The theory further explains that a specimen can be divided into 

multiple smaller regions called domains, each spontaneously magnetised to saturation 

[60]. However, the magnetisation directions of the various domains are such that the 

specimen as a whole has no net magnetisation, explaining the fact that ferromagnetic 

materials found in nature are found in a demagnetised state [60]. 

 

Figure 2.5: Schematics of the crystalline atomic structure of iron (Fe), nickel (Ni) 

and cobalt (Co), respectively [61]. The arrows indicate, for example, the parallel 

alignment of the dipole magnetic moments of the atoms in each metal, associated with 

the ferromagnetic properties of the three metals. 

It should be noted that the term molecular field corresponds to a force or torque 

tending to make adjacent atomic moments parallel to one another, rather to a real field. 

Although the Weiss theory does not explain the physical origin of this field, it 

correctly predicts that the greater the degree of spin alignment in the crystal, the 

greater is the force that tends to align each spin. It was later shown by Heisenberg that 

the molecular field was caused by quantum-mechanical exchange forces [58]. More 

specifically, the relative orientation of the electron spins creates either an attractive or 

repulsive force, for anti-parallel and parallel spins, respectively. The term exchange 
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arises when considering two adjacent atoms with electrons spinning in opposite 

directions; assuming electrons are indistinguishable then they can exchange places. 

This interchange of electrons between adjacent atoms is repeated at a very high 

frequency, giving rise to the additional term of exchange energy [58]. Calculating the 

total exchange energy in a ferromagnetic crystal is a complicated task, as it would 

require the sum of all the atom pair exchange interactions. However, since the 

exchange forces decrease rapidly with increasing distance, the summation can be 

simplified into an estimate by considering only the closest neighbouring pairs. 

In an alternative ferromagnetism theory called the band (or collective-electron) 

theory, electrons are considered to belong to the crystal as a whole and capable of 

moving from one atom to another, rather than being localised at the positions of the 

atoms. The ferromagnetism on Fe, Co and Ni in this case is due to spin imbalance in 

the 3d band of electrons [58]. The advantage of this theory is that the corresponding 

calculations agree well with the experimentally observed dependence of saturation 

magnetisation on the number of electrons per atom. Compared to the Weiss theory, 

which does not provide an accurate magnetisation saturation estimate for 

ferromagnetic metals, the band theory is considered a more useful approach. 

2.3.2 Magnetic Anisotropy 

The term magnetic anisotropy simply refers to the dependence of the magnetic 

properties of the material on the direction in which they are examined. The main 

contributors of magnetic anisotropy in ferromagnetic materials are the crystal (or 

magnetocrystalline) anisotropy, the shape anisotropy and the stress anisotropy. 

2.3.2.1 Crystal Anisotropy 

The magnetisation in ferromagnetic crystals tends to align along a preferable 

crystallographic direction called the easy axis. As the name suggests, the easy axis 

indicates the direction which is easiest to magnetically saturate a demagnetised sample, 

when applying an external magnetic field. Therefore, the easy axis direction of a 

crystal gives the direction of spontaneous domain magnetisation in the demagnetised 
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state [58]. Different materials have different easy axis orientations. Figure 2.6 shows 

the examples of hexagonal close-packed (hcp) Co and face-centred cubic (fcc) Ni 

crystalline atomic structures, with easy axis orientation of <0001> and <111>, 

respectively. In the case of hcp Co, all axes that are perpendicular to the easy axis are 

equally hard. Therefore the anisotropy is defined only with respect to the (single) easy 

axis (angle between the magnetisation saturation vector, Ms, and the easy axis), and 

thus the material is said to have uniaxial anisotropy. 

 

Figure 2.6: Schematics of the crystalline atomic structure of (a) hexagonal close-

packed (hcp) Co and (b) face-centred cubic (fcc) Ni, indicating their easy magnetic 

anisotropy axis. 

The origin of the crystal anisotropy lies in the crystalline structure of the 

material and the associated electron interactions (coupling). The exchange interaction 

between two neighbouring spins (spin-spin coupling) can be very strong and acts to 

keep neighbouring spins parallel or anti-parallel to one another. However, the 

associated exchange energy depends only on the angle between adjacent spins and not 

on the direction of the spin axis relative to the crystal lattice. On the other hand, the 

orientation of the orbital motions of electrons can be considered as being fixed with 

respect to the crystal lattice, leading to a strong orbit-lattice coupling. Finally, a 

coupling also exists between the spin and orbital motions of the electrons. When an 

applied magnetic field tries to reorient the spin of an electron, the orbit of that electron 

also tends to be reoriented [58]. Given that the strong orbit-lattice resist a change in the 

(a) (b) 
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orbital motion, then the spin motion coupled to the orbital motion will also resist this 

change. In conclusion, this spin-orbit coupling is the basis of crystal anisotropy, which 

suggests that the reorientation of a magnetisation requires overcoming the spin-orbit 

coupling, i.e. a corresponding energy is required to rotate the spin system of a domain 

from the easy axis. For example, the uniaxial anisotropy energy, Ean, in Co is 

represented by: 

...sinsin
4

2

2

1
  KKE

an
 (2.1) 

where, K1 and K2 are the anisotropy constants that depend on the material being used, 

and θ is the angle between the crystalline easy axis and the magnetisation direction. 

According to equation 2.1, the strength of anisotropy in a particular crystal is measured 

by the magnitude of the anisotropy constants. Although these constants can be 

experimentally determined, it is generally not possible to calculate the anisotropy 

constant values for a particular material from first principles. Typical values for the 

anisotropy constants of Co are K1=4.1x10
5
J/m

3
 and K2=1.0x10

5
J/m

3
. The magnitude 

of crystal anisotropy generally decreases with temperature and vanishes at the Curie 

point. The anisotropy contributes strongly to the coercive field (Hc), so Hc also goes to 

zero with decreasing temperature. 

An alternative way to describe the crystal anisotropy is by expressing it in the 

form of a force that holds the spontaneous saturation magnetisation, Ms, of a domain 

along the easy direction. For small magnetisation rotations, this force acts like a 

magnetic field trying to hold the magnetisation parallel to the easy axis, giving rise to 

the remanence observed in ferromagnetic materials. Therefore, the force is also 

referred to as the anisotropy field, Hk. For small magnetisation rotation angles in a 

uniaxial crystal, Hk is given by: 
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  (2.2) 

where, K1 is the anisotropy constant, Ms is the saturation magnetisation and µ0 

(=4πx10
-7

H/m) is the permeability constant of vacuum. Equation 2.2 also represents 

the field value required to reach magnetic saturation in the hard axis direction when 
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K2=0. Therefore, for a uniaxial crystal, the above value of Hk, is of significant 

importance since it represents the magnitude of the field required in order to rotate Ms 

by an angle of 90
o
, when this field is applied at an angle θ=90

o
 to the easy axis. 

2.3.2.2 Shape Anisotropy 

Shape anisotropy can be easily understood by examining the nature of the 

magnetic field generated by a bar magnet. Figure 2.7 shows a bar magnet that has been 

magnetised by an external field that was applied from left to right and was 

subsequently removed. The field lines, radiating from the north and ending at the south 

pole, constitute a field both outside and inside the bar magnet, which acts from north to 

south and therefore tends to demagnetise the magnet [58]. This self-demagnetisation 

field vector, Hd, tends to be stronger near the poles of the magnet where the flux 

density is increased due to the divergence of the field lines. Therefore, Hd along the 

short axis is stronger than along the long axis, i.e. an applied magnetic field in the 

direction of the short axis would need to be much stronger in order to produce the 

same true field inside the specimen. This suggests that shape alone can be a source of 

magnetic anisotropy [58]. 

 

Figure 2.7: Schematic showing the field lines of a bar magnet, in zero applied 

magnetic field, acting as a self-demagnetisation field vector. 

Quantitatively, shape anisotropy can viewed as a long range magnetic dipolar 

interaction, which senses the outer boundaries of the specimen [62]. Therefore, shape 

anisotropy can be treated as magnetostatic energy, given by [58]: 

2

02

1
MNE

dms
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where, Nd (=Hd /M ) is the demagnetising coefficient and M is the magnetisation of the 

specimen which is antiparallel to the demagnetisation field, Hd. In the case of thin 

magnetic films, which are typically used for magnetic storage, the anisotropy energy 

contribution per unit volume of the film is given by [62]: 

 cos
2

1 2

0 sd
ME   (2.4) 

where, Ms is the saturation magnetisation and θ is the angle of the magnetisation from 

the film normal. The importance of equation 2.4 is that the shape anisotropy 

contribution favours an in-plane preferential orientation of magnetisation. Although 

this equation does not depend on the thickness of the film, it is assumed that the film is 

described by magnetic continuum. This however may not be valid in the case of a 

reduced thickness, where the magnetic continuum of the film changes to a collection of 

discrete magnetic dipoles on a regular lattice. In this case, shape anisotropy becomes 

small and contributes to interface anisotropy [62]. 

2.3.2.3 Stress Anisotropy 

Stress anisotropy describes the effect that strain has on the magnetisation of a 

specimen. The stress anisotropy is also related to the effect of magnetostriction; the 

phenomenon where a substance exposed to a magnetic field changes dimensions.  In 

magnetostriction, a fraction change in length Δl / l is simply a strain, λ, and must be 

differentiated from the strain, ε, caused by an applied stress [58]. Typically, 

magnetostriction is measured at magnetic saturation and it is therefore called saturation 

magnetostriction, λsi.  

In general, the effect of stress on magnetisation has the inverse effect of 

magnetostriction and it is therefore sometimes called inverse magentostrictive effect. 

This inverse relation is valid only when the specimen is magnetised; assuming a 

material has positive λ, which corresponds to the material being elongated when 

magnetised, then an applied tensile stress (forcing the material to elongate) will 

increase the magnetisation, whereas an applied compressive stress will decrease it [58]. 

However, applying a stress, σ, on a demagnetised specimen will not produce any 
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magnetisation. An applied stress can create an easy axis of magnetisation in a 

specimen. The corresponding stress anisotropy is a uniaxial anisotropy, and has a 

corresponding stress anisotropy energy, which is magnetoelastic in nature and is given 

by [58]: 


2

sin
2

3
sime

E   (2.5) 

where, λsi is the saturation magnetostriction, σ is the stress and θ is the angle between σ 

and the saturation magnetisation Ms. The stress anisotropy constant, Kσ , is equal to the 

product 3/2λsi σ  from equation 2.5. It should be noted that the term magnetoelastic 

energy arises from the fact that the applied stress is assumed to be an elastic stress, i.e. 

it does not cause a permanent change in the dimensions of the specimen. 

2.3.3 Magnetic Domains and the Magnetisation Process 

The Weiss theory, previously discussed in section 2.3.1, explains that 

ferromagnetic materials can exist in a demagnetised state by separating the material 

specimen into smaller regions called magnetic domains. Each magnetic domain can be 

then spontaneously magnetised to a different direction, provided that the net 

magnetisation of all the domains in the specimen is zero. In order to understand this 

effect in terms of energy, an example of a large single-domain crystal with uniaxial 

anisotropy is considered. Figure 2.8a shows that the free poles on the ends of the 

specimen are the source of a large H field and the crystal has large magnetostatic 

energy. By dividing the crystal into two domains with opposite magnetisation 

direction, as shown in figure 2.8b, the energy is reduced by a factor of about 2 due to 

the fact that the poles are brought closer together and therefore the spatial extend of 

field H is decreased. The transition between the two domains is called a domain wall. 

Continuing the division into more and smaller domains will decrease the energy even 

further. However, each domain wall formed in the crystal has an energy value per unit 

area associated with it, i.e. the total energy of the domain walls increases when 

increasing the number of domains. Therefore, the division of domains can continue 

until an equilibrium domain size is reached. 
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Figure 2.8: Schematics of a crystal with uniaxial anisotropy, indicating the magnetic 

field lines from (a) a single domain and (b) a two-domain crystal with opposite 

magnetisation directions.    

The domain wall occupies a certain amount of space, within which the 

magnetisation must change direction from one easy axis (of one domain) to another (of 

the adjacent domain). This translates into changing the spin direction of electrons by 

180
o
. However, having adjacent electrons with anti-parallel spins is associated with 

having large exchange energy. In order to reduce this exchange energy, the spin 

direction from one domain to another must be gradually reduced so that adjacent spin 

directions are not far apart. This suggests that the exchange energy will increase the 

width of the domain wall in order to achieve a more gradual change of spins. On the 

other hand, the spins within the domain wall are pointing away from the easy axis of 

the crystal, which means that the crystal anisotropy energy is higher within the domain 

wall than in the adjacent domains. The anisotropy energy will therefore try to reduce 

the wall thickness so that the number of spins pointing in a non-easy direction is also 

reduced. Therefore, the existing competition between exchange and anisotropy energy, 

results in a domain wall with non-zero width and with a definite structure. The energy 

per unit surface area of the wall is then generated by both the spins within the wall not 

being parallel to each other and parallel to the easy axis of the crystal. 

There are two ways with which the spins, and hence the magnetisation, rotate 

by 180
o
 within a domain wall. Figure 2.9a shows the first case where the magnetisation 

rotates out of the sample plane, called a Bloch wall, typically observed in thicker 

samples (in the order of a few microns). However, when the thickness of the sample is 

becomes comparable to the domain wall thickness (e.g. for a thin magnetic film in the 

order of 100nm or less), then only Neel walls are observed, where the magnetisation 

(a) (b) 
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rotates in-plane, as shown in figure 2.9b. This is because the out-of-pane component of 

magnetisation forms magnetic poles along the surface area of the domain wall, and 

results in a demagnetisation field [61]. This demagnetisation field is inversely 

proportional to the thickness of the sample, and forces the magnetisation to stay in-

plane. 

 

Figure 2.9: Schematics illustrating the gradual change of spin directions, and hence 

magnetisation direction, within (a) a Bloch wall (out-of-plane magnetisation rotation) 

or (b) a Neel wall (in-plane magnetisation rotation) [61]. 

Applying an appropriate external field to a multi-domain specimen will cause a 

domain wall motion depending on the magnitude and direction of the applied field 

relative to the magnetisation of the domains. Figure 2.10a shows an example of a two-

domain crystal with zero net magnetisation (M=0), where the domains are 

spontaneously magnetised in opposite directions. Applying an external field, H (see 

figure 210b), causes the domain that has its magnetisation direction closest to the 

direction of the applied field to expand in the expense of the other domain. This is 

achieved by a downward motion of the domain wall that continues while the applied 

field is increased, until the crystal becomes single-domain with a single magnetisation 

direction (see figure 2.10c). Eventually, higher field H will magnetically saturate the 

crystal and cause the magnetisation of the single domain to align according to the 

direction of field H, as shown in figure 2.10d. 

(a) (b) 
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Figure 2.10: The magnetisation process, in sequence from (a) to (d), in a 

ferromagnetic crystal. The domain wall moves according to a gradually increasing 

applied magnetic field, H, until the crystal is becomes single-domain and eventually its 

magnetisation direction aligns with the direction of the applied field. 

The above described process shows that the magnetisation in a ferromagnetic 

crystal can be changed by domain wall motion (or propagation). Although this process 

does not require high external fields and is executed fast when applied to demagnetised 

crystal (assuming that the external field is applied parallel to the easy axis of the 

crystal), this is not the case for a single-domain crystal that is already magnetically 

saturated at a single direction. A perfectly formed single-domain crystal would require 

a much stronger field, able to overcome the anisotropy and reverse the magnetisation 

of the crystal. In practise, thin magnetic films are not described by such a perfect 

crystal structure. Instead, the crystal structure contains various atom dislocations or 

impurities, while the film surface itself may have various imperfections (e.g. pits or 

bumps). Therefore, the film anisotropy, and the demagnetising fields at these locations 

are affected, and may allow for a domain wall nucleation under lower applied 

magnetic fields [58]. The nucleated domain wall will propagate quickly through the 

entire film to reverse its magnetisation. It may also be the case that surface 

imperfections (e.g. bumps) would create closure domains that are always present even 

if the film is magnetically saturated; these domains are small, occupying a small 

volume fraction and that can easily remain undetected. In this case, domain wall 

propagation can be initiated by freeing or “unpinning” the wall that already exist [58]. 

M =0 

M =Ms cos θ 

  

(a) (b) 

(c) (d) 
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Alternatively, the magnetic reversal can be also achieved by coherent rotation. This 

type of magnetic reversal, also known as the Stoner-Wohlfarth model [63], entails the 

simultaneous reversal of the spins of all the atoms in a  particle, i.e. the spins remain 

parallel to each other during the rotation. The model predicts that the magnetic reversal 

changes behaviour according to the angle between the external field and the easy axis; 

at 0
o
 the hysteretic behaviour exhibits the highest remanence coercivity values, which 

reduce with increasing angles until they become zero at 90
o
. In this model, single-

domain particles with uniaxial anisotropy are assumed, in which there are no domain 

walls. However, this assumption suggests that the particle must small enough so that it 

is unable to support a domain wall, while it has a strong exchange interaction that is 

capable of maintaining the parallel spin of the atoms. In practise, following this model 

is difficult since not only it requires making the particles small enough to be single-

domain, but it also requires to embed them in a controlled manner un a suitable matrix 

without sacrificing too much of the potential that is inherent in a single isolated 

particle [58]. 

2.4 From Longitudinal to Perpendicular Magnetic 

Recording 

Magnetic recording can be categorised into modes which describe the 

magnetisation direction of individual magnetic bits with reference to the magnetic 

storage medium orientation and the movement of the magnetic read/write head. This is 

directly related to the magnetic anisotropy of the magnetic medium, which ultimately 

depends on the atomic structure and the properties of the magnetic material [64]. The 

magnetic anisotropy defines the plane of magnetisation of the magnetic grains, in the 

relaxation state (i.e. when the medium is demagnetised). Both the positive and negative 

magnetisation direction of the grains (assuming they have been magnetised 

accordingly) lie in this predefined plane orientation (easy axis). 

In longitudinal magnetic recording (LMR), the magnetic anisotropy is parallel 

to the plane orientation of the magnetic medium (in-plane). The magnetisation 

direction of the recorded magnetic bits matches the direction of the read/write head 

movement, as shown in figure 2.11a. Conversely, in perpendicular magnetic recording 



CHAPTER 2 MAGNETIC DATA STORAGE 
  

   61 
  

(PMR), the magnetic anisotropy is perpendicular to the plane orientation of the 

magnetic medium (out-of-plane), i.e. the recorded bits lie vertically in the magnetic 

medium (see figure 2.11b). 

 

Figure 2.11: Schematics illustrating (a) the longitudinal (in-plane) magnetic recording 

incorporating a ring-type write head, and (b) the perpendicular (out-of-plane) magnetic 

recording incorporating a monopole write head and a soft magnetic underlayer [65]. 

Depending on the recording mode being used, different types of write heads 

must be employed [66]. In longitudinal recording a “ring” type write element is 

required in order to produce the fringing magnetic field along the plane orientation of 

the medium. The nature of this fringing field is such that it requires a gap between the 
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write element and the medium surface in order to be able to reverse the magnetisation 

of a bit cell. On the other hand, perpendicular recording requires a vertically applied 

magnetic field with reference to the plane orientation. In this case, a “monopole” 

(single pole) write element is used in combination with a magnetically soft underlayer 

(SUL) [67]. The SUL acts as a magnetic mirror by providing a guided return path for 

the magnetic “field lines” back to the write element. This arrangement reduces the gap 

requirement between the pole and the medium surface and provides straighter field 

lines, thus increasing the effect of the write field onto the magnetic medium (i.e. the 

write field becomes stronger). 

Until 2005, the longitudinal recording mode had been the norm in the HDD 

industry. Despite the fact that perpendicular recording had been discovered much 

earlier, it had yet to be considered as a better alternative [53, 68, 69]. In fact, it was not 

until conventional media had almost reached their physical limits, in terms of 

extending the areal density, when researchers appreciated the merits that perpendicular 

recording has to offer. Although both recording modes are applied on continuous thin 

film conventional media, it soon became apparent that the combination of the 

longitudinal recording mode with the granular structure of conventional media holds 

additional limitations. Perpendicular recording has been able to alleviate some of these 

limitations, and therefore extend the attainable areal density. 

2.4.1 Understanding the Limitations 

Explaining the disadvantages of conventional media and longitudinal recording 

is better understood in terms of energy. Grains in conventional media can be ideally 

approximated as assemblies of single-domain, isolated or weakly coupled magnetic 

particles with uniaxial anisotropy, according to the Stoner-Wohlfarth model [63]. In 

this model, the grains can have two stable magnetisation states (directions), both 

aligned according to the anisotropy axis.  The positive (I) and negative (II) 

magnetisation states are separated by the energy barriers EB
+
 and EB

-
, respectively, as 

shown in figure 2.12. Switching the magnetisation polarity of the grains would 

therefore require overcoming the corresponding energy barrier [70]. 
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Figure 2.12: A graphical representation of the energy barriers (EB
±
) for magnetisation 

reversal in the presence of a demagnetising field (H) [70].  

In the relaxation state (absence of an external magnetic field), the energy 

barriers become equal and are solely depended on the anisotropy energy density, Ku, 

and the grain volume V, described by: 

VKE
uB
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 (2.6) 

When applying an external field H, the energy barrier can be approximated by: 

m

BB H

H
EE


















0

0
1  (2.7) 

where, H0 (or Hk) is the intrinsic switching (anisotropy) field, which depends on the 

angle θ between the applied field H and the anisotropy axis. In a two-dimensional (2D) 

random array of non-interacting particles, such in the case of conventional longitudinal 

media, the anisotropy axis (i.e. angle θ) varies, therefore the exponent term m is used 

as an averaging factor for this variation (approximated to 3/2) [71]. 

2.4.1.1 Transition Region and Destabilising Fields 

The first drawback in conventional longitudinal recording arises due to the 

granular structure of the magnetic medium. The random shapes and sizes of the grains 

denote an irregular boundary for the transition between adjacent bit cells of opposing 

magnetisation, which affects the sharpness and the width of the transition region as 

shown in figure 2.13a [72]. The physical space occupied by the width of the transition 
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region, is considered as wasted because here the magnetisation direction is undefined 

(i.e. holds no information).  Assuming that the magnetic granular media are exchange 

decoupled then the width of this transition region (minimum distance between adjacent 

bit cells) can ultimately define the maximum attainable areal density [72]. Moreover, 

the transition region can also affect the performance of the readout process. As 

described in chapter 1, the detection of magnetically defined bits relies on the 

transition between bits with opposing polarity. A wider transition region would 

therefore translate into additional signal noise (transition or jitter noise) [73], which 

can lead to increased readout errors. In principle, it is preferable to have smaller grains, 

which would reduce the transition regions, because a larger number of grains would 

increase the readout signal. More specifically, for a bit cell containing N number of 

grains, the signal power is proportional to N
2
 and the noise is proportional to N. 

Therefore, the signal-to-noise ratio (SNR), in dB is 10logN [45]. Typically, 

maintaining a reasonable SNR requires 50-100 grains per bit cell. 

 

Figure 2.13: Schematics of adjacent bit cells with opposing magnetic polarity, in 

conventional longitudinal media, showing (a) the transition region width defined by 

the irregular shapes and sizes of grains [16], and (b) the destabilising effect arising 

due to the arrangement of the demagnetisation fields. 

The transition region problem is amplified further by the use of the longitudinal 

recording mode. More specifically, the in-plane anisotropy indicates that adjacent bit 

cells of opposite magnetisation will have opposing polarities. Figure 2.13b illustrates 

how the arrangement of the self demagnetising fields conventional longitudinal media 

gives rise to the destabilising effect, when adjacent bit cells have opposing polarities 

[13]. This effect not only increases the width of the transition region (pulling apart the 

adjacent bit cells and promotes the zig-zag shape), but also makes the bit cells 

(a) (b) 
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magnetically unstable. To better understand the effect, consider the demagnetising 

field as being the term H in equation 2.7. Clearly, the energy barrier decreases with 

increasing destabilising fields, thus making it susceptible to unintended magnetisation 

reversals. 

At a first glance, the effects of these problems could be minimised by reducing 

the grain size, which would result in both smaller transition regions and demagnetising 

fields, i.e. higher areal densities. While this minimisation (scaling) approach has been 

successfully employed over the years [14], there exists a minimum attainable grain size 

limit. Equation 2.6 denotes that the energy barrier is directly proportional to the grain 

volume, so at significantly reduced grain sizes the energy barrier becomes so small that 

it can be affected by thermal fluctuations. 

2.4.1.2 The Superparamagnetic Limit 

The superparamagnetic limit describes the minimum grain size limit at which 

the grains will retain their magnetisation stability under thermal excitation [70, 74]. 

Thermally activated magnetic switching (reversal) is characterised by a time constant 

τ, following the Néel-Arrhenius law: 
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where, the attempt frequency, f0, gives the frequency scale for thermally activated 

magnetisation reversal in the order 10
9
–10

12
Hz [16, 74, 75], T is the absolute 

temperature in Kelvin (K) and kB=1.38x10
-23

J/K is the Boltzmann’s constant. The so-

called “stability ratio” C
-1

=EB
±
/kBT is the determining factor that characterises the 

thermally activated magnetisation reversal. Clearly, this ratio is a function of 

temperature T, but also of the temperature dependence of the anisotropy energy 

density, Ku (in the EB
±
 term). Therefore, at a certain grain volume, the energy barrier 

becomes comparable to the thermal fluctuations from the ambient environment. In 

principle, the magnetic energy barrier can be maintained for reduced grain sizes 

(volume) by using materials of higher Ku. However, a higher Ku entails a stronger 

anisotropy field Hk, which in turn requires a stronger external magnetic field, H, in 
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order to overcome the energy barrier and complete the magnetisation reversal. This 

approach is therefore limited by the ability of the write element (head) to generate 

sufficiently high fields, also known as the write-ability problem [66]. 

Using equation 2.8, it is possible to statistically calculate the duration τ over 

which an ensemble of non-interacting grains will retain their magnetisation stability. It 

has been estimated that, for a time scale of 10 years and an operating temperature of 

around 300K, the stability criterion requires a theoretical stability ratio for  of C
-1

>40 

[76]. However, in practice, conventional longitudinal media are governed by the 

presence of the demagnetising fields and intergranular coupling (i.e. not fulfilling the 

non-interacting condition), the transition regions and the grain size distribution [73, 74, 

77, 78]. Therefore, the stability criterion is stretched to C
-1

>40-80; for typical 

longitudinal Co-based alloy magnetic media (e.g. CoPtCr) with Ku =1.2-2.5x10
5
J/m

3
 

and switching fields of 0.4-0.5Tesla(T), this stability criterion corresponds to a 

minimum grain size of 11-12nm [72]. 

In summary, increasing the areal density in conventional longitudinal recording 

is limited by three parameters; (i) achieving high SNR in readout (requires small 

grains), (ii) maintaining the thermal stability (small grains have energy barriers that are 

too small to ensure thermal stability) and (iii) the write-ability (an increase of the 

anisotropy energy density is beyond the capability of available head fields). The 

interrelation of these parameters and their conflicting requirements constitutes the so 

called tri-lemma of magnetic recording [79]. 

2.4.2 Partial Solution by Perpendicular Recording 

 The constraints set by the tri-lemma of magnetic recording are significantly 

relieved by the use of the perpendicular recording mode [66]. In this recording mode, 

the out-of-plane anisotropy denotes that adjacent bit cells with opposite magnetisation 

direction no longer have opposing magnetic polarities. Instead, their vertical 

orientation alleviates the negative effect of the demagnetising fields observed in 

longitudinal recording. Here an opposite effect is observed where the bit cell polarities 

generate stabilising attractive forces [13], as illustrated in figure 2.14. This stabilising 

effect means that the adjacent bit cells can be brought closer together, thus reducing 
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the transition region, and consequently increasing both the areal density and the SNR 

in readout [80]. At the same time, the stabilising fields result in increased energy 

barriers (smaller variation of the anisotropy axis in an ensemble of grains), which 

reduce the thermal stability criterion and extend the superparamagnetic limit. 

 

Figure 2.14: A schematic illustrating the stabilising effect in perpendicular granular 

media, observed between adjacent bit cells with opposing magnetic polarity, arising 

due to the arrangement of their demagnetisation fields. 

Moreover, the appropriate use of a SUL in perpendicular recording [67, 81], as 

described earlier in section 2.4, can provide additional advantages. The main 

advantage arises directly from the functional purpose of the SUL, which is to act as a 

second (mirror) pole to the write element, guiding the write field through the recording 

medium in a more efficient way (giving a stronger field) [81]. Improving the head 

write-ability (higher field, H) allows a higher attainable anisotropy field (Hk), which 

allows a potential increase in the anisotropy energy density (Ku) of the magnetic 

medium. Moreover, the mirroring effects of the SUL increase the effective thickness 

(volume V) of the magnetic medium, while the bit cell length (surface area on the 

medium) remains unaltered (no reduction in areal density) [81]. In summary, the use of 

a SUL provides an improvement both in terms of Ku and V, which corresponds to a 

further increase of the energy barrier, according to equation 2.6. 

The benefits of perpendicular media, as described above, have enabled the 

recent transition from longitudinal to perpendicular recording in the magnetic storage 

industry. The increase of the energy barrier has extended the onset of the 

superparamagnetic limit set by conventional longitudinal recording, allowing higher 

areal densities. The areal density of commercial HDDs has been extended from 
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~150Gbits/in
2
 (longitudinal) to ~540Gbits/in

2
 (perpendicular) in the past five years. 

Nevertheless, perpendicular recording is still bounded by the same limitations, as in 

the case of longitudinal recording, since the continuous granular structure of 

conventional media remains the same. The general consensus is that perpendicular 

recording should only be considered as a temporary solution to the problem, with an 

estimated maximum achievable areal density in the order of 1Tbit/in
2
 [12, 13, 21, 24, 

25]. Beyond this point, alternative solutions will be required. 

2.5 In Search of Alternative Magnetic Storage Solutions 

The urgency to maintain the current CGR of areal density in the years to come 

has initiated a large number of projects, both in academia and industry, in search for 

alternative magnetic storage solutions. In prospect of the imminent areal density limit 

for perpendicular recording, projects have been heavily supported by leading 

national/international organisations in the field of digital storage [17], including the 

Information Storage Industry Consortium (INSIC) [82]. Figure 2.15 summarises the 

recent trends of the areal density in products and laboratory demonstrations, along with 

the future research goals set by the leading organisations. Noticeably, the INSIC has 

set the highest areal density goal of 10Tbits/in
2
 to be reached by 2015 [82]. Although 

this seems an optimistic goal, at the same time it is a motivating factor for the 

continuous research in this field. 

The ongoing research, aimed at achieving areal densities in excess of 1Tbit/in
2
, 

has revealed a range of different solutions that tackle the problem through different 

angles of approach. The final section of this chapter investigates some of the most 

promising candidates for future magnetic recording, namely, bit pattered media 

(BPM), two-dimensional magnetic recording (TDMR) and heat-assisted magnetic 

recording (HAMR). The significant advantages of BPM over the other candidates are 

revealed through careful evaluation of the drawbacks and merits that each approach 

has to offer. In fact, many have predicted that utilising BPM with areal densities in 

excess of 1Tbit/in
2
 is within reach [16, 76, 83-85]. Others take a step further to suggest 

that the combination of HAMR and BPM could potentially achieve areal densities of 

50Tbits/in
2
 and beyond (see figure 2.16) [17, 86, 87]. Nevertheless, numerous issues 
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need to be resolved before BPM can be utilised in HDDs [83]. While research in the 

area of BPM has been primarily focused in perfecting the fabrication processes 

involved, the magnetic characterisation of BPM has proved to be equally difficult and 

time-consuming. Therefore, the purpose of this research is to identify and evaluate 

some of the most promising magnetic characterisation techniques that can aid in the 

future development of BPM. 

 

Figure 2.15: A graphical representation of the areal density trends in terms of HDD 

products and research demonstrations, indicating the transition between longitudinal 

magnetic recording (LMR) and perpendicular magnetic recording (PMR). The graph 

also illustrates the past and future areal density goals set by the Information Storage 

Industry Consortium (INSIC), the Storage Research Consortium (SRC) and various 

national research projects from Japan [17]. 

 

Figure 2.16: A comparison between previous, current and possible future magnetic 

storage recording technologies from an areal density perspective [17]. 
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2.5.1 BPM – Changing the Magnetic Medium’s Structure  

The BPM approach suggests that the superparamagnetic limit is dealt with in a 

direct manner by addressing the origin of the problem, which lies in the continuous 

granular structure of conventional media. Here, the magnetic medium is separated 

(patterned) into distinct magnetic elements referred to as islands or dots, arranged in an 

array-like formation [88]. In principle, the magnetic islands can consist of the same 

material amalgamation as in conventional media. Therefore it is possible to adapt the 

perpendicular recording mode along with some of its underlying advantages. Each 

island, representing a single data bit (or bit cell), can be magnetised in an “up” or 

“down” orientation (see figure 2.17), similar to the perpendicular recording of 

conventional media. 

 

Figure 2.17: Perpendicular recording on a BPM array [52]. 

The obvious advantage of patterning is derived from the absence of magnetic 

material around each island, thus eliminating the irregular transition regions and the 

associated transition noise [89]. Consequently, the requirement for a large number of 

grains with smaller size no longer exists. Each island can now consist of a single or a 

few large grains (compared to conventional media), which can be strongly 

magnetically coupled [90]. This means that the superparamagnetic limit no longer 

applies on an individual grain basis, but instead it applies to each island as a whole. 

More specifically, having large grains, and in effect a large island volume, means that 

the energy barrier (and the thermal stability) of the islands is maintained [90].  
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Theoretically, a sub-10nm grain can still maintain its thermal stability, which 

sets the ultimate island size [91]. However, increasing the areal density in BPM not 

only requires small islands, but it implies an equally small distance between adjacent 

islands; for example, a 1Tbit/in
2
 areal density could be translated into 12.5nm island 

diameters with a 25nm centre-to-centre island distance (period). Despite the fact that 

the separation of islands minimises the effects of the demagnetising fields, otherwise 

observed in conventional media, a magnetic dipolar interaction is still observed 

between neighbouring islands [92, 93]. These interactions can cause significant 

switching field variations between islands of the same array, which is undesirable for 

BPM. The resulting broadening of the switching field distribution (SFD) means that 

islands are susceptible to lower write fields which can lead to unintended island 

reversals; e.g. consider a case where a specific island is being reversed, but the write 

field is strong enough to accidentally reverse a neighbouring island of lower coercivity. 

In such a case, utilising an error-free recording scheme will be a challenging task [83]. 

Therefore, caution must be taken when designing BPM, where selecting the island size 

and period cannot be done in an arbitrary fashion. 

In practise, both, the island size and the period, are depended on the nanoscale 

fabrication processes and the associated patterning resolutions they can achieve. The 

ability to fabricate uniformly structured, and defect-free, island arrays is also critical in 

maintaining a narrow SFD [76, 92]. Variations in the array formation can cause 

readout errors due to transition (jitter) noise problems (similar to the transition region 

noise in conventional media), associated with the island positions [94, 95]. When the 

read head tries to detect a specific island, signal contributions from surrounding islands 

distort the readout signal, according to the relative distance between them. This means 

that irregularities in the island period will give rise to a variable (noise infected) 

readout signal, which can lead to readout errors [96, 97]. 

Assuming that near-perfect BPM arrays can be generated, some additional 

advantages can potentially increase the areal density of HDDs. In HDDs incorporating 

conventional media, the effects of “side tracks” and “tracking” can waste up to 20% of 

the total storage space, which reduces considerably the areal density [27]. Conversely, 

in BPM these effects are eliminated due to the predefined formation of the island array. 
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Furthermore, since the positions of the islands are known, locating and accessing 

(reading or writing) a particular island should be a simple task. Therefore, BPM have a 

great potential for achieving increased data rates. 

2.5.2 TDMR – Changing the Signal Processing  

TDMR is one of the latest approaches suggesting that an areal density of 

10Tbits/in
2
 can be attained by reducing the number of grains per bit (to approximately 

two), in current conventional media [17, 98]. In this scheme, the grains must have a 

surface diameter of about 6nm, while having a sufficiently large volume in the vertical 

direction to maintain their thermal stability (as in the case of perpendicular media). 

Clearly, at this size, the irregularity of the grain shape and position cannot facilitate a 

conventional track-guided approach. Here, the track width and bit length is divided 

into smaller pieces through means of encoding/decoding (see figure 2.18). 

 

Figure 2.18: A schematic illustration of a possible two-dimensional magnetic 

recording (TDMR) scenario at 10Tbits/in
2
. This example uses a ratio of 1 user bit to 2 

grains (of about 6nm in diameter) to 4 channels, where the decoding is performed by a 

powerful two-dimensional soft decoder using the information gathered from the 

readout of several immediately adjacent tracks. [98]. 

Recording is performed over a two-dimensional (2D) space, where the write 

head needs to traverse the surface medium in high resolution (according to the encoded 
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channel density). Similarly, in readout, a 2D surface area must be scanned in order for 

the collected data to be decoded into useful information. This will necessitate the 

incorporation of clever encoding/decoding algorithms, able to process the data in a 2D 

fashion, conversely to the current conventional schemes of linear track processing [99]. 

Moreover, the requirement for high write fields with maximal field gradients dictates 

the use of a specially designed write head, such as a “corner writer” [98]. The 

disadvantage in such a design lies in the fact that while the rectangular head uses one 

corner for controlled track recording, the other corner will effectively overwrite the 

adjacent tracks. Shingled-writing over sequential overlapping tracks (see figure 2.19) 

eliminates the problem for newly recorded data [100]. However this is not true when 

existing data in a particular location on the surface medium needs updating. In this 

scenario the complete sector will have to be read first (stored temporarily), followed by 

a subsequent write of the complete sector with the incorporated changes. This not only 

adds a significant overhead processing time, but it also implies the use of additional 

HDD components for on-board data manipulation. 

 

Figure 2.19: Schematic illustration of the shingle-write process [98]. 

Considering the small size and number of grains allocated per bit cell, the 

detected readout signal will be significantly reduced. Some crude estimates for error 

rates have shown that SNR will perhaps be the crucial factor for the viability of TDMR 

[98]. More specifically, the readout of a 40Tbits/in
2
 (channel density) recorded area 

yields an error rate of 31%, even when readout noise is assumed to be negligible. In a 

real system, where noise will dominate the readout signal, the error rate is bound to be 

higher, i.e. it would no longer be possible to recover the data. Despite the fact that 

these results are unsatisfactory, it should be noted that the TDMR has not yet been 
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investigated in-depth. In the prospect of future technological advancements and 

additional research, there is still an optimistic view towards TDMR being a high 

density magnetic storage option. 

2.5.3 HAMR – Changing the Recording Process 

In the HAMR approach [87, 101], the problem of thermal stability in 

conventional media is tackled through the use of materials that exhibit high anisotropy 

energy density, Ku. As previously explained (in section 2.4.1.2), higher Ku values 

cannot normally be supported by the head write fields. HAMR proposes that this 

problem can be solved by directly controlling the Ku value, according to its 

temperature dependence [87]. In ferromagnetic materials, Ku is inversely proportional 

to the temperature of the material; as the material is heated towards its curie 

temperature, Ku tends to zero. Therefore, by heating the medium, the energy barrier, 

and consequently the applied field magnitude required for reversing the magnetisation 

of the medium (coercivity), is reduced [87]. 

Figure 2.20a illustrates how this temperature response can be employed in 

magnetic recording, where at normal HDD operating temperature (~50ºC) the 

magnetic medium exhibits high coercivity and is influenced by neither the head’s write 

field, nor by thermal fluctuations (alleviating the superparamagnetic limit). 

Conversely, when the medium is heated the coercivity drops, and the head write field 

is able to reverse the magnetisation direction of the medium. Allowing the medium to 

cool back to its regular HDD operating temperature will effectively store the data by 

retaining the newly-set magnetisation direction. 

In the case of a real HDD system, the feasibility of HAMR is directly 

dependent on the incorporated heat source mechanism and its ability to access the 

magnetic medium in an individual bit cell basis. While alternative approaches to 

HAMR have been considered, including microwave-assisted magnetic recording 

(MAMR) [102], the most preferable approach proposes the use of a laser as a heat 

source mechanism [87, 101]. Figure 2.20b shows an example of how a laser beam heat 

spot could be directed onto a specific bit cell in perpendicular media. However, 

implementing this approach in the nanoscale region is not a straightforward task. 
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Figure 2.20: (a) A graphical representation of the Heat-assisted magnetic recording 

(HAMR) principle of operation, where data writing (recording) can only be performed 

after heating the high coercivity media and data are stored after the media are cooled 

back to drive temperature. (b) A schematic example of a HAMR mechanism 

illustrating how a laser source, incorporated in the write head assembly, can be used 

for providing localised (individual bit cell) heating on the magnetic media [103]. 

For areal densities beyond 1Tbit/in
2
, the corresponding bit cell size must be 

reduced to the sub-100nm region. Focusing the laser spot in such small scales is 

bounded by the laser light wavelength and the diffraction limits [104]. The use of near 

field optics can somewhat reduce the focusing problem. On the other hand, the 

incorporation of such components in the write element makes the overall head design 

extremely complicated. Assuming this issue can be resolved, there still exists a 

limitation in terms of the heat dissipation [105]. The applied heat not only needs to be 

localised according to the bit cell size but, it is also required to increase the medium 

temperature near the curie level, i.e. temperatures up to 400ºC. At these temperature 

levels the surrounding components will be directly affected by the ambient heat, thus 

degrading their operability. Increasing the thermal conductivity of the medium can 

decrease the dissipated heat to the surroundings, by channelling the heat into the 

medium. However, the required temperature must be reached within a certain time 

limit and reduced (cooled) at an equally fast rate, so that the heated bit cell retains the 

desired magnetic polarity (according to the applied field), while the adjacent bit cells 

are not affected by the heat transfer (thermally unstable) due to the high thermal 

conductivity of the medium [86, 87].  

(a) (b) 
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Despite all the above limitations, HAMR is still considered as one of the most 

promising alternatives for high density magnetic recording. This notion is shared by 

leading magnetic storage companies, such as Seagate Technologies, who demonstrated 

the HAMR capabilities as early as 2002, and projected a 100-fold improvement to the 

superparamagnetic limit that could ultimately deliver areal densities as great as 

50Tbits/in
2
 [106]. 

2.6 Summary 

In this chapter, a review of the main milestones in the evolution of magnetic 

storage was presented, signifying the importance for the future continuation of the 

areal density growth in HDDs. The detailed explanation of the limitations of the 

currently used technology, employing continuous conventional media, demonstrated 

the need for an alternative magnetic storage approach. More specifically, the 

superparamagnetic limit indicates that even with the recent adaptation of perpendicular 

recording, the maximum attainable areal density will be in the order of 1Tbit/in
2
. 

BPM, TDMR and HAMR are identified as the three most promising solutions 

that suggest that the areal density can be extended beyond the 1Tbit/in
2
 barrier, by 

changing the magnetic medium’s structure, the signal processing and the recording 

process, respectively. However, all three approaches are still at an experimental stage, 

where numerous challenges are yet to be resolved prior to their commercialisation. 

BPM in particular, which is the main focus of this research project, are ideally required 

to have uniformly structured magnetic islands. More specifically, the magnetic 

behaviour of BPM is affected by irregularities in the island formation, which are 

directly related to the ability to fabricate such nanoscale structures. 

The following chapter explores some of the most commonly used BPM 

fabrication processes in terms of their suitability to generate the required magnetic 

island structures, focusing on the specific fabrication process employed in this project. 
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CHAPTER 3  
 _____________________________________________________________________________________________________________________________________  

3Bit Patterned Media Fabrication 
 _____________________________________________________________________________________________________________________________________  

Given that the development of bit patterned media is still at an experimental stage, 

researchers continue to examine a wide range of fabrication methods. This chapter 

provides a review of the most widely used techniques and gives information on their 

suitability for bit patterned media fabrication and in particular for understanding the 

customised fabrication method followed in this research project. A detailed analysis of 

the individual fabrication process steps provides a better explanation of the bit 

patterned media properties for the samples that were characterised in this research 

project. 

3.1 Fabrication Process Categorisation 

The fabrication of BPM entails a sequence of process steps, through which the 

formation of nanoscale islands of magnetic material is achieved. Depending on the 

order that the process steps are applied, the fabrication techniques can be categorised 

into two generalised classes; the additive and the subtractive [107] (see figure 3.1). 

In the additive approach, a mask is generated on top of the non-magnetic 

substrate prior to the magnetic material deposition [107]. The subsequent removal of 

the mask reveals the patterned magnetic structure. It should be noted that in this case, 

the resulting magnetic pattern is the inverse of the original mask pattern. Conversely, 

in the subtractive approach, the magnetic material (thin magnetic film) is deposited 

first, followed by the generation of a patterning mask residing on top [107]. The 

pattern is then transferred into the underlying magnetic film by an etching process, 

applied uniformly on the whole surface of the sample. Areas that are covered by the 

mask remain protected during the etching whereas the unprotected areas of magnetic 
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film are removed. Finally, the remaining mask can be removed though selective 

etching, although, this final step is not a prerequisite in the subtractive patterning 

approach. 

 

Figure 3.1: Schematic illustration of the (top) additive and the (bottom) subtractive 

fabrication processes. 

Clearly, the key processing step in both the additive and the subtractive 

techniques lies in the ability to create the appropriate mask for producing the patterned 

magnetic structures. The mask pattern ultimately determines the resulting magnetic 

island size/period and the overall “quality” of the island formation (as described in 

section 2.5.1), i.e. it is a crucial parameter for defining the areal density of BPM. 

Typically, the mask is generated by the patterning of a thin spin-coated resist layer. 

However, in the case of subtractive patterning, the direct use of a resist mask is usually 

avoided, due to its inability to withstand the etching process [76]. So it is usually the 

case that extra fabrication steps are introduced to accommodate the deposition of a 

“hard” metal mask [76]. Clearly, the additive technique provides a simpler and quicker 

way of creating patterned structures, as it requires less fabrication steps. However, the 

advantage of the subtractive technique is that the deposition of the thin magnetic film 

has no restrictions, since it is done prior to the prior to the resist mask fabrication; e.g. 

it allows for the substrate to be heated before and during deposition of the thin film, 

which improves adhesion and the magnetic properties of the thin magnetic film. 

Conversely, in the case of the additive technique, such heat treatment could distort the 

existing resist mask and reduce the patterning resolution. 
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The use of the resist mask can widely vary according to the employed 

patterning technique. In fact, research in this area has been extensive, revealing a large 

range of possible patterning techniques that can be employed for utilising BPM [76, 

107, 108]. Similarly, a selection of different thin magnetic film deposition techniques, 

and etching techniques, also exists. 

3.2 Patterning Techniques 

Lithographic patterning is associated with the evolution of the semiconductor 

industry, where photolithographic techniques were first introduced in the fabrication of 

integrated circuits (ICs) in the 1960s [42, 109]. With the introduction of BPM, 

lithographic patterning has become of interest to the magnetic storage industry. As a 

result, existing lithographic techniques have been adopted specifically for BPM 

fabrication. Newly developed patterning techniques have also been explored, in an 

effort to reach higher patterning resolutions that could potentially accommodate higher 

areal densities for BPM. Although it is arbitrary to make a classification of the vast 

amount of available BPM patterning techniques [107, 110], this section makes a 

distinction between conventional and natural lithographic patterning, in an attempt to 

investigate the most commonly used and most promising techniques. 

X-ray, interference and electron beam (e-beam) lithography are three of the 

most common conventional lithographic patterning techniques, while nano-imprint 

lithography is also included in this category due to its usual dependence on e-beam 

lithography [76]. X-ray lithography utilises very small wavelengths (λ=0.4-1.5nm) and 

has therefore great potential for high density patterning [111]. It uses a stencil-type 

absorber mask which eliminates any scattering effects that could limit its resolution. 

However, the correct alignment of the mask can be difficult since small changes in the 

gap between the mask and the sample to be exposed can reduce the patterning 

resolution. Typically the resolution of x-ray lithography is limited to about 30nm 

[112]. On the other hand, it allows the patterning of large areas (mm range), which is 

necessary for the commercialised fabrication of BPM. Interference lithography (IL) 

utilises bigger wavelengths, ranging from the visible wavelength spectrum to the 

extreme ultraviolet (EUV), i.e. a range of λ=12-532nm. Laser interference lithography 



CHAPTER 3 BIT PATTERNED MEDIA FABRICATION 
  

   80 
  

(LIL) is employed for utilising the visible wavelength spectrum [113]. It has a 

maximum resolution of λ/2, which in practise is reduced further by light 

scattering/diffusion at the sample surface. However, it is a maskless technique that 

allows the exposure of large areas (mm range) with relative ease. Conversely, EUV-IL 

utilises diffraction gratings masks and much smaller wavelengths (λ=12-15nm) in 

order to achieve periodic patterning with higher resolution [114]. Grating masks 

significantly reduce the exposure intensity. Therefore higher intensity radiation sources 

are required, which deteriorate the quality of the components in the system. In practise, 

EUV-IL is performed under vacuum conditions (dedicated exposure system) with a 

maximum resolution of around 20nm. In comparison, e-beam lithography (EBL) can 

provide a sub-10nm patterning resolution, which is in fact the highest patterning 

resolution amongst the conventional lithographic techniques [115]. EBL systems 

incorporate software programs that allow to easily design multiple custom patterns 

(varied shape/size), which can be exposed on the same sample with a single exposure 

process. On the other hand, the exposure range of EBL is limited to a few hundreds of 

microns, while in practise the patterning resolution is usually reduced due to proximity 

effects [116]. Finally, EBL is considered as the slowest and most expensive patterning 

technique. In order to alleviate these problems, EBL can be used in combination with 

nano-imprint lithography (NIL). In this case, EBL is used to generate a master mould, 

which is subsequently used to repeatedly transfer (imprint) the mould pattern onto 

other samples [117]. Therefore, NIL is more suited for commercialised fabrication 

processes, where low cost and high throughput are required. However, the resolution 

of NIL is ultimately defined by the technique that is used to fabricate the master mould 

(e.g. EBL). Moreover, the repeated use of the mould can deteriorate the quality of the 

pattern and therefore reduce the patterning resolution. In practise, the resolution can be 

reduced even further due to stiction effects and resist residue contamination. 

Natural lithographic patterning includes the self-assembled and the guided self-

assembled lithographic patterning techniques. Self-assembled patterning uses patterns 

that are found readily in nature in order to generate a lithographic mask. Block 

copolymer is one of the commonly used materials, which can provide sub-10nm 

patterning resolution [107, 118]. Compared to conventional lithographic techniques, 

only EBL can reach such high resolution. However, the involved cost for self-



CHAPTER 3 BIT PATTERNED MEDIA FABRICATION 
  

   81 
  

assembled patterning is much lower. The disadvantage of self-assembled patterning 

comes from the inability to create uniform patterns over large areas (ordering is limited 

to a few microns) [119], necessary for the future commercialisation of bit patterned 

media. Guided self-assembled lithographic patterning offers a solution to this problem 

by combining the use of both conventional and natural lithographic techniques. In this 

case, a conventional technique is first used to create artificial guides prior to the 

application of a natural self-assembled pattern [120]. These artificial guides help in 

keeping the self-assembled pattern aligned over larger areas. At the same time, the 

resolution constraints for conventional lithographic patterning are reduced, since the 

artificial guides do not have to be of high resolution to keep the self-assembled 

patterns aligned [121]. Therefore the overall cost of patterning is lower compared to a 

case where the same resolution must be achieved by using only conventional 

lithographic techniques. However, the use of multiple patterning techniques (both 

conventional and natural) increases the overall complexity and time required for 

patterning. 

3.2.1 Conventional Lithographic Patterning 

Conventional lithographic patterning techniques achieve the patterning of the 

resist layer through means of exposure radiation, followed by resist development. The 

exposure-sensitive resist can be either positive or negative; for positive the exposure 

causes the resist to become dissolvable to the developing agent, whereas for negative 

the exposed resist becomes inert to the developing agent (see figure 3.2). 

 

Figure 3.2: A comparison between the (top) positive and the (bottom) negative resist 

development after exposure. 
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Poly(methyl methacrylate) PMMA is one of the most commonly used positive 

resists [122]. It is a polymeric material that is typically used for high resolution 

patterning (sub-0.1μm) by e-beam or x-ray lithography. It is formulated with 495k or 

950k molecular weight (MW) resins diluted with either chlorobenzene (2-10%) or 

anisole (2-11%) solvents. Lower MW PMMA is easier to expose, while increasing the 

resist dilution reduces the thickness of the resist (after spinning). The different resist 

formulations allow PMMA to be used in either a single or a multilayered resist 

arrangement [122]. Exposing PMMA requires a dose of 50-500 μC/cm
2
 depending on 

the radiation source and the developer used. Methyl isobutyl ketone (MIBK) is used as 

a developer agent for exposed PMMA, usually diluted in isopropyl alcohol (IPA). 

Finally, PMMA has a fast etching rate (bad etching mask) and can be easily dissolved 

in acetone. Other commonly used positive resists, such as Shipley S1805 and 

Polymethylglutarimide (PMGI) [123], are typically employed in deep ultraviolet and 

optical lithography (laser writer). They have lower patterning resolution (sub-0.25μm) 

and are usually used in a double-layer arrangement in order to achieve better lift-off 

results. Such resist arrangements can provide thicker resist masks (>1μm) and are 

particularly useful when depositing thick metallic layers. 

In terms of negative resists, Hydrogen silsesquioxane (HSQ) resin in a carrier 

solvent of methylisobutylketone (MIBK) can provide the highest e-beam patterning 

resolution (6nm feature size) [124]. Different concentrations of carrier solvent (2-6%) 

provide a range of different resist thicknesses (30-180nm). Depending on the resist 

thickness, exposure doses of 400-700 μC/cm
2
 are typically used. The resist is 

developed in a standard aqueous base developer, such as Tetramethylammonium 

hydroxide (TMAH). Finally, exposed HSQ has good etching properties (slow etching 

rate), resembling that of silicon oxide, and can therefore be used as an effective etching 

mask. However, it can be difficult to remove, requiring a hydrofluoric acid bath to strip 

the remaining resist. For lower patterning resolution, SU-8 is another commonly used 

negative resist [125]. It is an epoxy based photoresist that provides a large range of 

resist thicknesses (0.5 to >200μm) depending on its viscosity. Although it is best suited 

for near UV exposure (wavelength λ=350-400nm) it can be also used in nano-impint 

lithography. After exposure and post-exposure baking, SU-8 becomes a highly cross-

linked material that is extremely difficult to remove with conventional solvent based 
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resist strippers. Therefore, SU-8 is best suited for permanent applications where it can 

be left on the fabricated structure. 

3.2.1.1 X-ray Lithography 

X-ray lithography requires the additional use of a stencil-type mask for the 

pattern generation. The mask acts as an x-ray radiation absorber, where high atomic 

number (Z) absorbing materials, such as gold (Au), are used for defining the pattern 

design (see figure 3.3a) [112]. At the same time, the supporting membrane (made out 

of low-Z material) must have sufficient stiffness to prevent pattern distortion, but still 

transmit more than 50% of the incident X-ray flux in order to expose the resist-covered 

sample placed beneath. The significantly small x-ray wavelength, in the range of 0.4-

1.5nm, can theoretically lead to high patterning resolutions. Moreover, the absorbing 

nature of the stencil mask prevents the effects of scattering. However, the 

photoelectron range and the diffraction limiting factors reduce the resolution of x-ray 

lithography to about 30nm [112]. In practise, alignment parameters (e.g. the gap 

distance between the stencil mask and the resist) make the x-ray lithographic 

patterning a complicated technique. Nevertheless, there have been successful examples 

of BPM patterning for island sizes ranging from 500nm down to 50nm [111, 126], as 

shown in figure 3.3b. 

 

Figure 3.3: (a) A schematic of a stencil-type absorber mask being used in x-ray 

lithography. (b) An example of a 50nm island pattern fabricated using x-ray 

lithography [111]. 

(a) (b) 
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3.2.1.2 Interference Lithography 

In interference lithography (IL), a resist-covered sample is patterned into a 

mask by a light source exposure. Laser interference lithography (LIL) has been a 

preferred option due to its inherent light-wave properties [113, 127, 128]. When two 

mutually coherent monochromatic laser beams (of equal amplitude) are projected onto 

the resist surface, their interference produces a sinusoidal standing wave pattern that 

appears as a series of gratings (see figure 3.4). The period p of the resulting grating 

(line) pattern is given by p=λ/2sinθ, where λ is the laser wavelength and θ is the angle 

between the two incident laser beams [113]. If the above exposure scheme is repeated 

on the same surface area, but orthogonally to the first exposure (sample rotated 90º), a 

two-dimensional (2D) grid pattern can be generated. The increased light intensity at 

the intersection of the line patterns exposes the resist layer [129]. 

 

Figure 3.4: Schematic of a grating (line) pattern exposed on resist using laser 

interference lithography. 

The advantage of LIL lies in its ability to generate large area patterns (mm 

range). On the other hand, the resolution of this technique is limited by the laser 

wavelength and the inherent light diffraction limit, at a maximum of λ/2. In practise, 

the resolution can be further limited by reflections (light scattering) on the sample 
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surface, which can cause irregular shaped islands. Nevertheless, LIL has been 

successfully used to fabricate islands with sizes down to 80nm and 200nm periods 

[129, 130]. More recently, improved results have been demonstrated using extreme 

ultraviolet (EUV) IL, where lower wavelength radiation about 13nm (soft x-ray 

radiation) has been used to fabricate patterned media samples [114, 131]. In this case, 

the exposure process is performed under vacuum conditions while the interference 

pattern is generated by using specifically designed diffraction grating stencil masks 

[114]. Clearly, the use of the grating masks reduces significantly the radiation intensity 

passing through, which leads to weaker resist exposures. To alleviate this problem 

higher power radiation sources are used, although this can deteriorate the quality of 

other components in the system. Figure 3.5 shows examples of patterned media arrays 

with island sizes down to 19nm, fabricated by EUV-IL. Moreover, it has been 

demonstrated that features with resolution down to 11nm can be achieved [114]. 

Clearly, EUV-IL is a promising patterning technique and can be potentially used in 

future for the fabrication of BPM with areal densities exceeding 1Tbit/in
2
. 

 

Figure 3.5: Images of patterned media arrays with island diameters of (a) 50nm and 

(b) 19nm, fabricated by extreme ultraviolet interference lithography [114]. 

3.2.1.3 E-beam Lithography 

As the name suggests, e-beam lithography (EBL) uses a beam of electrons to 

directly expose the resist. A specifically designed EBL system (see figure 3.6) 

provides automated control for the overall exposure procedure, through a PC interface. 

The exposure pattern can be easily created using appropriate computer-aided design 

(CAD) tools, which can be then executed accordingly by the EBL system. The resist-

covered sample is placed on an x-y stage, incorporated within the system, usually 

controlled by an interferometer laser for accurate positioning. An e-beam gun emits 

(a) (b) 
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electrons, which are arranged into a thin beam while passing through a set of 

electrostatic and electromagnetic lenses. Finally, a deflection system is responsible for 

scanning the e-beam in a raster-type serial motion over the sample surface, according 

to the exposure pattern design. Typically, the e-beam deflection system can position 

the beam with sub-10nm accuracy (step size) [115, 132]. However, the maximum e-

beam deflection is usually limited to a few hundreds of microns (write field) [132]. 

When exposing larger patterns, the sample must be physically repositioned by the x-y 

stage, which can cause misalignment (stitching) problems [132]. 

 

Figure 3.6: The basic configuration of an electron-beam lithographic system. 

In EBL systems, the acceleration voltage (energy) of the primary e-beam can 

be varied from a few keV to over 100keV. The primary electrons slow down while 

travelling through the resist layer while much of their energy is dissipated in the form 

of secondary electrons, which are responsible for the bulk of the actual resist exposure 

[133]. Secondary electrons have significantly lower energies (2-50eV) and are more 

likely to break the molecular chains in the polymer resist (chain scission), i.e. expose 

the resist. Higher exposure resolution is achieved when increasing the energy of the e-

beam, since electrons travelling through the resist undergo less forward scattering. The 

beam becomes narrower and at the same time the depth of penetration in the resist is 

increased. However, when patterning dense fine features, such in the case of BPM, the 

patterning resolution can be affected by the proximity effect [116]. The proximity 

effect describes the long-range electron scattering that can cause the exposure of resist 
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in regions adjacent to the original e-beam incidence (>20nm). Electrons travelling 

through the resist and reaching the underlying layer (e.g. substrate), may collide with 

much heavier nucleuses and undergo an elastic scattering event (backscattering) that 

changes their travelling direction [134]. If the scattering angle is large, the electrons 

may return back to the resist layer to cause exposure at an adjacent region. Increasing 

the e-beam energy expands the range of the proximity effect and therefore reduces the 

patterning resolution of dense fine-feature patterns. The proximity effect can be largely 

controlled through the exposure dose, which corresponds to the dwell time of the e-

beam at each exposure position [135]. Typically, the software in EBL systems 

provides an automatic adjustment of the dose factor depending on the density and 

arrangement of the pattern to be exposed; e.g. in a nanoscale BPM island array pattern, 

the islands in the centre of the array pattern will be set at a lower dose than the ones 

closer to the edge. Alternatively, the proximity effect can be also reduced by the use of 

multilayered resist and appropriate adjustment of the development time [135]. 

Compared to other conventional lithographic techniques, EBL is more time-

consuming, more costly and limited to smaller exposure areas. However, the sub-10nm 

resolution and the ability to easily create  custom exposure pattern designs, makes EBL 

one of the most favourable patterning techniques, especially for research and 

development purposes [115]. Unsurprisingly, it has been widely used for the 

fabrication of BPM samples with high areal density  [136-139]. Some of the latest 

examples of EBL demonstrating that areal densities beyond 1Tbit/in
2
 can be achieved 

are shown in figure 3.7. EBL is therefore one of the most promising patterning 

techniques that can utilise high density BPM in the future. 

 

Figure 3.7: Nano-island arrays with areal densities of (a) 1.1Tbits/in
2
 and (b) 

1.5Tbits/in
2
, fabricated using e-beam lithography [136]. 

(a) (b) 
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3.2.1.4 Nano-Imprint Lithography 

Although nano-imprint lithography (NIL) does not incorporate an exposure 

mechanism, it is included in the section of conventional lithography due to its usual 

dependence on the EBL technique. EBL is typically used for generating a patterned 

mould [140], which is subsequently used to transfer (replicate) the pattern on a resist-

covered sample through imprint, as shown in figure 3.8 [117]. The mould is pressed 

against the resist (heated into a viscous liquid) with specific pressure; high pressure 

may result in bending or even breaking the resist layer whereas lower pressure may not 

be adequate to transfer the mould pattern onto the resist layer successfully. After 

allowing the resist to set (cool down), the mould is withdrawn, while etching is 

performed to remove any residual resist in the compressed area. 

 

Figure 3.8: Schematic illustration of the three stages of the imprint lithography 

procedure [117]. 

Clearly, the best attainable resolution of NIL is determined by the technique 

used for fabricating the mould [140]. In practise, the resolution may be reduced due to 

stiction effects, resist residue and general wear and tear of the mould [140]. The 

advantage of this technique lies in the ability to reuse the mould, similar to the 

master/replica method that has been used in the past for the mass production of CDs 

and DVDs [107]. Therefore, in combination with EBL, NIL can achieve high 

resolution patterning while reducing the time and cost of reproduction. The capabilities 

of NIL were first demonstrated by Chou et al. through the successful fabrication of 

sub-25nm magnetic islands [141, 142]. Subsequent examples of NIL have indicated 

the potential for even higher areal density patterning [143], as shown in figure 3.9. 

Assuming that NIL can follow the resolution improvements in EBL, it will be an 

extremely valuable technique towards the future commercialisation of BPM. 
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Figure 3.9: Images of hole features on a resist layer, imprinted from a pillar-tone 

template, with areal densities of (a) 720Gbits/in
2
 and (b) 1.1Tbits/in

2
 [143].  

3.2.2 Natural Lithographic Patterning 

Conversely to conventional lithographic patterning, where mask patterns are 

generated artificially, natural lithographic patterning employs the direct use of patterns 

that are readily found in nature to generate patterning masks [107]. The natural 

lithography concept originates from the fact that natural patterns that exist in the 

nanoscale regime could potentially offer better patterning resolution [107]. Assuming 

these natural patterns can be accurately controlled into forming BPM-like 

configurations then higher areal densities could be achieved.            

3.2.2.1 Self-Assembled Patterns 

It is often the case that natural patterns are self-assembled into lattice 

formations, similar to the ones required for BPM. Block copolymers are good 

examples of such self-assembled patterns and have been successfully used for 

fabricating magnetic islands [119, 144, 145].  A block copolymer consists of a polymer 

chain with two distinct monomers. The polymer will typically phase-separate after 

being spun onto a sample surface, producing periodicities in the range of 10-200nm 

[107]. Selective etching can be subsequently used in order to generate a mask. Figure 

3.10a illustrates a simplified diagram of how self-assembled block copolymer 

lithography can be achieved by either additive or subtractive patterning. 

(a) (b) 
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Figure 3.10: (a) A process step comparison between the additive and the subtractive 

lithographic patterning using block copolymer. (b) An example of patterned silicon 

nitride substrate using self-assembled block copolymer lithography, indicating poor 

long range ordering [118]. 

Alternative versions of self-assembled natural patterns, such as anodised 

alumina [146], and polystyrene nanospheres [127], have also been successfully used 

for magnetic nano-island fabrication. However, the common drawback amongst the 

natural self-assembled patterns is the fact that their uniformity is limited to micron 

sized regions [119, 147], as shown in figure 3.10b. For larger regions (long range 

ordering), the patterns become irregular and thus unfit for utilising BPM [147]. 

3.2.2.2 Guided Self-Assembled Patterns 

Guided self-assembled patterning is a suggested solution to the long range 

ordering problem observed in natural self-assembled patterns. In this case, 

conventional lithographic techniques can be used in order to create physical guides 

(with lower resolution) on the sample surface, before applying the self-assembled 

patterning. Figure 3.11a shows an example of how imprint lithography is first used to 

pattern a resist layer into grooves (trenches), followed by copolymer spinning and 

subtractive patterning of the underlying magnetic film [120]. The reduced width of the 

(a) (b) 
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trench forces the copolymer to align, as indicated in figure 3.11b [147]. Although 

small in width, the trenches can be extended in length, similar to track patterns in 

conventional media recording. Similarly, guided copolymer patterning has been used 

in an additive patterning scheme [148]. 

 

Figure 3.11: (a) Schematic illustrating the use of imprint lithography for creating 

reduced-width trenches on a resist film, within which the block copolymer is aligned 

before it can be patterned [120]. (b) Examples of block copolymer being aligned with 

N=2-12 rows depending on the width of the trench [147]. 

Recently, Hitachi GST developed a new guided self-assembled technique, that 

combines direct e-beam lithography and block copolymer patterning [121]. Here, the 

substrate is pre-patterned, using e-beam lithography, into a hexagonal lattice 

arrangement, as shown in figure 3.12a. This artificial lattice is essentially a replica of 

the short-ranged natural lattice of the copolymer, thus enabling the copolymer spun on 

top to align. The advantage in doing this comes from the fact that even when the e-

beam lattice contains defects, the copolymer will still align perfectly, i.e. the generated 

copolymer mask will be a rectified version of the original e-beam lithographic pattern. 

Furthermore, it was discovered that even when the e-beam lattice is sparser, the 

copolymer will still align, and at the same time, it will fill the e-beam lattice “gaps”, 

generating a denser mask (density multiplication). Clearly, the effects of rectification 

and density multiplication ease the constraint requirements for perfect e-beam 

lithographic patterning, and also the fabrication cost and the time required for 

patterning large areas are reduced. In terms of BPM fabrication, sub-20nm diameter 

(a) (b) 
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magnetic islands have been fabricated using the above described technique, as shown 

in figure 3.12b [149]. Elsewhere it has been demonstrated that block copolymer 

patterns with areal densities reaching 10Tbits/in
2
 can be achieved by using guided self-

assembled patterning [150]. Evidently, the guided self-assembled technique can be one 

of the most effective solutions for high areal density BPM fabrication. 

 

Figure 3.12: (a) Schematic illustrating the use of e-beam lithography for creating a 

low resolution resist pattern, which provides density multiplication and pattern 

rectification of the subsequent block copolymer spin coating and patterning [121]. (b) 

An example of a BPM array of magnetic islands with areal density of 1Tbit/in
2
, 

fabricated using e-beam directed self-assembled patterning [149]. 

3.3 Deposition Techniques 

Generally, thin film deposition technologies can be categorised into chemical, 

glow-discharge and evaporative [151]. The most widely used magnetic film deposition 

techniques are electroplating, sputter deposition and e-beam evaporation, for each of 

the above three categories respectively. 

3.3.1 Electroplating 

Electroplating describes the process in which a metallic coating is 

electrodeposited on the cathode of an electrolytic cell, consisting of a positive 

(a) (b) 

Top view 

Side profile 
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electrode (anode), a negative electrode (cathode) and an electrolyte solution 

(containing metal ions) [152]. For thin magnetic film deposition, the substrate 

(cathode) and a positive electrode are submerged into an aqueous solution containing 

ions of magnetic material [152]. The potential difference between the substrate and the 

electrode forces the metal ions to be deposited on the sample surface, grown into a 

metallic layer. The overall process is affected by numerous parameters, such as current 

density and distribution, temperature, agitation and solution composition [151]. 

Therefore, electroplating deposition is often difficult to control for accurate film 

deposition. However, it is a simple and low cost deposition technique that does not 

require a specialised system [152]. 

3.3.2 Sputter Deposition 

In sputtering, an electrode surface (target) is bombarded by a plasma of noble 

gas ions (e.g. Ar
+
 ions), causing the surface atoms to be ejected by momentum transfer. 

Under vacuum conditions, the ejected target atoms will travel in straight lines of a 

random direction [151]. Consequently, a substrate placed within the vacuum chamber 

will be covered by the ejected atoms, thus accomplishing the sputter deposition. 

Automated sputter deposition systems allow the adjustment of controlling parameters, 

such as the vacuum conditions, the deposition rates, and the noble gas ionisation 

energy. Thin magnetic film deposition of single or multiple materials can be easily 

performed, since sputtering systems can have multiple selections of target materials 

[153]. Typically, sputter deposition is one of the fastest thin film deposition 

techniques. However, the high acceleration voltage (energy of several keV) required 

for the target atom ejection, can cause temperature variations in the vacuum chamber 

and the substrate, which can affect the quality of deposition [153]. 

3.3.3 E-beam Evaporation 

E-beam evaporation uses an electron beam directed onto a source material, in 

order to bring the material to melting point (heat induced), and cause it to evaporate 

[154]. Similar to sputter deposition, an e-beam evaporation system provides optimally 

high vacuum conditions (>1x10
-6

 mbar), which allow for an increased mean free path 
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travel for the evaporated atoms before condensing on the substrate surface. More 

specifically, the deposition rate is directly affected by the distance between the source 

material and the substrate. By keeping this distance fixed, the deposition rate can be 

controlled according to the evaporation rate set by the acceleration voltage of the 

electron beam. The electron beam can be accurately positioned, on multiple source 

material blocks, by a deflecting magnet. This deflecting magnet is typically positioned 

at a distance greater than 20cm from the substrate, i.e. there is no magnetic field at the 

substrate surface and hence the deposition process is not affected, even when 

depositing thin magnetic films. It should also be noted that each material has a 

different melting point, and it is sometimes the case that high melting points cannot be 

easily obtained, which is a limiting factor for e-beam evaporation. Nevertheless, the 

accurate temperature control (for the substrate and vacuum chamber separately), as 

well as the accurate deposition rate control, have made e-beam evaporation a 

favourable technique for thin magnetic film deposition [155]. 

3.4 Etching Techniques 

In BPM fabrication, etching techniques can be used for either pre-patterning 

the substrate or for subtractive patterning of the thin magnetic film. An appropriately 

selected hard mask must be capable to endure the etching process, so that the mask 

pattern is transferred to the underlying material. Etching techniques can be either wet 

or dry [110]. 

3.4.1 Wet Etching 

Wet etching is performed by submerging the sample in a liquid chemical 

(etchant) that can dissolve the underlying material. The simplest form of wet etching 

entails the dissolution of the material to be removed in the liquid solvent, without 

changing the chemical nature of the material. In general, however, a wet etching 

process involves a chemical reaction between the etchant and the material to produce a 

new by-product which is then discarded. Failing to clean the remains of such a process 

could potentially introduce contamination issues in subsequent fabrication steps. 

Typically, wet etching is isotropic [110], i.e. it progresses in all directions at the same 
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rate. This creates a large “undercut” below the mask, altering the original pattern 

design. Therefore, where patterning resolution is of critical importance, such in the 

case of BPM patterning, wet etching is usually avoided. If resolution is not an issue, 

then wet etching can be favourable due to its ease of use, its low cost and its high 

throughput (many samples etched at the same time). 

3.4.2 Dry Etching 

In dry etching the material is etched by direct bombardment of noble gas ions 

on the surface of the material, similar to sputtering (described in section 3.3.2). The 

difference in this case is that instead of the ions being directed on a target material, 

here they are directed on the sample surface, causing the ejection of atoms from the 

unprotected material; a process referred to as ion milling [156]. A dedicated vacuum 

chamber for ion milling has a specifically designed ion gun that ionises the noble gas, 

which is then directed, though apertures and ion optics, perpendicularly to the sample 

surface, in the form of a beam. The etching profile in this case is anisotropic, where the 

undercut is minimal and the sidewalls are close to vertical. However, due to the highly 

energetic nature of ion milling, the etching result may suffer from the effects of ion 

implantation and re-deposition [154, 156]. Ion implantation describes the effect where 

ions can penetrate deeper into the material and remain entrapped there, thus changing 

the crystalline structure of the surrounding material. In re-deposition, the ejected atoms 

can sometimes be re-deposited on the edge of the mask pattern, causing a build-up of 

material near the sidewalls and thus limiting the resolution of patterning. 

Reactive ion etching (RIE) is an alternative version of dry etching where the 

unwanted effects of ion milling can be minimised. In this case, a reactive gas is 

introduced in front of the substrate so that it is ionised by collision with the beam of 

noble gas ions [156]. The reactive gas is chosen, so that the ions and radicals formed 

after dissociation of the gas in the discharge, undergo a chemical reaction with the 

substrate [156]. The chemical by-product is usually a gas that can be easily pumped 

out of the etching chamber. The discharge is formed by a high radio-frequency (RF) 

electric field, which creates a voltage bias to accelerate the ions towards the sample. 

The etching rate is controlled by both the RF power as well as by the amount of 
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reactive gas. The chemical nature of reactive ion etching implies that etching in this 

case can be a low energetic process. 

In general, dry etching is a more expensive and complicated technique than wet 

etching. However, its advantage of better etching profiles and patterning resolutions 

makes dry etching a favourable technique for thin magnetic film patterning. 

3.5 The Custom Fabrication Process 

The fabrication of BPM samples was necessary in this research project, for the 

purpose of testing the custom characterisation techniques that have been developed. 

The fabrication process followed was based on a modified version of a novel 

fabrication method developed at the University of Manchester [157]. For consistency 

purposes, the same fabrication process was repeated for the majority of the samples 

used in this research project. 

3.5.1 Choosing the Thin Magnetic Film 

The BPM fabrication process used in this project was based on a subtractive 

patterning method, where e-beam deposited Co/Pt multilayered thin films were 

patterned by e-beam lithography and dry etching techniques into magnetic nano-

islands. Figure 3.13 illustrates the initial multilayered structure of the continuous thin 

magnetic film, where 15 bi-layers of Co/Pt were deposited on top of a Pt underlayer 

(seed layer) to form the following structure: Ptseed (10nm)/[Co (0.4nm)/Pt (1nm)]x15. 

Such multilayered structures exhibit strong perpendicular magnetic anisotropy (PMA), 

which is preferable for BPM recording. PMA arises through specific characteristics of 

the multilayered crystalline lattice structure [158]. The contributors of the total 

magnetic anisotropy Keff, are the volume anisotropy energy constant, Ku, and the 

interfacial (or surface) anisotropy density, Ks, such that [159]: 

uCoseffCo
KtKKt  2  (3.1) 

where tCo is the Co layer thickness. 
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Figure 3.13: Thin magnetic film multilayered structure. 

Generally, Ku is attributed to the combination of the magnetocrystalline 

anisotropy, the shape anisotropy and the magneto-elastic anisotropy [62]. However, for 

Co/Pt multilayered structures the shape and the magneto-elastic anisotropy are 

negligible. It is in fact, the combination of the magnetocrystalline anisotropy and the 

interfacial anisotropy that provide high PMA. More specifically, the interfacial 

magnetocrystalline anisotropy (relative texture orientation between the Co and Pt 

layers) is the basic origin of the observed interfacial anisotropy [159]. It has been 

demonstrated that for Co layers of (111) texturing and of 0.2-0.4nm thickness 

(corresponding to one or two Co monolayers), the Co exhibits maximum out-of plane 

anisotropy; the interface anisotropy at this thickness overcomes the volume anisotropy. 

For maximum total Keff, the Pt layers (and Pt seed) must also have (111) texture 

orientation that matches the Co orientation [159]. Figure 3.14a and 3.14b show cross-

sectional images of Co/Pt multilayers deposited by sputtering and e-beam evaporation, 

respectively [160]. Clearly, e-beam evaporation provides high (111) texturing 

alignment along the Co/Pt multilayer, whereas the sputtered film fails to do so. 

Employing the e-beam evaporation technique for the deposition of a Co/Pt 

multilayered thin film is therefore preferable since the highly aligned (111) texturing 

will lead to higher PMA. Figure 3.14c shows the typical magnetic behaviour of Co/Pt 

multilayered structures for various Co thicknesses and different number of Co/Pt bi-

layers [159]. As expected, at smaller Co thicknesses (x=0.3-0.4nm) and higher number 

of bi-layers (N=12-13), the hysteresis loops exhibit sharper switching behaviour (high 

squareness) with coercivity values exceeding 1kOe (=0.1Tesla). Based on the above 

characteristics, the Co/Pt multilayered thin films fabricated in this research project 

1nm Pt 
0.4 nm Co 

10nm Pt Seed Layer 

SiO2 Substrate 

x15 
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should therefore exhibit an ideal magnetic behaviour for the fabrication of 

perpendicularly magnetised BPM. 

 

Figure 3.14: Cross-sectional images of Co/Pt multilayers fabricated by (a) sputtering 

and (b) e-beam evaporation, indicating their (111) crystalline texturing [160].(c) A 

collection of hysteresis loops for different Co/Pt mutlilayers with variable Co 

thicknesses, x (measured in Å), and variable number of Co/Pt bi-layers, N [159]. 

An overview of the Co/Pt multilayer patterning process followed in this 

research is given in figure 3.15. Here, the multilayer was patterned using a double 

hard-mask consisting of C and Ti. E-beam lithography was used for defining the island 

pattern on a resist layer, through which the top Ti hard mask was deposited. The 

pattern was transferred to the lower C mask through RIE. Finally, ion milling was used 

for transferring the double hard mask (C/Ti) pattern to the Co/Pt multilayer, thus 

creating the magnetic islands. A more descriptive analysis of the fabrication steps is 

given in the remainder of this chapter. It should be noted that, to ensure a correct 

progression throughout the fabrication process, the samples were inspected for 

structural soundness between consecutive fabrication steps, mainly through scanning 

electron microscopy (SEM) imaging as well as by using an optical microscope. 

(a) 

(b) 

(c) 



CHAPTER 3 BIT PATTERNED MEDIA FABRICATION 
  

   99 
  

 

Figure 3.15: An overview of the magnetic island fabrication process. 

3.5.2 Substrate Preparation 

The sample preparation process begins by cutting industrially provided 

100mm-diameter 500µm-thick Si wafers, with a 100nm-thick thermally grown silicon 

oxide (SiO2) capping layer, into 22x25mm samples. This particular sample size was 

selected since it matches the sample holder size of most of the instruments used in this 

research project. The cutting process was performed by a Precima Scriber with a 

diamond tip. The first step is to cover the polished surface of the substrate with a 1µm-

thick layer of resist (by spinning). This serves as a protective layer during the scribing 

(cutting) procedure, so that the polished surface of the substrate is not damaged or 

contaminated. While the cutting took place in non-clean room conditions, the 

remaining fabrication steps were performed in either a class 100 or a class 1000 clean 

room. Once the wafer is cut, then each 22x25mm sample is processed individually for 

the rest of the fabrication steps. To remove the protective resist layer, each sample was 

soaked in acetone, followed by an isopropanol (IPA) rinse; IPA rinse was continued 

for another minute while the sample was spun at 4000rpm, to ensure that the resist is 

completely dissolved. The cleanliness of the samples was confirmed by a de-ionising 

(DI) process. Here, a specific instrument rinses the samples continuously with re-

circulating DI water while measuring the resistance of DI water; a resistance of 18MΩ 

indicates that the samples are clean. Finally, the samples were dried-out using a 

nitrogen blow gun (N2 duster). 
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3.5.3 Magnetic Multilayer Deposition 

The magnetic multilayer deposition was done using a Leybold-Heraeus e-beam 

evaporation system. The system has a specifically designed sample holder that can take 

up to four 22x25mm samples. The holder is positioned directly above the two available 

source crucibles, such that deposition for the four samples can be done simultaneously; 

the samples must be placed in an upside down orientation. The system is also equipped 

with two sets of halogen lamps that allow separate control for the heating of the 

substrates and the vacuum chamber. The chamber is surrounded by a recirculation 

hot/cold water system to assist in the temperature control of the chamber. An 

additional circulating system for liquid nitrogen (LN2) is also available to assist in the 

cooling of the chamber. 

First, the system was prepared by cleaning the crucibles (by scraping and 

wiping with acetone), in order to remove any contaminants from previous depositions, 

and then loading each of the two crucibles with Co and Pt sources, respectively. After 

the substrate preparation, the samples were transferred in the vacuum chamber, where 

they were baked at 200ºC substrate temperature (80ºC chamber temperature), for two 

consecutive days. The baking process ensures that water molecules on the sample 

surface (remaining from the sample preparation process) are evaporated, allowing a 

good adhesion between the substrate and the magnetic multilayer. At the same time, 

the prolonged baking time helps to improve the vacuum conditions prior to the 

deposition. During the baking process, the Co and Pt sources were degassed. The 

degassing process involves bringing each material to its melting point by manually 

increasing the energy of the incident electron beam. This ensures that any gases 

trapped beneath the outer surface of the sources are removed, which otherwise would 

affect the deposition rate during the actual deposition process. 

To obtain the required vacuum conditions (4-8x10
-8

 mbar) the vacuum chamber 

was cooled using LN2 on the day of deposition. In addition, a LN2 “trap”, positioned at 

the back-end of the chamber, was manually filled; the trap helps in collecting any 

remaining water molecules (and other contaminants). During deposition the vacuum 

would drop to around 1-5x10
-7

 mbar. The substrate temperature was maintained at 

200ºC throughout the deposition process, in order to promote good adhesion and layer 
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texturing. At 200ºC a highly (111)-textured Pt underlayer is obtained, enhancing the 

(111) texture of the subsequently deposited Co/Pt multilayer and therefore improving 

the PMA of the thin magnetic film [159]. 

The actual deposition process is performed in a semi-automatic manner. The e-

beam (magnetic field) deflection is manually controlled using a potentiometer, 

allowing accurate re-positioning of the e-beam on either the Co or Pt source, for the 

alternating Co/Pt depositions of the multilayer. After positioning the e-beam, an 

automated controller is responsible for ramping the e-beam energy, to bring the source 

material in question to its melting point. The evaporation, and hence the deposition 

rate, is measured by a quartz crystal detector so that the e-beam energy is automatically 

readjusted to maintain a constant deposition rate of 0.01nm/s (for both Co and Pt 

deposition). An automated shutter, positioned below the substrate holder, opens 

(initiate deposition) and closes (stop deposition) accordingly in order to obtain the 

required layer thickness. The e-beam energy is then reduced back to zero, to allow the 

manual re-positioning of the e-beam, before repeating the same process for the next 

layer. The required time of the deposition of the seed layer and the 15 Co/Pt bi-layers 

was around three hours, while the total time including the chamber preparation and 

sample baking was three days. 

3.5.4 Hard Mask Deposition and E-beam Patterning 

As described earlier in section 3.5.1, the pattern design is generated on a double 

hard mask through means of e-beam lithography. The first step in creating the mask is 

the deposition of a continuous 10nm-thick C layer (bottom layer of the hard mask), 

directly on top of the already deposited Co/Pt multilayer. This was achieved through e-

beam evaporation, following the same process to the Co/Pt deposition (described in 

section 3.5.3). However, the baking time in this case was reduced to 3-4 hours since 

the samples are only exposed to non-vacuum condition for a short period (the time 

required to remove the Co/Pt sources, clean the crucibles and refill one of them with 

C). It should be noted that, while C is an excellent hard mask material due to its slow 

milling rate, it is often difficult to use due to its high melting point. More specifically, 

C evaporation cannot be applied directly onto a patterned resist mask due to the high 
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temperature generated during evaporation, which can distort the resist itself (cross-

linking of the polymer-based resist may occur). In fact, this has been the reason for 

introducing the additional Ti mask layer, which allows the island patterning through a 

resist mask at a lower melting temperature. 

After C deposition the samples were removed from the vacuum chamber, to be 

prepared for the e-beam lithographic patterning process. From this point onwards, the 

fabrication process was performed on a single-sample basis, according to the 

capabilities of the involved instrumentation. For each sample, a single layer of 950k 

(molecular weight) Poly(methyl methacrylate) PMMA (positive resist) in 2% anisole  

was spun on top of the C layer, for 1min at 5000rpm. The sample was then soft baked 

on a hot-plate at 160ºC for 15min to ensure good adhesion to the underlying C layer, 

resulting in a resist thickness of 150nm. The e-beam exposure was done using the LEO 

1530 Gemini lithographic system, which has a maximum resolution of 1nm with 

maximum e-beam acceleration voltage of 30keV. The pattern designs were created 

using the Raith Elphy Plus CAD tool. All island exposures were performed at 27.5keV 

with a 100x100µm
2
 write field, a 10µm aperture size and basic step size of 2nm. 

Typically, for larger islands (>100nm) it is easier to control the shape and size 

of the islands by directly drawing the island pattern design (relieved resolution 

requirements), while keeping the exposure dose constant, as shown in figure 3.16a. For 

smaller islands (<100nm), it is preferable to draw the islands as single pixels so that 

their size can be accurately controlled by the exposure dose factor (strict resolution 

requirements), as shown in figure 3.16b. A reduced dose (less exposure time per pixel 

position) results in smaller exposure areas, i.e. smaller islands. A single pixel 

corresponds to the basic step size parameter and it defines the minimum feature 

resolution of the design in terms of actual size. The disadvantage of using pixel-

defined designs is that the island shape is restricted to the e-beam shape, i.e. only 

circular islands. However, by drawing single-pixel lines it is possible to create line 

shaped islands (but with curved edges). 

After exposure, the sample was developed (soaked) for 40s in a 1:3 mixture of 

Methyl isobutyl ketone (MIBK) to IPA. The developing action was gradually stopped 

by an IPA bath for another 30s, and then blow-dried with a N2 duster to remove the 
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IPA completely. Through this development process, the exposed resist was removed, 

creating a pattern of 150nm deep holes (inverse mask) corresponding to the original 

island pattern design. 

The holes were subsequently partially-filled with the second layer of the hard 

mask. More specifically, a 15nm-thick Ti layer was deposited through e-beam 

evaporation, similar to the C deposition. The difference in this case was that the 

deposition had to be made over the resist mask. Consequently, the chamber and 

substrate temperature had to be kept below 60ºC, since higher temperatures could 

potentially distort the resist mask and thus limit the patterning resolution. An 

additional thin layer (5nm) of Au60Pd40 alloy was deposited on top of the Ti layer; this 

extra layer was deposited purely for imaging purposes (to improve the SEM imaging 

contrast between the underlying C layer and the Ti layer, due to the small Ti layer 

thickness). Finally, after the second hard mask layer deposition, the resist mask was 

removed through a lift-off process, to reveal the resulting pattern of Ti islands. 

 

Figure 3.16: E-beam designs of (a) shape-defined and (b) pixel-defined BPM island 

patterns. The different colours correspond to different exposure doses. 

(a) 

(b) 
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3.5.4.1 Lift-Off Process 

Typically, the success of the lift-off process is interrelated to the exposure and 

development process. More specifically, the generated resist mask must have well 

defined undercuts in order to avoid undesirable lift-off results (see figure 3.17). A good 

undercut is described by a clear break between the material deposited on the substrate 

(within the hole) and the material on top of the resist. If there is a lack of undercut then 

poor edges may be observed on the resulting pattern after lift-off. 

 

Figure 3.17: Lift-off profiles for a mask with a clear undercut (resulting in good lift-

off) and without an undercut (resulting in poor edges after lift-off). 

As previously discussed, e-beam exposure is achieved by the secondary 

electrons, induced by the dissipated energy of primary electrons when entering and 

passing through the resist. In the fabrication process described earlier, the undercut 

was achieved by taking advantage of the forward scattering effect, where a fraction of 

the electrons penetrating the resist layer will undergo small angle scattering events. In 

this case a significantly broader e-beam profile is observed close to the bottom of the 

single resist layer compared to the top [161]. This effectively results in larger area 

being exposed at the bottom part of the resist, which creates an undercut after the 

development process (described in the previous section). Figure 3.18 illustrates the 

natural pear-shaped undercut achieved by a 20keV e-beam exposure of a single resist 
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layer, where the undercut broadens as the area dose is increased. As the e-beam energy 

increases (>30keV) and the exposure resolution improves, this natural undercut effect 

becomes smaller and therefore a bi-layer resist must be employed [161]. 

 

Figure 3.18: Single layer resist undercut profiles of a 20keV e-beam, for area dose of 

100, 200 and 300 μC/cm
2
 [161]. 

The lift-off process employed after the Ti deposition is described in the 

following steps. First, the sample was dropped in an acetone-filled beaker, which was 

manually suspended in an ultrasonic bath for 10s. This ensures that the delicate Ti 

island structures are not damaged from excessive ultrasound power. Next, the beaker 

was heated at 80ºC to accelerate the lift-off process, followed by another 10s of 

ultrasound agitation. The sample was then left in the acetone-filled beaker overnight 

(covered to minimise acetone evaporation), to ensure that the PMMA was completely 

dissolved. A final ultrasound agitation of 10s was performed the next day, followed by 

a fresh acetone and IPA rinse. Finally, the samples were blow-dried using a N2 duster. 

3.5.5 Multilayer Patterning Through Etching 

The final steps for fabricating magnetic islands involve the use of dry etching 

techniques (described in section 3.4.2) for transferring the Ti island pattern to the C 

layer and subsequently to the Co/Pt multilayer. More specifically, oxygen (O2) plasma 

etching was used for the C layer, whereas for the Co/Pt multilayer, the argon (Ar
+
) ion 

milling technique was employed. Both etching techniques were performed using a 

Moorfield Minilab system, which has an appropriately configured vacuum chamber, 

dedicated for etching purposes only. The system is equipped with a separate ion gun 
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and a RF-powered plasma etcher, operating in a single-sample basis. Gas flow rates, 

can be accurately controlled by manual valves for both Ar and O2. 

The O2 plasma etching for the C layer was performed under a vacuum of 1-

3x10
-6

 mbar, at 10W RF power, with 2:1 Ar:O2 gas mixture. In this case, the etching 

process is dominated by the chemical reaction between the O2 gas and the C, 

producing gaseous by-products (CO and CO2) that can be easily pumped out from the 

vacuum chamber. On the other hand, the Ti island mask is preserved since the reaction 

between Ti and O2 is very limited, thus the Ti etching rate is low (mostly due to partial 

milling effect from Ar
+
 ions). The C etching rate was calibrated (for the specified 

settings) at 0.054nm/s, therefore the time required to etch through the 10nm-thick C 

layer was approximately 190s. The SEM image in figure 3.19a shows an example of a 

Ti island pattern successfully transferred through O2 plasma etching as shown in the 

subsequently taken SEM image in figure 3.19b. The image comparison between 

figures 3.19a and 3.19b shows no loss in patterning resolution while the island shape is 

well preserved (no edge defects are observed). 

 

Figure 3.19: SEM images of a rectangular island pattern (with 100x200nm islands 

and 180nm distance between adjacent islands) after (a) lift-off (Ti islands), (b) O2 

plasma etching (Ti/C islands) and (c) Ar
+
 ion milling (Co/Pt magnetic islands). 

In the final fabrication step of Co/Pt multilayer etching, Ar
+
 ion milling was 

applied under the same vacuum conditions (1-3x10
-6

 mbar) used for the O2 plasma 

etching of the C layer. In this case, the ion gun was preset at a current of 18mA, while 

the vacuum chamber was gradually filled with Ar gas, until there was enough to 

initiate an ion beam strike. To ensure that the ion beam is applied uniformly upon the 

sample surface, the sample must be accurately pre-positioned so that it directly faces 

the apertures of the ion gun. The milling rate is directly related to the ion beam energy, 

(a) (b) (c) 
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regulated through the Ar gas flow (controlled through a manual valve). Therefore, in 

order to have a predictable milling rate, the Ar flow had to be re-adjusted accordingly 

(in case of a fluctuating ion beam energy), throughout the duration of the milling 

process. For ion beam energy of 2.15keV, the Co/Pt multilayer milling rate was 

calibrated at 0.043nm/s, corresponding to a total milling time of 490s for the 21nm-

thick Co/Pt multilayer. The SEM image in figure 3.19c shows that although the 

patterning resolution is maintained, the resulting magnetic islands suffer from rough 

edges. More specifically, a light-coloured “skirting” is observed around the periphery 

of each island. This is due to the trenching effect occurring during slow milling, which 

causes a reduction in the side wall verticality of the islands as the etching depth 

increases [156]. Figure 3.20 shows some typical examples of magnetic islands 

fabricated through ion milling, where their profile is described by a dome shape. 

Clearly, in smaller islands this effect may be amplified, in the sense that the side wall 

slope can become comparable to the size of the island, which can lead to a modified 

magnetic behaviour. Therefore, it is critical to perform the magnetic characterisation of 

such island structures, if they are to be used for utilising BPM. 

 

Figure 3.20: SEM images showing the typical profile for (a) 200nm rectangular 

islands with 100nm distance between adjacent islands and (b) 50nm circular islands 

with 50nm distance between adjacent islands. 

3.6 Summary 

An in-depth investigation of the most commonly used patterning, deposition 

and etching techniques was performed in this chapter, in an attempt to understand their 

functionality and how this applies in the fabrication of BPM arrays. Emphasis was 

(a) (b) 
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given in the description of the customised fabrication process used in this research 

project, detailing the individual fabrication steps. 

In this subtractive fabrication approach, e-beam evaporation was first used for 

depositing a Co/Pt multilayered thin magnetic film. A C/Ti hard mask was then 

generated on top of the Co/Pt multilayer through means of e-beam evaporation, e-beam 

lithography and O2 plasma etching. Finally, Ar
+
 ion milling was used for transferring 

the island pattern from the hard mask to the underlying Co/Pt multilayer.  

SEM images taken between the individual fabrication steps show that the 

island patterning (spatial) resolution is preserved throughout the whole fabrication 

process. However, the trenching effect, arising from the Ar
+
 ion milling process, 

causes the island structures to have non-vertical side walls (dome shaped profile).  

Such non-ideal island structures signify the requirement for BPM 

characterisation. An overview of the most commonly used structural and magnetic 

characterisation techniques is given in the next chapter, focusing in particular on the 

selected magnetic characterisation techniques used in this research project. 
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CHAPTER 4  
 _____________________________________________________________________________________________________________________________________  

4Characterisation Techniques 
 _____________________________________________________________________________________________________________________________________  

Chapter 4 presents a thorough investigation of the most common structural and 

magnetic characterisation techniques widely used in the field of magnetic storage. The 

functionality of each technique is explained in detail, in order to understand the 

characterisation abilities and limitations of each approach. This aids towards 

identifying the controlling factors that are relevant to the case of characterising bit 

patterned media, especially with respect to the magnetic characterisation required by 

this research project. Special emphasis is given to the MOKE and AHE techniques, 

which have been selected to characterise the custom fabricated BPM samples. 

4.1 Why Characterise BPM? 

The main reason for characterising magnetic media, in general, is to determine 

their suitability for data storage. Characterisation provides the means for examining, 

testing and evaluating the magnetic storage media. Under the quest for new magnetic 

storage technologies, such as BPM, the characterisation process will clearly be a vital 

requirement. As described in chapter 3, the variety of fabrication/patterning techniques 

combined with the complexity of the incorporated process steps, will inevitably result 

in a large range of different structural and magnetic BPM characteristics. The magnetic 

storage industry was until recently concentrating solely on the improvement of 

conventional media (as described in chapter 2). Inevitably, the corresponding 

characterisation instruments being employed were appropriately selected for this 

particular type of media. This does not imply that the existing instruments are rendered 

obsolete when it comes to characterising other types of media. However, it would be 

fair to assume that some characterisation techniques would perform better than others 

for characterising BPM. 
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Characterisation techniques can be roughly divided into two general categories; 

structural and magnetic characterisation. Structural characterisation techniques are 

used for describing the physical structure of the media. Topographic and structural 

properties of the media are presented through means of imaging at very high 

resolutions. On the other hand, magnetic characterisation techniques are directly 

concerned with the magnetic properties of the medium, typically presented in the form 

of hysteresis loops (described in chapter 1). In the case of BPM, both structural and 

magnetic characterisation are equally important since the physical structure of the 

islands is interrelated with their magnetic behaviour [32, 76, 92, 93].  

The primary focus of this research project was the magnetic characterisation of 

BPM. However, the use of structural characterisation techniques was also necessary 

for evaluating the quality (e.g. shape/size) of the island patterns between consecutive 

fabrication process steps (described in chapter 3). For this reason, both types of 

characterisation had to be explored in order to understand the functionality of the most 

useful and commonly used techniques in the field of magnetic storage. In this study, 

special emphasis was given in the evaluation of the existing magnetic characterisation 

techniques, to identify their merits and drawbacks and to explain the reasons for 

selecting the two particular techniques used in this project.                  

4.2 Structural Characterisation 

Structural characterisation can be further divided into two main categories, 

depending on the detection system they incorporate; namely, scanning probe 

microscopy and electron microscopy. In scanning probe microscopy, the sample 

surface is physically scanned by a specially designed sharp tip. The interaction of the 

tip with the sample surface can be accurately measured and transformed into 

topographic information. The results can be presented by either two-dimensional (2D) 

images or three-dimensional (3D) topographical maps. In electron microscopy, an 

electron source provides an e-beam that focuses on the sample surface. The electrons 

interacting with the sample can be subsequently detected to provide the required 

information for reconstructing a 2D image of the sample structure. 
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4.2.1 Scanning Probe Microscopy 

The origins of scanning probe microscopy (SPM) date back to 1981 and the 

invention of scanning tunnelling microscopy (STM) [162, 163]. In STM, a metallic tip 

is scanned over an electrically conductive sample, at close proximity to the sample 

surface (a few nm). By applying a voltage potential between the sample and the tip, the 

rules of quantum mechanics allow electrons to jump (tunnel) across the space gap 

between the tip and the sample, thus establishing a measureable current flow [163]. 

The current value is reduced exponentially with increasing distance between the 

sample and the tip, thus height variations in the surface can be detected [163]. More 

specifically, the tip position is adjusted (in real time) through incorporated electronics 

so that the current is maintained at a constant value throughout the scanning process; it 

is this adjustment that provides the topographical information for the sample surface. 

However, it was soon discovered that when the tip is at close proximity to the sample 

surface, significant interatomic forces would act jointly with the tunnelling current 

[163]. This observation led to the invention of atomic force microscopy (AFM), where 

the interacting forces between the sample and the tip are utilised directly into a 

detecting scheme, eliminating the STM requirement for conductive samples [164]. 

AFM has the additional advantage that it can be performed in ambient conditions, 

conversely to STM where it is usually necessary to have high vacuum in order to 

prevent the influence of external factors (e.g. sample oxidation that could limit the 

tunnelling current). 

At the atomic level, interaction forces are observed between atoms in close 

proximity, also known as Van der Waals forces [165]. AFM relies on the effect of 

these forces to provide atomic level resolution. An AFM tip brought in close proximity 

to a sample surface will effectively experience a force, depending on the exact distance 

between the tip and the surface [166]. A critical distance exists where the force is 

either attractive or repulsive; at distances of a few angstrom (1Å=0.1nm) the force is 

repulsive (short-range force) whereas for larger distances (10-100nm) the force 

becomes attractive (long-range force). Based on this effect, AFM can be operated in 

different modes, namely contact mode and non-contact mode [167]. Alternatively, the 

tapping mode is operated in both the short and long-range force regime [167]. 
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In contact mode (see figure 4.1a), a cantilever tip is set in such a way that it 

lightly touches the surface of the sample; a constant contact force is electronically 

maintained through a feedback mechanism [166]. While the cantilever scans the 

surface of the sample, the topography of the sample’s surface forces the cantilever to 

move up or down. The cantilever motion changes the direction of the reflected laser 

beam (bouncing off the backside of the cantilever), which in turn is detected by a 

positional photo-detector and translated to a voltage signal that can be used to 

reconstruct the surface topography of the sample [167]. In non-contact mode (see 

figure 4.1b), the cantilever tip is suspended over the surface with separation of tens of 

nanometres, i.e. without touching the sample [167]. Determining the surface 

topography in this case, depends on the long-range interaction forces between the 

cantilever tip and the sample [167]. The cantilever is oscillated close to its resonant 

frequency with a small amplitude (<5nm), while the cantilever deflection is detected 

similar to the case of contact mode. The oscillation of the tip is disrupted by the long-

range forces and the output signal is no longer constant in frequency, amplitude or 

phase. Through means of modulation/demodulation detection, it is possible to 

accurately determine the signal variations, which are then used for reconstructing the 

surface topography [167]. 

 

Figure 4.1: (a) Schematic of contact mode AFM, where the sample topography is 

determined by the deflection of the cantilever that is in contact with the sample surface 

while being scanned across it. (b) Schematic of non-contact AFM, where the sample 

topography is determined by the interruptions in the oscillation motion of the 

cantilever caused by the long-range interaction forces between the cantilever tip and 

the sample surface [168]. 

(a) (b) 



CHAPTER 4 CHARACTERISATION TECHNIQUES 
  

   113 
  

Tapping mode, patented by Veeco Instruments, is a variant of non-contact 

AFM [169, 170]. The principal difference lies in the oscillation amplitude of the 

cantilever; in tapping mode the oscillation amplitude is significantly increased (20-

100nm), such that the cantilever tip touches the sample surface at its lowest oscillating 

position [167, 169]. Due to the high energy associated with this large oscillation, the 

tip is able to overcome both the short and long-range forces, and instead, the detection 

relies on the momentary contact of the tip with the sample surface. A feedback 

mechanism is responsible for adjusting the cantilever tip height, in order to maintain 

the oscillation at constant amplitude, i.e. the contact force between the tip and the 

sample is kept at a constant minimum [167]. This adjustment, corresponding to height 

deviations on the sample surface, can be used to reconstruct the sample surface 

topography. Compared to contact AFM, the tapping mode has the advantage of 

preserving the tip (and sample) from being damaged, since it is no longer in 

continuous contact with the sample [169]. Moreover, since the effect of interatomic 

forces is negligible in this mode, the associated problems observed in non-contact 

AFM are alleviated, and a stronger detection signal can be obtained [169]. For the 

purposes of this project, structural characterisation was partially performed using a 

Veeco Dimension V SPM system [170], operating in tapping mode AFM. In practise, 

it was observed that for high topographical variations, such in the case of BPM, it is 

often difficult for the system to maintain constant oscillation amplitude. As a result, 

the increased contact force between the tip and the sample often led to excessive tip 

damage (loss of resolution), requiring frequent tip replacement. 

In general, AFM is a slow structural characterisation technique due to the 

incorporated raster scan mechanism, and characterisation is usually constricted to 

small scanning areas (<150x150µm
2
). In addition to the short and long-range Van der 

Waals forces, other atomic forces exist (e.g. electrostatic, magnetic and capillary 

forces), which can often cause distortion in the measurement signal, preventing AFM 

from reaching the true theoretical atomic resolution [166]. However, by selecting a 

cantilever tip with the appropriate specifications (dimensions, material, 

quality/damping factor Q, stiffness), sub-nm resolutions can be achieved [166]. 

Examples of high resolution AFM images (500nmx500nm scanning area) of resist 

masks are shown in figure 4.2, where island patterns with pitch sizes (centre-to-centre 
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distance between adjacent islands) down to 18nm can be easily resolved. Finally, AFM 

a does not require any sample preparation, nor any vacuum conditions to operate 

(although vacuum conditions can improve the resolution) [169]. These advantages 

make AFM a valuable tool for structural characterisation. 

 

Figure 4.2: AFM images of resist masks (500nmx500nm scanning area), used for 

patterning dense BPM island arrays, with pitch sizes of (a) 30nm, (b) 24nm, (c) 21nm 

and (d) 18nm [136]. Dark areas in the images represent holes in the resist (0nm 

thickness), while increasing colour brightness corresponds to increasing resist 

thickness (height) of up to 50nm. 

4.2.2 Electron Microscopy 

In order to appreciate the capabilities of electron microscopy a simple 

comparison can be made against a conventional optical microscope. In a conventional 

microscope, the sample is illuminated by visible light, projecting the sample image 

onto a screen. Using lenses, the light beam can be focused on a particular area of the 

sample surface, providing higher resolutions. Ultimately, in this case the resolution is 

only limited by the wavelength of the light source (~600nm). In electron microscopy, 

the light source is replaced by an e-beam source. Consequently, the attainable 

resolution is theoretically limited by the wavelength of electrons (~6pm). In 

comparison, electron microscopy can provide at least x100,000 better resolution than a 

conventional microscope. Transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) are two of the most versatile and commonly used electron 

microscopy characterisation techniques [171]. 

In TEM systems an electron gun (cathode) is supplied with a high voltage in 

order to start emitting electrons, while an anode placed directly below is responsible 

for accelerating the electrons into an e-beam formation (see figure 4.3a). The e-beam 

diameter is reduced by appropriate electromagnetic condenser lenses and apertures, 



CHAPTER 4 CHARACTERISATION TECHNIQUES 
  

   115 
  

before reaching the sample (sustained in vacuum conditions) [172]. The electrons that 

pass through the sample interact with the particles/atoms of the sample material, such 

that the effects of energy loss, diffraction and phase change are observed [172]. In the 

simplest detection scheme, the energy of the electrons that pass through the sample is 

measured. The energy loss of the electrons depends on the material type and thickness, 

therefore it is possible to generate an image representation of the sample structure by 

projecting the electrons onto a fluorescent screen, usually connected to a charged-

coupled device (CCD) camera to allow digital imaging [172]. Alternative detection 

schemes involving diffraction and phase contrast detection modes can be more 

complex, however, they can provide high resolution TEM (HRTEM) [172], and are 

well suited for characterising crystalline lattice materials, such as the ones used in 

multilayered thin films [173].  

TEM systems require a high acceleration voltage e-beam, in the order of 100-

1000keV, so as to enable the electrons to pass through the sample without being 

reflected on its surface [171]. However, high energy levels can have destructive effects 

upon the physical structure of the sample, since the highly energetic electrons colliding 

with the sample might dislocate particles/atoms of the material [172]. Selecting the 

appropriate energy value depends on both the material and the thickness of the sample. 

Typically, the sample thickness must not exceed 0.5µm [172]. This is an important 

restriction of TEM characterisation, since the range of samples that can be 

characterised is limited. On the other hand, the fact that the e-beam passes through the 

whole structure of the sample, implies that the resulting image contains information 

that describes the whole volume of the sample, unlike most structural characterisation 

techniques, where the image provided describes only the surface topography of the 

sample. Moreover, TEM systems that are capable of characterising samples at different 

angles (tilting the sample) can provide a complete 3D reconstruction of the sample 

structure through means of software data manipulation [174]. Typically, TEM systems 

can provide magnified sample images in the order of x15million, whereas advanced 

versions of HRTEM can reach up to x50million magnifications with sub-Å resolution 

[175]. Finally, it should be noted that TEM, operating under specific modes (Fresnel, 

Foucault and Differential Phase Contrast modes), can also provide magnetic 

characterisation [176-178]. However, TEM has a limited ability in the characterisation 
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of out-of-plane magnetised samples [179], i.e. it is not suitable for the magnetic 

characterisation of perpendicularly magnetised BPM. 

 

Figure 4.3: Schematics of (a) the basic configuration of a TEM system [180] and (b) 

the low energy e-beam interaction with the sample surface [181]. 

In SEM the arrangement of components is similar to the TEM configuration. 

However, a SEM system uses a focused e-beam to raster-scan and image the sample 

surface, which is the main difference compared to a typical TEM system that uses 

uniform illumination in order to instantly image the required area on the sample 

surface. In a SEM system, the e-beam is guided by scanning coils (deflecting the e-

beam) to perform a raster-type scan over the required area of the sample (similar to an 

EBL system) [171]. The e-beam of the SEM operates at significantly reduced energy 

levels, in the range of 0.1-100 keV. This prevents the electrons from penetrating the 

sample in great depths, but still allows them to interact with the surface of the sample. 

The collision of electrons with the sample gives rise to a number of different 

radiations, as shown in figure 4.3b. In the most common imaging mode, SEM systems 

detect the low energy secondary electrons, ejected from the higher orbital of the 

material atoms (near the surface) by inelastic scattering interactions with the incident 

e-beam [182]. An Everhart-Thornley detector is responsible for converting the 

secondary electrons into an electrical signal (2D intensity distribution), where the 

signal intensity depends on the number of secondary electrons collected at each 

scanning position (during the raster scan) [183]. The number of ejected secondary 

(a) (b) 
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electrons relates to the angle between the incident e-beam and the sample surface, and 

thus the surface topography of the sample; for flat surfaces the number of secondary 

electrons is reduced compared to sharp edges. Therefore, it is possible to generate a 2D 

image of the surface topography where the 3D features are easily distinguishable 

[184]. 

In general, the spatial resolution of SEM systems is about an order of 

magnitude less that the resolution of TEM systems, due to the lower e-beam energies 

involved [185]. SEM magnification is not achieved through the arrangement of 

magnifying/projection lenses. Instead, magnification arises from the ratio of the area of 

the sample being scanned over the area size of the resulting image (pixel number). 

Increasing the magnification is simply achieved by scanning a smaller area of the 

sample and retaining the size of the image [182]. Conversely to TEM, SEM does not 

require any sample preparation. However, it is preferable to use samples with 

electrically conductive surfaces that can be grounded. This helps to prevent charge 

build-up on the sample surface, which can reduce the imaging capability of the system 

[185]. Moreover, the low e-beam energies used in SEM, combined with the 

incorporated e-beam scanning mechanism, allow the characterisation of larger surface 

areas of samples of arbitrary thickness, without damaging their physical structure. 

Finally, since SEM performs structural characterisation only in terms of surface 

topography, the information gathered is far less than in the case of TEM (volume 

information). Therefore, the reconstructed 2D images can be clearer and much easier 

to interpret. TEM is typically used for imaging cross sections of thin magnetic films or 

single lines of BPM islands, whereas SEM is preferred for plane-view imaging of 

BPM, as shown in figure 4.4. TEM is more useful when it is necessary to distinguish 

the different materials and structural compositions of thin magnetic films or BPM 

islands. This allows the identification of structural defects that may be present within 

the fabricated structure. Conversely, SEM is more useful for simply measuring the 

dimensions of a BPM array (island sizes and distances between them) through a 

normal plain view image. Moreover, obvious defects such as missing islands from a 

BPM array or deformed islands (edge/shape defects) are easily identifiable in SEM 

images. 
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Figure 4.4: Plane-view SEM images of (a) 65nm and (b) 25nm pitch BPM island 

arrays and their corresponding cross-sectional TEM images (c) and (d), fabricated on 

top of anodic alumina film patterns. (e) High resolution TEM image of 25nm pitch 

islands [146]. 

Compared to AFM, which requires several minutes to perform the scanning of 

a surface are, both SEM and TEM can image the same area in much less time 

(seconds). Using these electron microscopy techniques it is possible to image much 

larger areas than what an AFM is capable of providing. In terms of resolution, AFM 

can theoretically achieve atomic resolution, although in practise its resolution is similar 

to that of electron microscopy. However, small height variations on the sample surface 

are difficult to trace with electron microscopy, therefore it is best suited for rougher 

surfaces with sharp features. Conversely, AFM provides high vertical resolution 

(<0.5nm) and can be used for measuring the roughness of a seemingly flat surface. 

However, AFM is incapable of provide side details for structures that have sharp 

edges; e.g. a resist undercut would be untraceable through AFM scanning. Finally, 

TEM and SEM require vacuum conditions for imaging the samples, whereas AFM 

scanning can be performed under ambient conditions. 
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In this research project, a FEI XL FEG/SFEG/SIRION SEM system was 

extensively used, especially during the fabrication process of BPM (as described in 

chapter 3). It has in fact been the favourable structural characterisation technique, 

providing an easy and fast way for verifying the island sizes and shapes with nm 

spatial resolution. SEM imaging was performed at relatively low e-beam energy 

(5keV). This e-beam energy was selected empirically since it provided good image 

contrast for magnifications of up to x80,000, which were necessary for imaging and 

examining the BPM island arrays fabricated in this research project. 

4.3 Magnetic Characterisation 

The performance of magnetic characterisation techniques is typically defined 

by their ability to detect small magnetisation values. However, for BPM 

characterisation it is equally important to consider the spatial resolution of these 

techniques. More specifically, since the magnetic elements in BPM are discrete, the 

total value of magnetisation is directly related to the number of elements being 

measured (quantitative characterisation). In this case, the spatial resolution is 

determined by the detection method utilised in each technique. Therefore, the overall 

performance of a magnetic characterisation technique for BPM is described by the 

ability to distinguish the smaller magnetisation values arising from individual magnetic 

islands. The sensitivity of magnetic characterisation techniques, based on the CGS 

measuring system, is typically expressed in emu (electromagnetic units), and it gives a 

measure of the magnetic moment, m. The magnetisation, M, of a sample is defined as 

the quantity of magnetic moment per unit volume and is measured in emu/cm
3
 (CGS 

unit). However, M is usually expressed based on the SI measuring system, i.e. in A/m 

(1emu/cm
3
=10

3
A/m). Finally, the magnetic field strength, H, is also measured in A/m 

and it is equal to 4π/10
3
Oersted (Oe) in CGS units. Alternatively the magnetic field 

strength can be also expressed as μ0H (where μ0 is the permeability constant =4πx10
-7

) 

and measured in Tesla (T) (SI unit), where 1T=10
7
/4πA/m=1/μ0 A/m=1x10

4
Oe. 

In this section the most common magnetic characterisation techniques, which 

have been also used in this project are described in detail. These include the vibrating 

sample magnetometer (VSM), the alternating gradient field magnetometer (AGFM) 
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and magnetic force microscopy (MFM). The superconductive quantum interference 

device (SQUID) is also described in this section for completeness, although it has not 

been used for any magnetic characterisation in this research project. The magneto-

optic Kerr effect (MOKE) and the Anomalous Hall effect (AHE) techniques, which are 

the main magnetic characterisation techniques of this project, are discussed separately 

and with more detail in later sections. 

4.3.1 Vibrating Sample Magnetometer 

The vibrating sample magnetometer (VSM) is one of the oldest and most 

popular magnetic characterisation techniques, invented by Simon Foner in 1959 [186]. 

The functionality of this instrument is based on the idea of mechanically vibrating a 

magnetic sample at small amplitude and known frequency (sinusoidal motion), while 

being suspended (by a specifically designed sample holder) within a uniformly applied 

magnetic field (see figure 4.5) [186]. The magnetisation of the sample is varied 

according to the applied field. The magnetic dipole moment of the sample creates a 

magnetic stray field around the sample, which changes as a function of time according 

to the vibration motion [186]. Appropriately positioned pick-up coils can sense the 

resulting magnetic flux changes, translated into a proportional electric field according 

to Faraday’s law of induction. By appropriately varying the magnitude of the 

externally applied field, it is possible to obtain the hysteretic behaviour of the sample. 

 

Figure 4.5: Schematic of the basic configuration of a VSM. 
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In order to obtain the true magnetic moment of the sample, the pick-up coils 

must be calibrated prior to the characterisation process [186]. Even so, ambient 

conditions (e.g. acoustic noise, temperature variations) can distort the results. 

Achieving good SNR is related to the position of the sample with reference to the pick-

up coils; the distance between the sample and the pick-up coils must be of the same 

order as the dimensions of the sample, otherwise the sensitivity is reduced. While 

different coil arrangements can yield different results (sensitivity changes), it is 

preferable to have the coils in a fixed position with reference to the sample [187]. 

Moreover, the sample holder will itself introduce background noise (diamagnetic 

signal), which must be also taken into account (calibrated) [187]. The model 10 Mark 

II VSM by MicroSense company (former ADE technologies) [188] was used in this 

research project to characterise continuous thin magnetic films. It utilises the fixed coil 

arrangement by incorporating a rotating electromagnet to allow accurate angular field 

positioning with reference to the sample. VSM measurements were performed on 

samples with diameter smaller than 8mm (based on the sample holder mass, the 

vibration mechanism and the sensing coil capabilities) at the vibration frequency of 

75Hz. The magnetic sensitivity of this VSM is in the order of 1x10
-7

emu at 10 seconds 

per measurement point (noise base of 0.5x10
-6

emu) [188], which is similar to other 

commercial VSM systems [189-191]. In terms of spatial resolution, VSM systems 

have no means of resolving the magnetisation arising from different parts of a sample. 

This limits its ability to perform quantitative characterisation of BPM samples 

containing multiple (different) island arrays. Instead, the VSM gives a measure of the 

averaged magnetisation over the entire volume of the sample. Therefore, this technique 

is more suited when the magnetisation profile is relatively uniform across the whole 

sample, such in the case of continuous thin magnetic films. 

4.3.2 Alternating Gradient Field Magnetometer 

The alternating gradient field magnetometer (AGFM) is a more recent 

technique than the VSM, making its first appearance in 1970 [192]. Its operation 

resembles that of the VSM in the sense that AGFM has the ability to measure the 

magnetisation moment of a sample through vibration motion [193]. In this case, the 
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system uses an alternating gradient field (generated by small coils attached to the inner 

surface of the electromagnet’s poles) to produce a periodic force on the magnetised 

sample (see figure 4.6). The sample is mounted on a thin (~1mm) glass rod (acting as a 

cantilever), which in turn is mounted on a piezoelectric sensor (bimorph). This 

produces a voltage signal according to the deflection of the rod, which is proportional 

to the magnetic moment of the sample [194]. The alternating gradient field is utilised 

so that in exerts a periodic force on the sample that is placed within a variable dc field. 

The force is proportional to the magnitude of the gradient field and to the magnetic 

moment of the sample. By varying the dc field, and thus the magnetic moment of the 

sample, a magnetic hysteresis loop can be constructed according to the output of the 

piezoelectric sensor. For increased deflection signal, the system operates at the 

resonant frequency of the cantilever [192]. 

 

Figure 4.6: Schematic of the basic configuration of an AGFM. 

As expected, the AGFM suffers from similar limitations to that of the VSM, 

namely the ambient noise, sample size/positioning and the lack of spatial resolution. In 

this case, the ambient noise can be reduced by suspending the piezoelectric sensor (and 

cantilever) through a mechanical damping mechanism (e.g. spring suspension) for 

vibration isolation [195]. However, the diamagnetic moment from the glass cantilever, 

which has a relatively large mass compared to the magnetic samples, introduces 

additional background noise. Reducing the magnitude of the gradient field minimizes 

this effect. Typically, the measurement range of an AGFM is limited to slightly lower 

magnetic moments (<10emu) than that of a VSM (<100emu). However, for 
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characterising small samples of low total magnetic moment, AGFM is a favourable 

technique since higher sensitivities can be attained, in the order of 1x10
-8

emu at 1 

second per measurement point [196-198]. Alternative home-build AGFM designs have 

also demonstrated that sensitivities higher than 1x10
-12

emu can be reached [199, 200]. 

The higher sensitivity of the AGFM, compared to VSM, is due to the fact that it uses 

the resonant frequency of the cantilever (and the mounted sample) in order to obtain 

the maximum possible signal. The AGFM used in this research project was operated at 

resonant frequencies of around 345Hz, for characterising 3mmx3mm samples. Finally, 

it was used for comparison and calibration purposes of the custom magnetic 

characterisation techniques developed in this project, as well as for the characterisation 

of the continuous thin magnetic films, prior to their patterning for BPM fabrication. 

4.3.3 Magnetic Force Microscopy 

Magnetic force microscopy (MFM) [201], is a variant of non-contact/tapping 

AFM (described in section 4.2.1). It operates in exactly the same way, apart from the 

fact that the cantilever tip is now coated with a thin film of ferromagnetic material. 

Consequently, instead of detecting interatomic forces, MFM can detect variations in 

the magnetisation (magnetic force gradient) across the surface of the sample. The 

ferromagnetic material on the cantilever tip can be magnetically saturated to a specific 

magnetic orientation such that, while performing a raster scan over the surface of a 

sample, the tip is either attracted or repelled by the magnetisation orientation of the 

sample (see figure 4.7). The deflection of the cantilever modifies its otherwise constant 

oscillating motion (similar to the long-range force action), and the variations in the 

photodiode output can be detected and transformed to a corresponding 2D image or 3D 

map of the sample’s magnetisation. 

As in the case of AFM, the spatial resolution of MFM mainly depends on the 

tip size (sharpness), suggesting that it can be a well-suited characterisation technique 

for BPM. In practise, the tip is not only affected by the magnetisation of the sample, 

but also by the interatomic forces observed in AFM. Therefore, it is usually the case 

that the magnetisation data is convoluted with topographical information from the 

sample surface. Lift mode is a method developed by Veeco Instruments, which was 
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used for the characterisation of BPM in this research project, and that partially 

eliminates this effect [202]. Here, a preliminary raster scan is performed in AFM 

tapping mode in order to first define the topography of the sample surface. The 

gathered information can be incorporated in a second raster scan, such that the 

cantilever tip is maintained at a constant distance from the sample surface for a 

subsequent detection of the magnetisation of the sample. At larger distances from the 

sample surface (typically >30nm) the effect of long-range forces is minimized. 

However, this method limits the ability to accurately detect the magnetisation of the 

sample, since the magnetic stray field emanated by the sample reduces with increasing 

distance, i.e. resulting in reduced resolution. For large variations in the surface 

topography, such in the case of BPM, the system may still perform inadequately in 

terms of distinguishing the topographical from the magnetic data. At the same time, by 

performing the raster scan twice the required scanning time is doubled; e.g. the time 

required for scanning a 1μm
2
 area, with 512x512 pixel (point) resolution, is 

approximately 20 minutes. 

 

Figure 4.7: A schematic illustration of MFM scanning, indicating the motion of the 

magnetically saturated cantilever tip (height adjustment), according to the 

magnetisation direction of the magnetic elements on the sample surface. 

An additional drawback arises from the fact that the cantilever tip is magnetic 

itself, meaning that it is possible to alter the magnetisation of magnetically soft 

materials [203]. For accurate magnetic characterisation, MFM data must be analysed in 

terms of the tip magnetisation and its interaction with the magnetisation of the sample 

[204]. Moreover, using a magnetic tip suggests that an in-situ external magnetic field 

would also affect the magnetisation of the tip. This poses a major limitation due to 

their inability to perform magnetic characterisation in order to obtain the hysteresis 
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loop of magnetic elements. Specially designed high resolution MFM (HR-MFM) 

systems incorporating mechanisms for applying external fields do exist, and are 

capable of reaching sub-10nm resolutions [205, 206].  However, such systems require 

high vacuum conditions and need to be operated in low temperatures in order to 

minimize ambient effects (e.g. thermal or acoustic noises). In such systems the field 

required to reverse the magnetisation of the tip is much higher than that required to 

reverse the sample magnetisation. In order to characterise BPM island arrays, small 

magnetic field increments are gradually applied, while MFM scanning is performed at 

each increment. The magnetic behaviour of a BPM array is then defined according to 

the number of islands that have been magnetically reversed at each field increment. 

Figure 4.8 shows an example of a 50nm island array being characterised by HR-MFM. 

In this case the different MFM images were taken at different applied magnetic fields. 

The islands in the images appear either dark or bright, which corresponds to their 

magnetisation being either parallel or anti-parallel to the tip field. Therefore it is easy 

to distinguish the islands that have been reversed at each field step. Using these data, 

the hysteresis loop of the BPM array can be computed. Clearly, the accurate 

characterisation of the island reversal in BPM using HR-MFM, and MFM in general, 

can be a time-consuming process [32]. 

 

Figure 4.8: MFM images of a 50nm island array taken at (a) remanence (0T), (b) -

620mT, (c) -590mT and (d) -430m. Dark and bright islands represent the two 

magnetisation directions (parallel or anti-parallel to the magnetisation of the tip). The 

hysteresis loop (e) was computed based on the number of islands that magnetically 

reverse at each field increment [32]. 

(a) (b) (c) 

(d) (e) 
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4.3.4 Superconductive Quantum Interference Device 

Magnetometer  

The superconductive quantum interference device (SQUID) has not been used 

for any measurements in this research however it is described here for completeness. A 

SQUID is assembled by the combination of two superconductors, separated by thin 

insulating layers to form two parallel Josephson junctions (see figure 4.9). The ring 

arrangement forces the supplied current (I), flowing through it, to have different phases 

at different parts of the ring; the Josephson junctions change the current density 

halfway through the ring, effectively creating two separate current phases. For a 

magnetic flux (B) passing through the ring, a small circular current (i) is induced 

around the ring, while the different current phases on the two parts of the ring prevent 

the circular current from cancelling the magnetic flux passing through the ring. 

Instead, the circular current introduces an additional current phase shift, which is 

proportional to the magnitude of the magnetic flux. The fluctuations of the current are 

transformed into a voltage oscillation across the two superconductors, where the period 

corresponds to one flux quantum passing through the SQUID ring [207]. 

 

Figure 4.9: Schematic of the principal SQUID configuration. 

Utilising a SQUID magnetometer is easily achieved by transforming the 

magnetic moment of a sample into magnetic flux that passes through the SQUID, 

through the use of cylindrical pick-up coils placed within a uniform magnetic field 

[208]. The sample to be characterised must travel through the coils at a slow speed. 
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The magnetic field will give the sample a magnetic moment, detected by the pick-up 

coils. A flux transformer is responsible for passing the detected signal to the SQUID. 

Therefore, a hysteresis loop can be effectively achieved through varying the applied 

magnetic field and at the same time measuring the number of voltage oscillations 

across the SQUID. Alternative versions of SQUID also exist, where the sample can 

remain static (not moving) with respect to the detection system and the magnet [209]. 

In general, SQUID magnetometers provide extremely high sensitivities, 

compared to the other magnetic characterisation techniques. Early SQUID 

magnetometers could detect changes in the magnetic moment as small as 1x10
-6

emu, 

whereas advanced systems provide sensitivities higher than 1x10
-8

emu [209-213]. 

However, maximum sensitivity is achieved at low temperatures (<10 Kelvin), since 

increased temperatures introduce noise to the system, induced by the coil arrangement. 

Therefore, most SQUID magnetometers incorporate a cooling system (e.g. circulating 

liquid Helium or Nitrogen) that can keep their temperature at a low constant level. In 

general, SQUID systems can be far more complex and expensive compared to other 

magnetic characterisation techniques. However, their high sensitivity is widely 

appreciated for the characterisation of samples with low magnetic moment, along their 

ability to provide high magnetic fields. Although typically SQUID magnetometers 

perform qualitative magnetic characterisation, a specialised SQUID version has also 

the ability to perform a quantitative-type characterisation. Namely, the micro-SQUID 

(µSQUID) technique has been successfully used for the magnetisation detection of 

individual magnetic nano-elements with sizes below 20nm [214, 215]. In this case, the 

magnetic elements are fabricated (deposited) directly on top of the µSQUID device, 

since close proximity between the device and the magnetic nano-elements is required 

in order to have efficient flux coupling. The stray field from the magnetic nano-

elements acting on the µSQUID provides a direct measure of the magnetisation. In 

terms of sensitivity it has been demonstrated that the µSQUID can exceed the 

capabilities of other magnetic characterisation techniques, since it can measure 

hysteresis loops in an externally applied magnetic field of 2T, where the corresponding 

change in magnetisation is 1x10
-16

emu/Hz [216]. Clearly, such a technique could be 

potentially used for the characterisation of BPM, but it would still require low 

temperature operating conditions. 
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4.4 The Selected Techniques for BPM Characterisation  

The two primary magnetic characterisation techniques used in this research 

project are based on the Magneto-Optic Kerr Effect (MOKE) and the Anomalous Hall 

Effect (AHE), respectively. Both these effects, observed in ferromagnetic materials, 

can provide a direct measure of the sample magnetisation when employed in 

appropriate detection mechanisms. In the case of BPM characterisation, they can be 

particularly advantageous due to their inherent spatial resolution capabilities, leading 

to a quantitative type of magnetic characterisation. 

4.4.1 Magneto-Optic Kerr Effect 

MOKE characterisation is typically performed using a linearly polarised laser 

beam, reflected upon the surface of a magnetised medium (see figure 4.10). The 

incident polarised laser beam can be expressed as an electromagnetic field (E) that has 

a particular orientation. When the beam reflects on the magnetic medium, the 

orientation of the electromagnetic field is rotated. The amount of rotation is directly 

proportional to the magnetisation (M) of the medium, while the direction of the 

electromagnetic field is related to the direction of the magnetisation. An additional 

ellipticity effect is observed in the reflect beam. 

 

Figure 4.10: Schematic illustrating the magneto-optic Kerr effect principle, where the 

electromagnetic field (E) of a laser beam is rotated proportionally to the sample 

magnetisation (M), after being reflected upon its surface. 

The MOKE was observed for the first time by John Kerr in 1877 [217, 218], 

and it is an extension of the original theory developed by Michael Faraday (Faraday 
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Effect), who suggested that light and electromagnetism are related. Faraday had 

experimentally observed the interaction between light and the magnetic field in an 

optically transparent medium, where the rotation of the plane of polarization is 

proportional to the intensity of the component of the applied magnetic field in the 

direction of the beam of light [219]. This magneto-optical effect can be described by 

either the microscopic quantum theory or the macroscopic dielectric theory [220]. 

4.4.1.1 Theoretical Explanation 

A microscopic description concerns the different response of electrons to left- 

and right-circularly polarised electromagnetic waves. A light beam propagating 

through a medium has an electrical field that changes the motion of the electrons in the 

medium. In the absence of an external magnetic field a left- or right-circularly 

polarised electric field will drive electrons into a left or right circular motion, 

respectively, where the radius of the their circular orbits are equal. Since the electric 

dipole moment is proportional to the radius of the circular orbit, there will be no 

difference between the dielectric constants for the left- and right-circularly polarized 

electromagnetic waves. However, in the presence of an external magnetic field, there is 

an additional Lorentz force acting on the electrons, causing different changes in the 

radius of left and right circular motions. These changes give rise to different dielectric 

constants for the left- and right-circularly polarized modes correspondingly, leading to 

the observed effect of the polarisation rotation. In the case of ferromagnetic materials, 

the magneto-optical effect becomes stronger due to an effective magnetic field vector 

arising from the exchange interaction between electrons with aligned individual spins. 

The spin-orbit interaction couples the magnetic moment of the electrons with their 

motion, thus connecting the magnetic and optical properties of a ferromagnetic 

medium. In non-magnetic materials, the effective field vector is absent due to the equal 

number of spin-up and spin-down electrons cancelling the net effect. Conversely, in 

ferromagnetic materials the effective field becomes dominant due to the unbalanced 

population of electron spins. This effect is proportional to the magnetisation of the 

medium and hence it produces a proportional polarisation rotation. A full microscopic 

derivation of the magneto-optic effect has been shown using perturbation theory [221]. 
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Macroscopically, the magneto-optical effect can be described in terms of 

solutions of Maxwell’s equations combined with the appropriate material equations. In 

this case, the linearly polarised light can be expressed as the superposition of two 

circularly polarised components (left- and right-circularly polarised). The magneto-

optic effect can be then explained by the different propagating velocities of the two 

components, within a magnetised medium. The different velocities introduce a 

proportional phase shift between the two polarisation components that result in the 

observed rotation of the plane of polarisation, while the observed ellipticity arises from 

the different absorption rates of the material for the two polarisation components, 

respectively. The velocities for the two polarisation components can be derived based 

on the dielectric tensor of the material, and in particular, the off-diagonal components 

of the 3x3 dielectric tensor (Voigt vector), which are proportional to the magnetisation 

of the medium (three-dimensional magnetisation vectors) [220]. Since the dielectric 

tensor components are also proportional to the refractive index of the medium, the two 

polarisation components will attenuate at different regions in the magnetic medium, 

i.e. at different velocities. 

4.4.1.2 Modes and Resolution 

Depending on the magnetisation direction of the medium, the MOKE system 

operates in three different modes, namely in the polar, the longitudinal and the 

transverse mode, as shown in figure 4.11. A larger polarisation rotation angle is 

typically observed in the polar mode [222], when the angle between the incident beam 

and the medium surface plane is 90
o
 (normal incidence). Therefore, employing the 

normal incidence polar-MOKE mode (p-MOKE) for perpendicularly magnetised 

media, such in the case of BPM samples fabricated in this project, is inherently 

advantageous. It should also be noted that, although the MOKE is considered as a 

surface characterisation technique (surface reflection), it has in fact a short-range 

penetration depth (in excess of 20nm for metals) [220]. This is particularly important 

in the case of thin magnetic film characterisation, since it implies that the MOKE 

signal is proportional to the entire film structure (thickness) and not just the surface 

layer. More specifically, it has been demonstrated that in the case of thin film magnetic 

multilayered structures, the total MOKE signal (polarisation rotation) is simply derived 
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by the summation of the individual Kerr signals from each magnetic layer within the 

multilayered structure, and as such they can be treated as an equivalent single magnetic 

layer  [223, 224]. At the same time, the Kerr signal is independent of the non-magnetic 

layers in the multilayered structure. However, this additivity law is true only in the 

case of normal incidence polar MOKE and when the total optical thickness of the 

multilayered structure is much smaller than the wavelength of the incident beam. 

 

Figure 4.11: (a) Polar, (b) longitudinal and (c) transverse MOKE modes, where I is 

the incident light beam, R is the reflected beam and M is the medium magnetisation.   

Using the normal incident polar MOKE has the additional advantage of 

increased spatial resolution. More specifically, the resolution of the MOKE 

characterisation technique is defined by the beam spot size upon reflection with the 

medium surface (see figure 4.10). For a laser beam at normal incidence, the beam spot 

retains the circular shape of the laser beam, avoiding any elliptical variations. The laser 

beam spot can be reduced using a focusing (objective) lens. In this case, the attainable 

spot size (radius) S is defined as [225]:       

NA
S

2


  (4.1) 

where, λ is the wavelength of the laser beam and NA is the numerical aperture of the 

objective lens. According to equation 4.1, the spot size in mainly depended on the 

wavelength of the laser beam, where the theoretical minimum resolution equals to λ/2 

(for NA=1). However, this can only be true in the case of a laser beam with uniformly 

distributed intensity. In reality, the laser beam intensity is described by a Gaussian 

profile. By projecting the laser beam through optical lenses (and/or apertures), the 

beam profile is altered by diffraction effects such that an airy disc intensity profile is 

(a) (b) (c) 
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observed [226]. In this case, a more accurate approximation for the diffracted-limited 

beam spot size is given by the width (diameter) of the airy disc profile (sinc 

distribution), WAiry, between the first two minima: 

NA
W

Airy


22.1  (4.2) 

According to this approximation, it is possible to estimate the circular area 

covered by the incident laser beam. Therefore, in the case of BPM, quantitative 

characterisation is defined by the number of magnetic islands that lie within this 

specified area. In practise, the laser beam diameter can be measured by scanning the 

beam across a sharp boundary between a reflective and a non-reflective surface area on 

the same sample. By tracing the laser light intensity of the reflected laser beam, the 

beam diameter will be equal to the scanning distance required for the laser light 

intensity to reduce from maximum (at the reflective surface) to minimum (at the non-

reflective surface). 

4.4.1.3 Signal Detection 

Utilising the MOKE in a magnetisation characterisation technique requires an 

appropriate detection mechanism that can resolve the small angle of polarisation 

rotation in the reflected laser beam. In the simplest detection scheme, the rotation angle 

is deduced by the light intensity variation of the reflected laser beam, when passing 

through a polarizer [225]. 

This process can be easily understood by describing the reflected laser beam in 

terms of Cartesian polarisation components, as shown in figure 4.12. Here, an incident 

linearly polarised laser beam is represented by a unity amplitude vector. The reflected 

laser beam of ellipsoidal polarisation and Kerr rotation angle θ can be then defined as 

the superposition of two orthogonal polarisation components r and k, where k is the 

small magnetisation-sensitive component amplitude, polarised at a right angle to the 

usual reflected amplitude r (observed in the absence of medium magnetisation). 

Similarly, for reversed medium magnetisation, k points towards the opposite direction 

such that the reflected ellipse is flipped through an angle 2θ. The reflected beam is 
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then passed through a polariser (acts as an analyser), where the transmitted radiation 

amplitude is determined by the projections α and β of the orthogonal components r and 

k, respectively, upon the analyser’s transmission plane. 

 

Figure 4.12: Schematic illustrating the Kerr rotation (θ) of a linearly polarised laser 

beam of unity amplitude vector after being reflected off a magnetised surface, and how  

an analyser can be used to separate its orthogonal polarisation components (r and k). 

Therefore the radiation amplitude A can be defined as: 

 sincoscoscos krkrA   (4.3) 

In order to take into account the ellipticity and phase difference between the incident 

and the reflected beam, r and k are typically defined as complex. Consequently, the 

light intensity I from the output of the analyser is given by: 

  sincoscos2sincos
2222*

 rkkrAAI  (4.4) 

where, A is the radiation amplitude, A
*
 is its complex conjugate and Δ is the phase 

difference between r and k. Clearly, the light intensity is directly related to the angle of 

the analyser transmission plane with reference to the linear polarisation orientation of 

the incident beam. Assuming that the analyser is kept at a constant angle then the 

variation of Kerr rotation, θ, which proportional to the variation of the medium 

magnetisation, can be translated into a corresponding light intensity that can be 

subsequently determined by a simple photo-detector. 

An improved detection approach, usually used in magneto-optic recording 

systems, is the so called differential detection [227]. This is achieved by passing the 
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reflected laser beam through a polarising beamsplitter in order to produce two separate 

beams, guided to two corresponding separate photo-detectors. In this case, the Kerr 

rotation is determined by the difference between the two light intensities, hence the 

name differential detection. To understand this approach, the polarising beamsplitter 

can be viewed as two separate analysers, P1 and P2, having their transmission plane 

orthogonal to each other, as shown in figure 4.13. 

 

Figure 4.13: Differential detection of Kerr rotation. 

In this case, the transmission amplitudes for the two analysers are given by: 

 sincos
111

krA  , for transmission plane P1  (4.5) 

and,  sincos
222

krA  , for transmission plane P2  (4.6) 

Therefore, the differential detection transmission amplitude A is given by: 

 )sincos()sincos(
21

 krkrAAA    

sin2k    (4.7) 

The immediate advantage of this detection approach can be seen from the 

derived result of equation 4.7, where the differential transmission amplitude, and hence 

the detected light intensity, no longer depend on component r (usual reflected 

amplitude). Instead, it is only depended on the amplified (x2) component k, i.e. the 



CHAPTER 4 CHARACTERISATION TECHNIQUES 
  

   135 
  

detection relies solely on the magnetisation-sensitive component. At the same time, the 

differential detection eliminates any noise included in the laser beam intensity by 

cancellation (subtraction), which improves the SNR of the detector’s output. Due to 

these advantages, the above described detection approach has been widely used in a 

variety of different magneto-optical systems [228-232]. Typically, additional 

modulation techniques are used in combination with this approach in order to further 

improve the SNR [228-232]. 

4.4.1.4 BPM Characterisation 

Since the MOKE technique relies on the light intensity of the reflected beam, 

the reflectivity of the sample is a crucial parameter. While in continuous thin magnetic 

films (conventional media) the reflectivity is not an issue (flat surface), in BPM, only 

part of the incident beam will be reflected back. This is due to the fact that the quantity 

(volume) of magnetic material per surface unit area is effectively reduced (isolated 

magnetic islands surrounded by no magnetic material), according to the size and 

separation between individual islands, i.e. the areal density. Clearly, for improved 

signal it is preferable to have closely packed islands (smaller separation), which also 

leads to higher areal densities. However, for higher areal densities the island size must 

be in the same order with the island separation. Based on the island fabrication process 

followed in this research project, the resulting islands tend to have a dome shape 

profile due to the Ar
+
 ion milling process, as explained in chapter 3. This effect 

becomes more prominent as the islands get smaller suggesting that the top reflecting 

surface of the islands is reduced even further. Although, light can penetrate into the 

lower layers of the multilayered island structure (larger reflecting area towards the 

bottom of the island), an additional issue arises from the light scattering effect due to 

the side walls of the islands. In this scenario, the non-vertical sidewalls of an island 

will cause the beam to be partially reflected in an undefined manner, away from the 

predetermined path of detection (see figure 4.14). As such, only a part of the incident 

beam will continue towards the lower levels of the multilayered structure and return 

back following the originally intended detection route. This effect can be an important 

limiting factor that can potentially deteriorate the magnetisation detection ability of the 

MOKE technique. It should also be noted that, since the island shape is altered, it is 
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possible that the magnetic behaviour of the islands may be affected as well. This is due 

to the fact that the partial milling of the sidewalls and capping layer of the islands not 

only it may remove some magnetic material from the islands but it can also introduce 

edge defects, which can lead to a change of their magnetic properties [233]. 

 

Figure 4.14: Scattering effect for dome shaped islands in normal incidence MOKE 

detection. 

The MOKE technique has significant advantages compared to the other 

magnetic characterisation techniques, as it is a non-destructive technique that requires 

no sample preparation, allowing the investigation of samples with arbitrary size. It can 

be performed under ambient conditions (no vacuum is required) and over a wide 

temperature range. More importantly, the MOKE technique has a finite spatial 

resolution that allows quantitative characterisation of BPM. The detected signal is 

directly proportional only to the magnetisation of the sample, i.e. it is only not directly 

affected by the presence of an externally applied magnetic field. A MOKE system can 

be easily configured into a hysteresis loop magnetometer, by incorporating an 

appropriate electromagnet to control the magnetisation of the sample and perform in-

situ magnetic measurements. MOKE setups, including commercial instruments, have 

typical sensitivities in the order of 1x10
-12

emu [230, 234], although it has been 

demonstrated that MOKE can be used to detect magnetic moments as low as 1x10
-15

 

emu [235]. Therefore the MOKE technique has been widely used in the magnetic 

characterisation of BPM [93, 236-240]. 
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4.4.2 Anomalous Hall Effect 

The Hall Effect, discovered by Edwin Hall in 1978 [241], is a phenomenon 

observed in electric conductors when placed within an externally applied magnetic 

field; for a constant current I flowing through the conductor (x-direction) and a 

magnetic field B applied perpendicularly to current plane, a Hall voltage VH is 

generated across the conductor (y-direction), which is directly proportional to the 

magnitude of the applied field (see figure 4.15). This effect arises due to the Lorentz 

force FB acting upon the current carriers (electrons) such that they are diverted from 

their original flow direction. This causes a charge build-up along the sides of the 

conductor, generating an electric force qEH (where q is the electron -e or hole +e 

charge, and EH is the electric field) that is opposite to the Lorentz force. Equilibrium 

state is reached when qEH becomes equal to FH such that the net effect becomes zero 

due to cancellation. At this state, the voltage potential across the conductor, due to the 

charge build-up, yields the Hall voltage. 

 

Figure 4.15: Hall Effect principle. 

In ferromagnetic materials the overall effect becomes stronger. Here, an 

additional Hall voltage arises from the magnetisation of the sample, which is 

proportional to the magnitude of the perpendicular component of the sample’s 

magnetisation M. This additional effect is called the Anomalous Hall Effect (AHE), 

whereas the original Hall Effect is referred to as the Normal Hall Effect (NHE) [242]. 

The total Hall voltage VH is defined as: 

AHENHEH
VVV   (4.8) 
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It should be noted that typically, a third voltage term (VPHE) also exists due to the 

Planar Hall Effect (PHE) [242]. However, here it is omitted for clarity purposes, under 

the assumption that only the perpendicular component of magnetisation is taken into 

account. 

4.4.2.1 Theoretical Analysis 

The NHE voltage can be simply derived by the Lorentz force equation, solved 

at the equilibrium state: 

BH
FqE   (4.9) 

For a constant average velocity v, for each charge carrier q, the Lorentz force due to 

the externally applied field is given by: 

)(
1

)( BJ
n

BvqF
B

  (4.10) 

where, n is the density of charge carriers, J is the current density and B is the total 

magnetic flux passing perpendicularly through the conductor surface. Substituting FB 

in equation 4.9 gives: 

)(
1

BJ
qn

E
H

  (4.11) 

For a conductor with thickness t (see figure 4.15), the Hall voltage is then given by:  

B
t

I
RV

oNHE
  (4.12) 

where, t is the conductor thickness, I is the constant current passing through the 

conductor and Ro=-1/qn is the Hall coefficient. Materials such as gold (Au) and 

platinum (Pt), which have been used in the AHE investigations of this research project, 

have corresponding Hall coefficients of Ro
Au

=10.4x10
11 

m
3
/C and Ro

Pt
=2.13.4x10

11
 

m
3
/C [243, 244]. From equation 4.12 it can be concluded that the NHE voltage is 

proportional to both the applied current and the total magnetic flux, and is inversely 

proportional to the thickness of the conductor. 
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While the origins of NHE are well defined and classically proven by the 

Lorentz equation (as explained above), the theory concerning the AHE is yet to be 

fully understood. An early explanation of the AHE was related to the complex energy 

structure of metals and semiconductors, which includes the effect of spin-orbit 

interaction of polarised conduction electrons [245]. It was later suggested that the AHE 

was associated with scattering mechanisms due to impurities (lattice imperfections), 

including skew scattering (a change in scattering direction) and side-jump scattering (a 

shift in the centre of the electron wave packet)  [246, 247]. Here, the scattering of 

electrons is related to the spin-orbit interaction with atoms; the uneven population of 

spin-up or –down electrons in ferromagnetic materials, causes a one-sided scattering of 

electrons, leading to a charge build-up and hence an observed AHE voltage, similar to 

the case of the NHE. More recently, the AHE has been also discussed in terms of the 

Berry phase of electrons, arising from the time-dependent motion of electrons for a 

smoothly varied magnetisation [248]. A more rigorous review of the main 

semiclassical theories for AHE is given by Sinitsyn [249]. 

Despite the controversy in AHE theories, it is the general consensus that the 

AHE voltage is proportional to the magnetisation of the material. Empirically, the 

resistivity ρH of a ferromagnetic material is fitted by: 

MRBR
soH 0

   (4.13) 

where, Ro is the normal Hall coefficient, Rs is the anomalous Hall coefficient, μ0 is the 

permeability in vacuum, B is the applied magnetic field and M is the magnetisation of 

the material (both B and M applied perpendicularly to the plane of the current flow) 

[242, 250]. Since ρH = tVH /I  [242], then: 

t

I
MRBRV

soH
)(

0
  (4.14) 

The importance of equations 4.13 and 4.14 lies in the fact that a clear distinction can 

be made between the two Hall coefficients, corresponding to B and M respectively, i.e. 

the total Hall voltage can be expressed as the sum of VNHE and VAHE (as shown by 

equation 4.8). Since equation 4.14 proves that VH is linearly proportional to B and M, 

this implies that in practise, VAHE can be easily determined by subtracting the 
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contribution of VNHE from the measured VH, assuming the applied B is known.  

Typically though, the contribution of VAHE is much larger (VAHE >>VNHE), so that VNHE 

can be usually neglected [242]. 

4.4.2.2 Hall Cross and Sensitivity 

A critical requirement for employing the Hall Effect in magnetic measurements 

is the use of well-defined geometrical conductors. The Hall cross is the geometrical 

structure that is usually employed for NHE and AHE measurements (see figure 4.16). 

Scanning Hall probe microscopy (SHPM) is an example where the Hall cross structure 

(probe) is brought in close proximity to a magnetised sample, such that the magnetic 

field emanated by the sample is measured according to the NHE [251, 252]. In terms 

of AHE measurements, Hall crosses have been used for the characterisation of thin 

magnetic films as well as for the characterisation of patterned magnetic elements [253-

256]. 

 

Figure 4.16: (a) A typical Hall cross structure used in Hall Effect measurements and 

(b) configuring the Hall cross dimensions for the AHE magnetic characterisation of 

single or multiple islands.  

Generating a Hall cross structure is typically achieved by lithographic 

fabrication processes; a conducting non-magnetic material is deposited on top of the 

magnetic elements and patterned accordingly to the required cross shape. This allows a 

(a) (b) 
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customisation of the Hall cross, concerning its geometry and its composition material. 

Consequently, operating parameters, such as size/thickness, resistivity and current 

density can be easily controlled. More importantly, the dimensions of the sensing area 

can be accurately defined, which determine of the spatial resolution for AHE 

measurements. As shown in figure 4.16a, the sensing area is defined by the central 

cross area A, according to the size (width) of the Hall cross legs (contacts) (A=wl). In 

the case of BPM, quantitative characterisation is defined by the number of magnetic 

islands that are included within this specified area. Therefore, it is possible to perform 

the magnetic characterisation of either a BPM array or just of a single magnetic island, 

as shown in figure 4.16b. The magnetic sensitivity of the cross is also related to the 

size of the sensing area. For a symmetrical Hall cross (w=l, A=w
2
), the anomalous Hall 

voltage magnitude between positive and negative saturation magnetisation Ms is given 

by [254]: 

sos
MJwRV 2

0
  (4.15) 

indicating that it is proportional to the width w of the cross. In an area A=w
2
 containing 

N magnetic elements of diameter d, the fractional voltage change ΔV/Vs due to the 

reversal of the magnetisation in the area occupied by an element is proportional to the 

ratio d
2
/w

2
 [254]. Therefore, the smaller the Hall cross width and the less magnetic 

elements it contains, the bigger the Hall voltage signal will be per magnetic element, 

i.e. it is preferable that the Hall cross size (central crossing area A) is just large enough 

to contain the magnetic elements under investigation. 

 However, it should be noted that the magnetic sensitivity of a Hall cross is not 

uniform across the sensing area. Numerical studies have demonstrated that for non-

homogeneous magnetic fields (e.g. from BPM magnetic islands) the sensitivity of the 

Hall cross varies at different positions within the sensing area [257-259]. These 

variations have often been described in terms of the Hall coefficients and the current 

density changes, summarised into sensitivity functions that map the x-y coordinates of 

the cross. Typically, the sensitivity is uniform and close to maximum near the centre of 

the Hall cross, but it reduces dramatically with increasing distance from the centre. In 

fact, as shown in figure 4.17, the sensitivity extends beyond the sensing area, towards 

the legs of the Hall cross, although it is much smaller in comparison to the centre of 
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the sensing area. Moreover, the sensitivity is affected close to the boundaries (and 

edges) of the cross as well as by variations (asymmetries) in the legs of the cross. 

Therefore, care must be taken when designing, implementing and using a Hall cross 

structure for accurate magnetic characterisation. 

 

Figure 4.17: Example of a theoretically calculated contour map that illustrates the 

magnetic sensitivity of a Hall cross structure, for an applied current in the horizontal 

direction (along x) and measured Hall voltage in the vertical direction (along y) [257].  

4.4.2.3 BPM Characterisation 

Despite the fact that AHE characterisation is restricted only to the detection of 

perpendicular magnetic fields, for the purposes of this research project it is a well-

suited technique, since the samples under investigation are confined to perpendicularly 

magnetised BPM. Converting this technique into a hysteresis loop magnetometer 

requires the means of applying the external magnetic field B (e.g. an electromagnet) to 

enable the control of the sample’s magnetisation M and thus perform an in-situ 

magnetic characterisation. Unlike the MOKE characterisation technique, where the 

magnetisation of the sample is obtained directly from the measurement, in the AHE 

characterisation technique the magnetisation of the sample must be extracted from the 

total measured signal through data manipulation. As described earlier, the non-

magnetic conductor that forms the Hall cross structure is directly deposited on the 

BPM islands. This implies that there are now three contributions to the total measured 

Hall voltage; namely the NHE voltage from the Hall cross conductor (due to B), the 

NHE voltage from the islands (due to B) and the AHE voltage also from the islands 

(due to M): 
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)()()( islandsVislandsVcrossVV
AHENHENHEH

  (4.16) 

Although VNHE(islands) is typically negligible, VNHE(cross) is considerably 

large and must be discarded. Nevertheless, as explained in section 4.4.2.1, VNHE is 

proportionally linear to B, and as such, it can be easily removed. 

The main disadvantage of AHE characterisation, compared to other magnetic 

characterisation techniques, is that it necessitates extensive sample preparation; 

additional fabrication steps must be followed in order to generate the Hall cross 

structure. On the other hand, the fabrication process allows the accurate determination 

of the spatial resolution (customisable), which is favourable for the quantitative 

characterisation of BPM samples. Moreover, AHE characterisation is considered as 

one of the most powerful magnetic characterisation techniques due to its increased 

magnetic sensitivity. More specifically, sensitivities in the order of 4x10
-14

emu have 

been demonstrated [254, 260], which far exceeds the sensitivity capabilities of other 

techniques. In terms of BPM, the AHE technique has been successfully used for the 

magnetic characterisation of nanoscale magnetic islands [261-265]. Finally, as in the 

case of MOKE characterisation, AHE characterisation can be performed under ambient 

conditions and over a wide temperature range. 

4.5 Summary 

The aim of this chapter was to explore the main structural and magnetic 

characterisation techniques, in order to understand their functionality and hence their 

applicability to BPM characterisation. Although the main focus of this research project 

has been the magnetic characterisation of the custom fabricated BPM samples, a 

variety of both structural and magnetic characterisation techniques had to be 

employed. 

Each magnetic characterisation technique was discussed in terms of its 

functionality, in an attempt to reveal the reasons for selecting the MOKE and AHE 

techniques for the characterisation of BPM samples. A summary of the advantages and 

disadvantages of all the reviewed magnetic characterisation techniques in this chapter 

is given in table 4.1. 
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Table 4.1: A comparison of the advantages and disadvantages of the most common 

magnetic characterisation techniques. 
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The finite spatial resolution of MOKE and AHE techniques implies that the 

amount of magnetic material can be estimated according to the number and the size 

(total volume) of the magnetic elements being characterised. Therefore these 

techniques have the ability to perform quantitative magnetic characterisation, which is 

favourable when characterising BPM. Nevertheless, the in-depth theoretical and 

practical analysis of the two techniques indicated that some aspects of their inherent 

functionality could potentially affect their performance. 

The development and the use of the MOKE and the AHE techniques, along 

with the analysis of their results, are outlined in chapters 5 and 6 respectively. 
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CHAPTER 5  
 _____________________________________________________________________________________________________________________________________  

5MOKE Characterisation Technique 
 _____________________________________________________________________________________________________________________________________  

A detailed description of the developed MOKE system and its use for magnetic 

characterisation is given in this chapter. The main features of the system are revealed 

through the explanation of its main custom-built components. Results from the 

magnetic characterisation of thin magnetic films, and of BPM samples that include 

islands of various dimensions are presented and analysed. This has allowed the 

evaluation of the MOKE technique in terms of its detection capabilities and its 

limitations according to the BPM samples being characterised. 

5.1 MOKE System Overview 

In order to investigate the MOKE technique and its ability to magnetically 

characterise BPM samples, a new MOKE system had to be developed. While the 

design of this system was based on a home-built scanning laser microscope (SLM) 

developed at the University of Manchester [228], significant design customisations had 

to made, so as to enhance its magnetisation detection capability.  In particular, this new 

design aimed towards the development of a MOKE hysteresis loop magnetometer, 

rather than the magnetisation imaging accomplished by the original SLM design. 

The implemented MOKE system utilises a 50mW 532nm-wavelength green 

diode laser module (GDL-5050L model by sp3 plus company [266]) in the normal 

incidence polar mode. A custom-built electromagnet is able to provide external 

magnetic fields in excess of 1Tesla (1T=10kOe), applied perpendicularly to the 

sample’s surface plane, to enable the magnetic characterisation of perpendicularly 

magnetised BPM samples, as required by this research project. The laser beam is 

focused on the sample through an objective lens, while the accurate positioning of the 
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sample (with reference to the focused laser spot) is achieved by using an x-y-z sample 

stage. For this purpose, an incorporated viewing mechanism allows the simultaneous 

optical observation of the laser beam spot and the sample surface. In order to obtain 

maximal magnetisation sensitivity, the system employs a lock-in 

(modulation/demodulation) differential detection mechanism, combined with 

integrated electronics for noise reduction. Finally, to avoid any potential vibration 

noise the MOKE system was assembled on an anti-vibration optical bench. 

 

Figure 5.1: Schematic representation of the MOKE system layout, illustrating the 

arrangement of optical, electronic and mechanical components in the setup. 

Figure 5.1 illustrates the entire layout of the finalised MOKE system (images 

of the actual MOKE system can be found in Appendix A). In this configuration, the 

route of the laser beam is defined by the following steps (also corresponding to the 

numbers in figure 5.1): 

(1) The output laser beam from the GDL-5050L laser module is passed through a 

manually rotating polariser, allowing the control of the laser beam light intensity 
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(acts as a beam attenuator). Determining the light intensity of the beam is directly 

related to the reflectivity of the sample being characterised and the incorporated 

light detectors. More specifically, the intensity must be limited such that the 

output from the detectors is not saturated. 

(2) Two tilting mirrors, on either side of the polariser, allow the axial alignment of the 

beam along the optical path of the system.       

(3) The aligned beam then passes through an electro-optical modulator that modulates 

the laser beam intensity according to a pulse amplifier, driven by a 1.33 kHz TTL 

signal from the lock-in amplifier (SR830 model by Stanford Research Systems). 

Demodulation is performed on the output signal of the photo-detectors. This lock-

in detection technique provides improved SNR for the measured signal. 

(4) The modulated laser beam passes, in sequence, through a converging lens, a 25μm 

circular aperture (pinhole) and a collimating lens. The aperture is positioned at a 

distance equal to the focal length of the converging lens such that it acts as a low-

pass spatial filter, but without extensively reducing the laser beam light intensity. 

This filter helps to reduce imperfections in the light intensity profile of the beam 

(eliminates high frequency components), achieving a better approximation to a 

Gaussian profile. The diverging beam from the aperture is converted back to 

parallel through an appropriately positioned collimating lens, while the resulting 

beam diameter is increased (expanded) from 3mm to 10mm. 

(5) A Glan Thompson polariser ensures that the laser beam is linearly polarised (with 

a high degree of polarisation purity) prior to its incidence with the sample surface. 

(6) Due to the employed normal incidence polar MOKE mode, the path of the 

incident and the reflected laser beam coincide. The 50:50 beamsplitter provides 

the means for separating the two paths, such that the detection of the signal can 

take place. For the path of incidence, the laser beam travels straight through the 

beamsplitter, towards the objective lens and the sample surface (7). For the 

reflected beam (opposite travel direction) the beamsplitter diverts the beam at a 

90
o
 angle (acts as a mirror), towards the detection path (8).     

(7) The linearly polarised laser beam is focused on the sample surface though an 

objective lens. The objective lens is mounted on a specially designed stage 
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arrangement that allows its accurate positioning with reference to the sample, i.e. 

obtaining the smallest possible (focused) laser beam spot size according to the 

focal length of the objective. Given that the expanded laser beam diameter 

(10mm) is larger than the diameter of the objective lens (at the receiving end), 

then only the central (relatively uniform intensity profile) part of the laser beam 

passes through, resulting in a smaller focusing spot. 

(8) The reflected beam travels back to the 50:50 beamsplitter (6), where it is reflected 

towards the detection path. If the retractable mirror is inserted in the laser beam 

path, then the beam is diverted towards a CCD camera. This allows the 

observation of laser beam spot with reference to the sample surface. However, 

viewing the sample surface requires the additional use of a white light source 

(explained later in section 5.2.3). If the mirror is retracted, the laser beam reaches 

the photo-detectors (9), enabling the determination of the Kerr rotation. 

(9) Determining the Kerr rotation is based on a differential detection mechanism, 

(described in section 4.4.1.3). A 50:50 polarising beamsplitter separates the beam 

into two parts, each reaching a corresponding photodiode detector. The 

beamsplitter also acts as a double analyser, such that the two separated beams 

have their transmission planes orthogonal to each other. The outputs of the 

detectors are connected directly to the lock-in amplifier, where the output signal 

from one detector is subtracted from the other, and the resulting voltage signal is 

demodulated. Custom PC software, implemented in LabView, is responsible for 

the automated collection and manipulation of the measurement data (GPIB 

communication between the PC and the lock-in amplifier), so as to generate the 

required hysteresis loop. It should also be noted that, before the laser beam 

reaches the 50:50 polarising beamsplitter, it passes though a half-wavelength (λ/2) 

waveplate. Typically, a λ/2 waveplate provides an additional phase shift (45
o
) 

between the two orthogonal polarisation components. In this case, the λ/2 

waveplate is mounted on a rotational stage. This allows the manual control of the 

polarisation orientation of the reflected beam, such that it is aligned appropriately 

with reference to the transmission planes of the polarising beamsplitter; when no 

Kerr rotation is present the waveplate is rotated until the outputs from the two 

photodiodes are equal. 
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5.2 Main System Components 

5.2.1 Electromagnet 

A critical requirement in the development of the MOKE system was the 

implementation of a custom electromagnet, able to provide large magnetic fields 

perpendicularly to the sample surface. The novel electromagnet design addresses the 

problem of the overall size of the electromagnet (small enough to fit onto the optical 

bench) and allows the use of the normal incidence p-MOKE mode. As shown in figure 

5.2, the electromagnet is based on a single-pole layout, where a perpendicular 

magnetic field is established between the pole and a circular soft-iron piece (embedded 

in the cover plate) positioned above the pole tip. A hole in the centre of the soft-iron 

piece that coincides with the centre of the pole tip allows the focused laser beam to 

pass through and reach the sample surface. This vertical pole arrangement requires the 

sample to be mounted horizontally, i.e. the normal incidence reflection of the laser 

beam on the sample surface does not require the use of any mirrors within the 

electromagnet, which alleviates any potential alignment problems. However, the 

electromagnet’s ability to provide high uniform fields is limited by both the diameter 

of the incorporated hole on of the soft-iron piece and the size of the pole tip. To 

maintain a relatively uniform field, the hole diameter was kept as small as possible 

(2.8mm) according to the laser focusing lens specifications (focal length, aperture 

size). Similarly, the gap between the pole tip and the soft-iron piece was also kept at 

minimum (2.25mm), i.e. just large enough to fit samples of up to 1.5mm thickness and 

move them without touching the pole tip or the top cover of the electromagnet. The 

sample positioning within the 2.25mm gap is provided by a manual x-y-z micrometer 

stage that controls a custom-made sample holder (see figure 5.3). Positioning the laser 

beam on a specific sample location is achieved by moving the sample accordingly 

(horizontally), with referenced to the fixed position of the laser beam (and the 

electromagnet). The magnetic field is generated in proportion to the current being 

supplied to the copper wire coil wounded around the pole. The coil winding was 

designed to provide a magnetic field of at least 1T at a maximum supplied coil current 

of 5A, based on the above described pole geometry. The mechanical designs for the 

electromagnet and the sample holder can be found in Appendix B. 



CHAPTER 5 MOKE CHARACTERISATION TECHNIQUE 
  

   151 
  

 

Figure 5.2: Electromagnet (a) top view and (b) side view images, without top cover 

plate when the sample holder is (c) retracted and (d) close to the measurement 

position. (e) Schematic diagram of the electromagnet’s side view. 

 

Figure 5.3: (a) Front view and (b) side view images of the manual x-y-z micrometer 

stage for sample holder control. 
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5.2.1.1 Femlab Simulations 

The performance of the electromagnet was simulated using the Femlab 

software platform (by COMSOL Multiphysics). In particular, a 2D model of the 

electromagnet was generated in order to examine the spatial uniformity and amplitude 

of the magnetic field (vertical component of magnetisation), within the 2.25mm gap 

between the pole tip and the soft-iron piece on the top. The model simulates the 

vertical cross-section of the electromagnet in an R-θ arrangement, assuming a radial 

symmetry due to the circular shape of the electromagnet (pole, soft-iron piece and coil) 

(see Appendix C). Figure 5.4 shows the simulation results of the perpendicular field 

amplitude variation in both the horizontal direction (along the sample surface plane) 

and the vertical direction (along the gap between pole tip and the top cover), for a 

supplied current of 2A to the electromagnet coil. Noticeably, peaks are observed 

around the 1.4mm horizontal distance. These coincide with the radius of the hole in the 

soft-iron cover piece, indicating the attraction of the field lines towards the 

circumference of the hole. However, the important conclusion from this simulation lies 

in the fact that the uniformity of the perpendicular field is preserved within at least a 

0.2mm range (radius) around the pole centre, i.e. a circular area of ~125.7x10
3
µm

2
. 

This area is much larger, compared to the size of the BPM island arrays fabricated in 

this research project (typically in the range of 16-100µm
2
), ensuring that a uniform 

perpendicular field is applied throughout the BPM array being characterised (assuming 

it is aligned with the centre of the pole tip). 

 

Figure 5.4: Simulation results for the perpendicular component of magnetisation vs. 

the horizontal distance from the pole centre, for a 2A applied coil current, and for a 

variable vertical distance between the pole tip and the top cover of the electromagnet. 
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On the other hand, the field does not remain constant in the vertical direction 

(along the gap distance between the pole tip and top cover). Figure 5.5 confirms that 

the field decreases with increasing distance from the pole tip in a non-linear manner, 

which must be taken into account when positioning the sample in the vertical direction. 

This behaviour is repeated for different current values supplied to the electromagnet 

coil. In fact, for a fixed vertical position, the perpendicular field is linearly proportional 

to the applied current (see figure 5.6). For a maximum supplied current of 5A the 

corresponding field is around 2T, which is well above the required field of 1T for the 

characterisation of the BPM samples developed in this research project. 

 

Figure 5.5: Simulation results for the perpendicular component of magnetisation vs. 

the vertical distance from the pole tip, at 0mm horizontal distance from the pole 

centre, and for a variable applied coil current. 

 

Figure 5.6: Simulation results for the perpendicular component of magnetisation vs. 

the applied coil current, at 0mm horizontal distance from the pole centre, and for a 

variable vertical distance between the pole tip and the top cover of the electromagnet. 
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5.2.1.2 Implementation and Calibration 

In practise, the ultimate goal was to achieve the best possible performance for 

the electromagnet, matching the ideal case presented by the Femlab simulations. 

Special care was taken in the fabrication of the soft-iron cover piece, since it was a key 

element in achieving the required electromagnet response. In particular, the soft-iron 

cover piece was annealed in order to maximise its magnetic conductivity (induction) 

[267, 268], and therefore ensure a strong perpendicular magnetic field between the 

pole and the cover piece (the field lines favour the path through the soft-iron piece). 

The annealing was performed in a Carbolite HST tube furnace that is capable of 

reaching a maximum temperature of 1200ºC, while allowing the flow of a supplied gas 

within the heated tube. A mixture of Ar:H 9:1 gas was supplied with constant rate, 

while the soft-iron piece was baked in the furnace for 7hours at 960ºC. Subsequently, 

the soft-iron piece was cooled-down to 200
o
C at a slow rate (1.3ºC/min), and then 

discharged into the air (rapid cooling). With this process, impurities within the soft-

iron piece are removed (diffused and combined with the Hydrogen), while the 

temperature treatment reduces its coercivity (becomes magnetically soft) [268]. 

After assembling the separate parts of the electromagnet, its performance was 

calibrated experimentally using a commercial GaAs Hall probe with a 0.1x0.1mm
2
 

sensing area. The Hall probe was attached on top of standard 0.5mm thick SiO2 

substrate, identical to the one used in the fabrication of BPM samples, such that it 

could be mounted on the custom-made sample holder. The x-y-z stage, controlling the 

movement of the sample holder, was used in order to scan the Hall probe over the 

electromagnet tip and measure the perpendicular magnetic field. Initially, x-y scans 

were performed to confirm the field uniformity in the horizontal direction. Figure 5.7a 

shows the 3D maps of the field amplitude along the x-y horizontal plane (3x3mm scan) 

for a coil current of 2A, when the Hall probe is scanned at the vertical distances of 

0.5mm, 1.5mm and 2.1mm from the pole tip. As expected, the 3D maps confirm that 

the magnetic field has a radial symmetry around the centre of the pole, decreasing 

rapidly with increasing horizontal distance (radius>2mm). Moreover, it can be clearly 

seen that as the vertical distance is increased, the peak (due to the hole in the soft-iron 

cover piece), becomes more prominent. A 2D radial plot (corresponding to the 3D 
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maps) is shown in figure 5.7b, for direct comparison with the simulation results in 

figure 5.4. Noticeably, the field variation along the horizontal direction is changing 

much more gradually compared to the sharp transitions in the simulation results, 

especially in the case of a large vertical distance from the pole tip. However, close to 

the centre of the pole (<0.2mm radius), the field still remains highly uniform, and the 

field amplitude is close to the predicted ones. Therefore, the requirement for a uniform 

perpendicular field is fulfilled. 

 

Figure 5.7: (a) 4x4mm 3D maps (profiles) of the measured perpendicular magnetic 

field, at vertical distance of 0.5mm, 1.5mm and 2.1mm from the pole tip, and for 2A of 

supplied coil current. (b) The corresponding 2D radial plots of the measured 

perpendicular magnetic field vs. the horizontal distance from the pole centre direction. 

Figures 5.8 and 5.9 show the field measurements in terms of the vertical 

distance from the pole tip and the applied coil current, respectively. In the case of 

small vertical distances from the pole (<1.5mm) and low applied coil currents (<3A), 

there is good agreement with the corresponding simulation results (in figures 5.5 and 

(a) 

(b) 

0.5mm 1.5mm 2.1mm 
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5.6). However, for larger distances and higher applied currents, a significant deviation 

is observed. In particular, figure 5.9 indicates that above a 3A supplied coil current, the 

field response becomes non-linear (starts to degrade). This effect can be attributed to 

power loss, due to heat dissipation from the electromagnet coil; at high currents, the 

coil starts to heat-up, effectively limiting the performance of the electromagnet, an 

effect that was not taken into account in the simulations. 

 

Figure 5.8: Measurements of the perpendicular component of magnetisation vs. the 

vertical distance from the pole tip, at 0mm horizontal distance from the pole centre 

and for a variable applied coil current to the electromagnet coil. 

 

Figure 5.9: Measurements of the perpendicular component of magnetisation vs. the 

applied coil current, at 0mm horizontal distance from the pole centre, and for a 

variable vertical distance between the pole tip and the top cover of the electromagnet. 
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The overall performance of the real electromagnet is generally worse compared 

to the simulation results. However, a difference between the simulated and the 

measured values is expected, since the simulation is based on an idealistic model. The 

model uses the equation B=µ0µr H where, B is the magnetic flux density, µ0 is 

permeability constant of vacuum, µr is the relative permeability and H is the magnetic 

field strength. In this case, H was defined according to a table of theoretical µr values 

for soft-iron; the software uses linear interpolation to determine H as a function µr 

[267]. Although, this function attempts to the give a correct representation of the 

magnetic flux density dependence on µr, including limits for saturation, the theoretical 

µr values for soft-iron may differ from the properties of the real material. Moreover, 

the experimental investigation of the soft-iron pieces, used in this electromagnet, 

revealed that some magnetic hysteretic behaviour is still present even after annealing. 

Therefore, the simulation model was not expected to provide an accurate 

representation of the electromagnet’s response. Nevertheless, it was still able to 

provide a close match and successfully predict the magnetic profile of the 

electromagnet, both in the horizontal (radial) and the vertical (z) orientations. Most 

importantly, the calibration of the electromagnet revealed that it can provide the 

required uniform field close to the centre of the pole, as predicted by the simulations. 

5.2.1.3 Control 

Typically, magnetometer systems have an incorporated mechanism for 

determining the magnetic field while the measurements for a sample are taking place. 

In the case of this custom electromagnet, this option was not plausible due to the 

limited space between the pole tip and the top cover, and also, due to the variability of 

the field in the vertical direction. Even if a Hall probe could somehow be attached on 

the sample being measured, its position would be slightly different from the actual 

position of the sample, i.e. the measured field would deviate from the real field at the 

sample position.  

To eliminate this problem, the calibration measurements from the previous 

section, were used in the automated control of the current supply, through the software 

interface (described later in section 5.2.5). Since the sample positioning in the 
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horizontal direction was fixed (at the centre of the pole in order to coincide with the 

incident laser beam), only the vertical positioning had to be taken into account. By 

combining the calibration measurements presented in the previous section (figures 5.8 

and 5.9), the relationship between the magnetic field, the applied coil current and the 

vertical distance from the pole was deduced, as shown in figure 5.10. The surface 

plane of this graph was fitted to the following polynomial equation: 

yjxixyhygxfxyeydxcybxaz
223322

  (5.1) 

where, z is the applied coil current, x is the magnetic field amplitude, y is the vertical 

distance from the pole tip and the remaining letters (a to j) are constants. The fitting 

was extremely accurate, with a squared correlation coefficient (between calculated and 

actual values) of R
2
=0.9998. For ease of use, the above equation was directly 

incorporated into the software control program, where the required magnetic field and 

the vertical position of the sample to be characterised are defined by user inputs, while 

the software uses the above equation to calculate the required coil current. 

 

Figure 5.10: Calibration measurements of the perpendicular magnetic field vs. the 

vertical distance from the pole tip vs. the applied coil current, at 0mm horizontal 

distance from the pole centre. 

The coil current is controlled by a bipolar operational current supply source 

(BOP-20-5M by Kepco Inc.), connected to the PC via a digital-to-analogue converter 

(DAC) peripheral component interconnect (PCI) card (PCI-DAS6014 by Measurement 

Computing). The DAC card converts the calculated digital current coil value into a 
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proportional analogue voltage signal (±5V range), which corresponds to a proportional 

current output from the current source (±5A range). It should be noted that, the DAC 

PCI card uses a 16-bit conversion, translating into a minimum current step of ~153µA, 

which in turn corresponds to a minimum field amplitude step of ~50µT (≈0.5Oe) for 

the case of 0.5mm vertical distance from the pole tip (worst case scenario since it has 

the maximum field amplitude range). Evidently, the accurate control of the applied 

field (determined with an uncertainty of ±5x10
-5

T) was not an issue. 

5.2.2 Objective Lens Focusing 

The requirement for quantitative characterisation of BPM samples is directly 

related to the laser beam spot size, as described in section 4.4.1.2. In this MOKE 

system, the laser spot size is minimised by passing the laser beam through an objective 

lens, focusing the beam into a circular spot on the surface of the sample. In particular, 

the characterisation of BPM samples was performed using two different objective 

lenses with NA=0.5 and 0.4. The corresponding focused laser beam spot sizes obtained 

by the two lenses are approximately 1μm and 1.3μm, respectively (according to 

equation 4.1). Bearing in mind that the focusing resolution, in practise, is affected by 

aberration and diffraction effects, it has been assumed that the laser beam spot size for 

both objective lenses lies in the range of 1-1.5μm. 

Focusing a laser beam into a 1-1.5μm spot size could be a potential source of 

heat, leading to an increase of the sample temperature. This may be observed in the 

case where the absorption rate of the laser beam energy by the sample surface is larger 

than the rate that the material can dissipate this energy through thermal conduction to 

the cooler surrounding areas of the material, and through thermal convection and heat 

radiation to the immediate environment (airflow at ~20ºC). A continuous build-up of 

energy (in the form of heat) over an extended period of time will therefore cause a 

significant temperature increase. In the case of characterising magnetic materials, 

higher temperatures can modify their magnetic behaviour (e.g. due to the anisotropy 

energy density dependence on temperature), leading to the misinterpretation of the 

results. Although the MOKE system developed in this research project uses a 50mW 

laser, most of this power is lost along the optical path of the laser beam when passing 
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through the various optical components (e.g. rotating polariser acting as an attenuator, 

multiple beamsplitters, pinhole). In fact, the power of the laser beam just before it 

reaches the focusing objective lens (incident power) is approximately 84µW (measured 

with ±1μW uncertainty, using an optical power meter). Given that the energy absorbed 

by the sample surface is reduced even further (non-ideal absorption efficiency), sample 

heating is not an issue in this MOKE system. This was also confirmed by the fact that 

the coercivity values deduced though MOKE measurements (e.g. from the 

characterisation of thin films) were the same with those obtained by the other 

characterisation techniques employed in this research project (e.g. AGFM), indicating 

that there was no temperature rise significant enough to cause a change in the magnetic 

behaviour of the samples. Finally, it should be noted that this level of power (µW) is in 

line with conventional MOKE systems, where laser beams with incident power in 

excess of 1mW have been reported [230, 236]. 

Achieving the best possible spatial resolution for the MOKE system requires 

the precise focusing of the laser beam on the sample surface. Critically, the distance 

between the focusing (objective) lens and the sample surface must be equal to the focal 

length of the lens; more accurate positioning provides better focusing (exact focal 

length) and therefore a smaller beam spot size. At the same time, the accurate focusing 

ensures that the reflected beam will remain collimated after passing through the 

objective lens (in the reversed direction) for the MOKE signal detection (data 

collection). Ideally, when the sample is fixed at a certain distance from the pole tip, 

then the lens position needs not to be altered once it is set. However in practise, 

different samples can have different thicknesses, and in the case of this MOKE system 

the samples can also be physically moved since they are mounted on a separate x-y-z 

stage. Therefore, it was necessary to employ a controllable positioning (stage) system 

for the objective lens. 

Figure 5.11 shows an image of the two-stage assembly (with the mounted 

objective lens) incorporated in the developed MOKE system (see Appendix B). The 

first stage, M-112.1DG by Physic Instruments (PI), is mounted on the optical bench 

(fixed reference point), and provides a large but coarse movement (25mm full travel 

distance with 50nm stepping resolution). The second stage, P-721.0LQ (by PI), is in 
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turn mounted on the first stage while holding the objective lens, and provides a limited 

travel range (100μm) but with increased resolution (0.7nm steps). The advantage of 

this two-stage assembly lies in the fact that it can provide a large movement and at the 

same time it retains its high positioning resolution. This not only allows the accurate 

focusing on different samples (with variable thicknesses), but it also enables the use of 

multiple objective lenses which can have different focal lengths, i.e. a selection for the 

size of the laser spot. 

 

Figure 5.11: An image of the two-stage focusing assembly incorporated in the MOKE 

system.  

5.2.3 Optical Imaging 

Although the accurate positioning of the sample is provided by an incorporated 

manual x-y-z micrometer stage, finding blindly the exact position of a micrometer-size 

BPM array on a 22x25mm sample is an impossible task. This problem was solved by 

incorporating a viewing mechanism in the MOKE system, which allows the 

simultaneous observation of the sample surface and the laser beam spot. Moreover, 

since the laser beam spot is already aligned with the centre of the electromagnet’s pole 

tip, the alignment of the sample with the pole tip is inherently accomplished when the 

sample is aligned with the laser beam spot. 

Figure 5.12a shows the part of the MOKE system layout (replicated from 

figure 5.1) that incorporates the optical imaging mechanism. In this case, a concave 

mirror is used to collimate the light generated by a white light source. The collimated 

white light is introduced into the MOKE system through a 50:50 beamsplitter, such 

that it coincides with the optical path of the laser beam. The white light passes through 
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the objective lens, reflects on the sample surface and returns back in the reversed 

direction, simultaneously with the laser beam. Both the white light and the laser beam 

are then guided towards the CCD camera (connected to the PC), to provide a real-time 

image. 

 

Figure 5.12: (a) Optical imaging mechanism. (b) CCD camera image of a 5x5µm
2
 

BPM 200nm-island array, with the laser beam spot aligned in its centre. 

Figure 5.12b shows a typical image taken with the CCD camera, after aligning 

a BPM island array with the laser beam spot. Two 5x5µm
2
 BPM arrays, consisting of 

200nm-diameter islands, are clearly visible on the sample surface. Noticeably, the laser 

beam spot is relatively large and non-uniform (airy disc diffraction patterns are 

observed). This is expected, since the laser beam is not focused in this case. Each 

separate light source (laser and white light) has a different focusing position (for the 

same objective lens). In order to view the sample surface, the objective lens focusing 

must be done based on the white light source, whereas for the MOKE measurements 

the focusing must be done based on the laser beam source. This means that the optical 

sample imaging cannot be done simultaneously with the measurement process, i.e. the 

laser beam alignment must be done prior to the measurement process. Although the 

alignment is done with a defocused laser beam spot, the centre of this spot will still 

coincide with the centre of the focused spot. Therefore, after the alignment is 

completed the objective lens can be repositioned to focus the laser beam. During the 

measurement process, the retractable mirror is withdrawn from the laser beam path, 

allowing the laser beam to reach the photo-detectors (not divert towards the CCD 

(a) (b) 



CHAPTER 5 MOKE CHARACTERISATION TECHNIQUE 
  

   163 
  

camera). At the same time, the retractable 50:50 beamsplitter is also withdrawn, and 

the white light source is switched off, in order to prevent the white light from reaching 

the photodiode light detectors, which would otherwise appear as added noise in the 

detected signal. 

5.2.4 Signal Detection 

As previously discussed, the developed MOKE system utilises a differential 

detection mechanism for determining the Kerr rotation. This mechanism incorporates 

two identical custom-made photodiode light detector circuits, designed specifically for 

high SNR response (see Appendix B for the complete circuit design). Each circuit 

employs a silicon photodiode detector (Centronic OSD50-E), specifically selected 

based on its high response to 532nm-wavelength light and its large sensing area 

(~8mm diameter). The photodiode is connected to a dual low-noise precision 

Dielectrically-Isolated Field Effect Transistor (Difet) operational amplifier (op-amp) 

(Burr-Brown OPA211). The first op-amp stage is a transimpedance amplifier, which is 

responsible for converting the current output of the photodiode into an amplified (220x 

gain) voltage signal. The amplifier is driven at ±15V (supplied by the SR830 lock-in 

amplifier pre-amp connector), while voltage regulators and capacitors ensure that the 

supplied voltage (and feedback signal) is maintained constant, and that possible 

voltage spikes are eliminated, i.e. voltage fluctuations are prevented from introducing 

electronic noise to the circuit. The output of the transimpedance amplifier is connected 

to the second op-amp stage, for further amplification of the voltage signal. In this case, 

the gain of the op-amp can be manually set at 2x, 11x or 101x, through a controllable 

feedback mechanism (selectable resistor values) and a corresponding impedance 

matching mechanism. In practise, better SNR was observed in the case of 2x gain, and 

therefore it was the preferable choice for all the measurements performed in this 

research project. 

The circuits were implemented (soldered) onto stripboard pieces and were 

subsequently fitted into aluminium box enclosures to minimize any 

electromagnetic/radio frequency interference (EMI/RFI) from surrounding devices (see 

figure 5.13). Each enclosure includes an appropriate mounting plate for direct fitting 
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on the optical bench. Serial and BNC plug connectors on either side of the box 

enclosure, allow a direct connection to SR830 lock-in amplifier; the serial input to the 

circuit connects to the preamp output of the SR830 lock-in amplifier (supplied drive 

voltage), and the BNC circuit output (detection signal) connects to the SR830 lock-in 

amplifier input. In practise, both photodiode detector boxes fitted onto the optical 

bench of the MOKE system were covered by a custom-made black box during the 

measurements (see Appendices A and B). This simplistic approach helped in blocking 

the ambient environment light from reaching the detectors, which would otherwise add 

significant noise to the detected signal. 

 

Figure 5.13: Image of the implemented photodiode circuit, fitted in an aluminium box 

enclosure (opened enclosure). 

5.2.5 Software Control 

The software control is one of the most crucial elements of the developed 

MOKE system. Not only does it provide fully automated and synchronised routines for 

the control of the main components of the system, but it is also responsible for 

collecting, manipulating and displaying the measurement data. Therefore, much effort 

and time was put into implementing an effective software program, dedicated to the 

control of the developed MOKE system through a user-friendly interface. Its 

implementation was done using the Laboratory Virtual Instrument Engineering 

Workbench (LabView) software platform (by National Instruments), due to its 

suitability for the control of hardware devices via PC communication. 

The implemented software allows a number of different tasks to be performed, 

selectable through a drop-down menu (see figure 5.14). Accepting the task selection 

directs the user to the corresponding interface tab (page), where the settings of the task 
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can be configured before execution takes place. The software prohibits the user from 

executing different tasks simultaneously. Instead, changing between different tasks is 

allowed only when the task being executed is completed or when the user selects to 

manually exit the running task. There are a total of seven available tasks (interfaces). 

 

Figure 5.14: Selectable tasks on the software user interface. 

While the complete software interface is shown in Appendix D, a description of 

the individual tasks in terms of their functionality and usage is given in this section. 

The first three tasks, responsible for the direct control of the MOKE setup, include the: 

Lock-in Amplifier Setup: for the full control of the SR830 lock-in amplifier settings. It 

is a replica of the real instrument interface that allows the automatic configuration of 

all the lock-in variables. It should be noted that this configuration must be completed 

prior to any measurement process, since it defines necessary parameters for the correct 

characterisation of magnetic samples (e.g. time constant, sensitivity, 

modulation/demodulation frequency). 

Electromagnet Control: for the manual control of the electromagnet and its generated 

field, either by entering a direct current input or by entering the required field value. 

For a certain field value and a selected sample position (vertical distance from the 

pole), the software will calculate and apply the corresponding current to the 

electromagnet coil, as described in section 5.2.1.3. Inversely, if the user selects an 

applied current value directly, then the corresponding field value is calculated and 

displayed.  At the same time a graph display shows the lock-in amplifier reading from 

the photodiode detectors in real time, which allows a quick observation of the sample 

response; e.g. an instant change in the applied field (from positive to negative 

saturation) will reveal whether the sample is magnetic (switch on the lock-in signal 

will be observed). In combination with the λ/2 waveplate in the MOKE system, this 
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interface can also be used for the initial alignment of the Kerr rotation with reference 

to the analyser (50:50 beamsplitter for the photodiode detectors), as described in 

section 5.1; for a demagnetised sample (no Kerr rotation), the λ/2 waveplate is rotated 

until the lock-in reading turns to zero (equal signal from the two photodiode detectors). 

Alternatively, if a magnetised sample is used, the rotation can be adjusted according to 

the switching amplitude (signal change between positive and negative saturation, Ms), 

found by manually changing the magnetic field (as described above); e.g. for a 100mV 

switch amplitude (2Ms), the rotation must be set at 50mV while the sample is 

positively saturated, which would mean that at negative saturation the signal will 

reverse at -50mV, i.e. the signal switch will be equally distributed around zero. 

Stage Control: for the focusing of the objective lens, as described in sections 5.2.2 and 

5.2.3. More specifically, it controls the movement of the M-112.1DG stage in an 

incremental fashion (stepping at a predetermined velocity), which provides coarse 

positioning for the objective lens. It should be noted that the fine positioning is done 

manually through a rotating knob on an external controller connected to the P-721.0LQ 

stage. In the case of sample alignment (optical imaging focusing), the interface is used 

in combination with the real-time CCD camera feed, to establish the best possible 

sample viewing conditions. In the case of laser beam focusing, the correct stage 

position is established by simple observation of the reflected laser beam. At focusing 

position the reflected beam reaching the photodiode detectors must be collimated, i.e. 

it must have a constant diameter along the detection path. Alternatively, if the focusing 

position is already known (from repetitive use) then the stage can be instructed to 

move directly to the predefined position. 

The next three interface tasks are responsible for three different types of 

measurement approaches. Although obtaining the hysteresis loop of nanoscale BPM 

samples was the primary objective of this research project, two additional 

measurement approaches were developed with the intention of enabling a more 

complete investigation of BPM for the future usage of the developed MOKE system. 

In particular, the remanence curve and the ΔH (M, ΔM) measurement approaches were 

added to the software program due to the increased interest of researchers in the field, 

towards their use in characterising BPM [93, 157, 269]. The advantage of the 
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remanence curve approach lies in its ability to distinguish the irreversible component 

of magnetisation (hard axis), while the ΔH (M, ΔM) approach can distinguish between 

the intrinsic (due to island properties/sizes/defects) and extrinsic (due to 

dipolar/magnetostatic interactions between neighbouring islands) contributions that 

give rise to the total SFD in BPM. A summary of the corresponding interfaces for the 

three measurement approaches is given below, with particular emphasis on hysteresis 

loop plotting: 

Hysteresis Loop Plotting: provides a highly-customisable measurement process for the 

generation of hysteresis loops. As shown in figure 5.15, the loop measurement process 

is divided into 10 segments. The segments are executed sequentially, according to the 

selected plot path; it is possible to generate either a complete loop (1→5 and 5→1 

buttons selected) or only a part of the loop (e.g. selecting 0→1 and 1→5 will generate 

half of the virgin loop). The advantage in this segment approach lies in the ability to 

control the field stepping resolution (sampling points) separately for each segment; the 

user must define the starting and ending applied magnetic field (in Tesla), as well as 

the field stepping size for the corresponding increment/decrement of the field. For the 

saturation regions, the stepping size can be set relatively high (low resolution) to 

accelerate the measurement process, whereas in the switching region the stepping can 

be lowered (increased resolution) for more accurate results. The entered field values 

are automatically converted to the corresponding current values for the electromagnet 

coil according to the selected working height (distance of the sample surface from the 

electromagnet’s pole tip), as previously described in section 5.2.1.3. The user can also 

specify the number of samples (lock-in amplifier readings) that will be taken at each 

field stepping position (repeatedly, at lock-in amplifier time constant intervals), from 

which an average value can be deduced. The delay between consecutive steps (settling 

time) defines the field sweep rate at which the measurement is performed, typically set 

at 5x the time constant (integration time) on the lock-in amplifier. Finally the user can 

select an arbitrary number of loop repeats, which can be later averaged into a single 

loop for improved results. Once all the settings are configured, the loop plotting can be 

initiated. A graph will display the measurements in real time, while in the case of 

repeated loops it will also display the averaged data from the previous loops, as well as 

the averaged data including the currently executed loop. Upon completion of the 
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measurements the user is prompted to save the results (only the raw data, not the 

averaged plots) to a text file, along with the main configuration settings used in the 

particular measurement. The configuration settings can also be saved in a separate file, 

such that they can be loaded for the future use of the interface (assuming the same 

settings are required). Additional options allow the loop to be paused and restarted or 

to be stopped entirely before completion. 

 

Figure 5.15: Control interface for the Hysteresis loop plotting. 

Remanence Curve Plotting: the interface in this case differs from the one in hysteresis 

loop plotting, in that it does not require the segmentation of the measurement. Instead 

the user needs only to enter the positive and negative saturation field, along with a 

single stepping field value. According to the entered values, the software automatically 

generates the measurement sequence required for the plotting of a remanence curve. In 

this sequence, the sample is first positively saturated, before the applied field is 

completely removed (brought back to zero). The field is then reduced in small 

decrements (according to the steeping field) until it reaches the negative saturation 

value. At each field step, the applied field is removed before making a measurement 

(lock-in reading), i.e. a measurement reading is only taken while the sample is at 
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remanent state. The remaining interface configuration settings are identical to the case 

of the hysteresis loop plotting interface. 

ΔH (M, ΔM) Plotting: has an identical interface (configuration settings) to the one 

used for the hysteresis loop plotting, with the addition of a user defined recoil loop 

table. The table accepts a maximum number of nine recoil (minor) loops, where the 

user must define the size of each recoil loop. The recoil loop size is set as a percentage 

value, which corresponds to the portion of the original (full) hysteresis loop that will 

be subsequently measured as a recoil loop; e.g. for a full hysteresis loop of 

+Ms=50mV (starting/end point of the complete loop) and -Ms=-50mV (halfway point 

in the loop), then a recoil percentage of 80% means that the recoil loop is executed 

from +50mV to -30mV and back to +50mV. The advantage of this approach comes 

from the fact that the user does not need to know any information regarding the 

hysteretic behaviour of the media beforehand. Instead, the recoil loop fields are 

automatically calculated by the software program, according to the initial hysteresis 

loop performed first in this measurement approach.     

The seventh and final interface task involves the manipulation and display of 

the raw data obtained by the measurements. Although the data are saved in a text file, 

allowing the use of any data manipulation software to be used (e.g. Matlab, Origin, 

Microsoft Excel), using the developed interface is advantageous since it can take into 

account additional information regarding the particular measurement (configuration 

settings also saved in the text file) for more accurate data manipulation. A brief 

description of the interface is given below: 

Open Saved Plot/Data Manipulation: handles the data obtained by any of the three 

available measurement approaches. Once a saved file is selected, the raw data results 

are displayed graphically, while the configuration settings used in the measurement are 

given in a numerical table. The software automatically deduces and displays some of 

the most important information from the graph (e.g. Hc and Gradient). If the 

measurements include multiple repeats (e.g. multiple hysteresis loops), the software 

will calculate the averaged data and show the results along with the initial raw data. 

Moreover, the interface provides some means of correcting the raw (or averaged) data 

in the cases where measurement artefacts are present; e.g. for offsets between the 
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positive and negative saturation magnetisation or drift between starting and ending 

points of a loop. It also offers the options for normalising (M/Ms) or interpolating the 

measured data for better illustration of the results. Finally, once the data manipulation 

is completed, the corrected data can be re-saved in a separate text file. 

In this project, the raw data were offset- and drift-corrected (where required) 

prior to normalisation, using a custom algorithm. Firstly, the algorithm traces whether 

the starting and ending points of a loop do not coincide, indicating that there is a drift 

in the MOKE signal. Assuming that the drift is linear with respect to time, the 

algorithm compensates appropriately the measured value at each field step in the 

hysteresis loop depending on the sweep rate that was used at each position. The offset 

correction is calculated based on the average of the measured values at each saturation 

region. If a difference is detected between the two averages, an offset constant is 

automatically added to the whole loop such that the averaged values of the positive and 

negative saturation regions become equal, i.e. the hysteresis loop becomes equally 

distributed about the x-axis. Normalisation is then simply performed by dividing each 

point in the hysteresis loop by the maximum (absolute) value of the loop. In order to 

automatically determine the coercivity of the hysteresis loop, the algorithm traces the 

closest measured values on either side of the x-axis. Coercivity is then determined by 

fitting a straight line between the two points; the intersection of the line with the x-axis 

reveals the coercivity value. This process is repeated for both positive-to-negative and 

negative-to-positive field routes in order to obtain the average coercivity value from 

the two routes, and hence a more accurate measurement of the real coercivity value. 

5.3 MOKE System Testing 

In order to evaluate the performance of the developed MOKE system, initial 

testing was carried out on continuous thin magnetic films. Figure 5.16a shows the 

MOKE hysteresis loop obtained from the characterisation of a fabricated Co/Pt 

multilayered thin film (as described in section 3.5). The loop indicates a sharp field 

switching between positive and negative saturation magnetisation, consistent with the 

expected behaviour of a continuous thin film with strong PMA, where the switching is 

described by domain wall propagation [240]. The lock-in amplifier signal range is 
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approximately 0.5mV, with a corresponding signal noise of less than 5μV, i.e. <1% 

noise (error) signal. The MOKE SNR was estimated at approximately 41dB, using the 

equation SNRdB=20log10(SignalRMS/NoiseRMS), where NoiseRMS is also equal to the 

standard deviation (σ) of the constant signal. It should be noted that this result was 

obtained from the measurement of a single loop and not by the averaging of multiple 

loops. In fact, for all the measurements presented in this work, the averaging was 

limited to a maximum of three loops. Typically, the averaging of n multiple 

measurements provides a noise improvement of σ/√n, i.e. the SNRdB is improved 

(increased) by 10log10(n). Therefore, the averaging of threes loops is expected to 

provide an SNR improvement of less than 5dB. This approach of minimal averaging 

was followed in an attempt to examine the true capabilities of the MOKE system, 

instead of relying on excessive data manipulation. 

 

Figure 5.16: (a) The MOKE hysteresis loop (raw data) of a Ptseed (10nm)/ [Co(0.4nm)/ 

Pt (1nm)]x15 thin magnetic film. (b) A comparison between the MOKE hysteresis loop 

shown in (a), and the corresponding AGFM loop, after normalisation. 

To ensure that the MOKE provides accurate measurements, the same sample 

was also characterised by an AGFM. For direct comparison of results, the hysteresis 

loops where normalised and offset-corrected, while in the case of the AGFM the 

additional diamagnetic effects (from sample substrate and the cantilever rod) had to be 

also removed. Figure 5.16b shows the resulting loops from the MOKE and the AGFM 

measurements, respectively, both plotted on the same axes for direct comparison. The 

shapes of the two loops are almost identical, confirming the sharp switch of thin 

magnetic film. The slight signal reduction in the AGFM loop, appearing just before 

switching, is due to the fact that part of the diamagnetic signal could not be entirely 

(a) (b) 
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removed. Moreover, the AGFM SNR was estimated at 34dB, which is significantly 

lower compared to the corresponding MOKE SNR (41dB). The deduced coercivity 

values are Hc
MOKE

=0.2519T and Hc
AGFM

=0.2490T, for the MOKE and AGFM loops 

respectively, indicating a good agreement of results. The coercivity values are 

determined with an uncertainty of ±2x10
-4

T and ±4x10
-4

T, for the MOKE and AGFM 

loops respectively. This uncertainty was estimated by translating the noise of each loop 

(y-axis) into a maximum displacement (error) of the position that each loop crosses the 

x-axis, and combined with the uncertainty in the control of applied field (=±5x10
-5

T in 

the case of the MOKE electromagnet), as explained earlier in section 5.2.1.3. 

Therefore, the coercivity values obtained from the MOKE and AGFM loops were both 

determined with a precision of 4 decimal places (measured in units of Tesla) for clarity 

and consistency. An additional advantage of the MOKE system lies in the fact that the 

measurement was performed in considerably less time; typically the generation of a 

single MOKE loop requires approximately 5 minutes (for a sweep rate of 0.005T/s at 

the switching region), whereas the corresponding time for an AGFM loop is in excess 

of 30 minutes. Finally, it should be noted that the sample mounting and measurement 

preparation time required for both the MOKE system and the AGFM is approximately 

15 minutes, which significantly increases the overall measurement time. 

5.3.1 Testing on Islands 

After confirming the performance of the MOKE system on continuous thin 

magnetic films, the next step was to examine the ability of the system to characterise 

magnetic islands. This test involved the characterisation of relatively large islands (see 

figure 5.17a), fabricated through the custom process described in section 3.5. Figure 

5.17c shows the hysteresis loop obtained from the islands, proving that the MOKE 

system can obtain a clear signal from the reversal of such islands. The signal range in 

this case, is an order of magnitude smaller compared to the hysteresis loop of the 

original (unpatterned) thin film, shown in figure 5.17b. The signal reduction is 

inevitable since approximately 68% of the magnetic material was milled away in the 

patterning process. However, this signal reduction is greater (~86%) compared to the 

reduction of the volume of the material (~68%). The deduced SNR from the loops of 
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the thin film and the islands are 42dB and 34dB, respectively. Although the large SNR 

difference between the loops does not allow an accurate quantitative comparison, the 

large inconsistency between the signal and the magnetic material reductions suggests 

that there are additional factors affecting the MOKE signal. In this case it is possible 

that the additional signal reduction is due to the light scattering effect that arises from 

the non-vertical side walls of the islands, as described previously in section 4.4.1.4. 

 

Figure 5.17: (a) SEM image of an island array consisting of 80x400nm rectangular 

islands. MOKE hysteresis loops of (b) the thin film (before patterning) and (c) the 

islands shown in (a). 

Moreover, two immediately recognisable effects can be identified, caused 

directly by the patterning process. The first, is a significant increase in coercivity from 

Hc
film

=0.1623T to Hc
islands

=0.278T (determined with an uncertainty of ±1x10
-4

T and 

±1x10
-3

T respectively), typically observed in BPM samples [270]. The second effect is 

the change in the slope of the loop; the sharp switch of the continuous thin film is 

altered into a more gradual switch when characterising the magnetic islands. This 

indicates a widening of the SFD, attributed to the variability of anisotropy amongst the 

islands within the BPM array [93]. Here, the large island size (multi-domain) suggests 

(b) (c) 

(a) 



CHAPTER 5 MOKE CHARACTERISATION TECHNIQUE 
  

   174 
  

that the switching behaviour is more likely described by a nucleation event occurring 

within each island (nucleation site), followed by domain wall propagation [239]. 

Using the same island array, the remanence curve and the ΔH (M, ΔM) 

measurement approaches were also tested, in order to confirm the correctness of their 

functionality. Figures 5.18a and 5.18b show the corresponding results obtained by the 

two alternative measurement approaches, respectively. The corresponding coercivity 

values deduced from the two approaches are Hc=0.284T and 0.288T (both determined 

with an uncertainty of ±2x10
-3

T), demonstrating a good agreement. Evidently, the 

additional software interfaces can effectively perform the intended measurement 

processes, without any obvious signs of performance deterioration. 

 

Figure 5.18: (a)The remanence curve and (b) a 50% recoil loop measurement, 

corresponding to the islands in figure 5.17a.  

5.4 Investigating Island Arrays with Variable Dimensions 

Researchers in the field of experimental magnetic characterisation of BPM 

island arrays have so far concentrated on the investigation of circular islands. The 

circular shape allows the fabrication of smaller islands, and thus higher areal densities 

can be realised. However, it has been suggested that for a viable magnetic storage 

system it is more likely to have elongated-shaped islands, which will conform to a 

more realistic write head design [83]. Following this notion, an investigation of 

rectangular islands with variable dimensions (island sizes and distances between them) 

was carried out. Figure 5.19 summarises the design dimensions of 36 island arrays, 

while figure 5.20 shows a corresponding SEM image that includes all the fabricated 

arrays. 

(b) (a) 
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Figure 5.19: Design layout of island pattern dimensions (all dimensions are in nm). 

 

Figure 5.20: The right hand side SEM image shows the 36 island arrays (red circles 

indicate the arrays that were not patterned successfully). The magnified left hand side 

SEM image shows an example where the islands have been merged due to e-beam 

overexposure, followed by unsuccessful lift-off after the hard mask deposition. 

The close observation of the individual island arrays indicates a general 

enlargement of the island sizes compared to the intended design dimension. This effect 

is typical for e-beam lithography, where the exact exposure doses are often difficult to 
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estimate, especially when small patterning elements in close proximity are involved 

(proximity effect). In four cases of thin-long islands (small Wx, large Wy) with small 

distance between them along their elongated side (small Δx), overexposure caused the 

merging of the islands (see figure 5.20), resulting in unsuccessful lift-off. Therefore, 

these arrays were excluded from subsequent measurements.  

5.4.1 Determining the True Island Dimensions 

In order to give a better representation of results for the 32 remaining arrays, 

the true island dimensions were directly determined from corresponding SEM images 

of the arrays. For this purpose, a custom software algorithm was developed using the 

Matlab software platform (the programming code is given in Appendix E), able to 

accurately deduce the island dimensions according to a pixel-based approach. The 

SEM images used in this analysis were taken at a magnification of around 100,000x, 

which corresponds to a nm-to-pixel ratio of less than 1, i.e. the dimensions can be 

determined with accuracy of at least 1nm (±1nm uncertainty). Figure 5.21 illustrates 

the different stages of the algorithm process in an island pattern example. Firstly, a 

cropped SEM image of the islands is read by the software algorithm in order to create 

a 2D greyscale pixel map of the image, which is then converted into binary format 

(black-and-white) according to the greyscale contrast between the islands and the 

surrounding surface. The algorithm can then trace the individual islands and fit a 

rectangular box around each one based on its extremities. For increased accuracy, the 

algorithm performs 4 additional scans (one on each side of the island) within each box, 

in order to trace the exact perimeter of each island. The values from each scan are 

averaged to deduce the Wx and Wy dimensions of the islands. Using the deduced 

island coordinates (with reference to the image dimensions), Δx and Δy can be 

subsequently computed. Additional information including the surface area of each 

island and their perimeter, are also computed. Once the algorithm completes its 

execution, both the visual and numerical results are displayed on-screen for visual 

verification (similar to figure 5.21), while the numerical results are also saved in a text 

file. 
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Figure 5.21: Matlab algorithm process for determining the true island dimensions 

from SEM images, with ±1nm uncertainty. 

The Matlab analysis can reveal some important differences between the design 

and the real island dimensions. In the example of figure 5.21, the islands have 

increased width (Wx) compared to the e-beam design, resulting in a corresponding 

distance reduction in the x direction (Δx) between adjacent islands. As explained in the 

previous section, this effect is attributed to e-beam overexposure and to proximity 

effects, commonly observed in dense patterns of nanoscale elements. Conversely, the 

Matlab algorithm shows that island length (Wy) matches closely the e-beam design 

value, while a small reduction is observed in the distance between islands in the y 

direction (Δy). Overexposure and proximity effects are less important in this case due 

to the increased feature sizes and distances along the y direction. However, small 

differences can still exist due to lithographic errors of the EBL system itself. Clearly, 

identifying such inconsistencies between the e-beam design and the real island 

dimensions is important for the correctly associated structural and magnetic 

characterisation of BPM. 

5.4.2 Measurements 

MOKE hysteresis loop measurements were successfully performed on 32 

islands arrays, under the same conditions (room temperature ~20ºC). The results 

presented in this section were generated from the averaging of 3 loops per array (with 

5-sample averaging per stepping point), while normalisation, offset and drift 

corrections were applied. Figure 5.22 shows two examples of island arrays with their 
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corresponding hysteresis loops. These examples are in fact the two extreme cases in 

terms of dimensions, i.e. the array with the biggest and most densely packed islands 

(Wx=132nm, Wy=403nm, Δx=63nm, Δy=31nm), and the array with the smallest and 

most sparse islands (Wx=70nm, Wy=109nm, Δx=172nm, Δy=176nm). From the 

corresponding loops, it is clear that the SNR reflects well with the difference in 

dimensions; smaller and less islands lead to a reduced detectable signal. Nevertheless, 

even in the worst case scenario, a clear magnetisation switching was obtained, from 

which the island array characteristics of interest could still be deduced. The results 

from all 32 arrays, including the Hc and SFD along with the corresponding island 

dimensions, are summarised in table 5.1. For consistency, all field values are defined 

with 3 decimal places precision, based on the ±6x10
-3

T uncertainty of the loop with 

the worst SNR (shown in figure 5.22d). The analysis of the measurements was done by 

fitting a Gaussian distribution to the derivative of each loop; the mean and the standard 

deviation of the best-fit Gaussian yield the Hc and SFD (σSFD) respectively. 

 

Figure 5.22: SEM images of BPM island arrays with dimensions (a) Wx/ Wy/ Δx/ Δy = 

132/ 403/ 63/ 31nm and (c) Wx/ Wy/ Δx/ Δy = 70/ 109/ 172/ 176nm, and their 

corresponding MOKE hysteresis loops (b) and (d). The island arrays were fabricated 

by patterning a Ptseed (10nm)/ [Co(0.4nm)/ Pt (1nm)]x15 thin magnetic film. 

(a) (b) 

(c) (d) 



CHAPTER 5 MOKE CHARACTERISATION TECHNIQUE 
  

   179 
  

 

Table 5.1: Measured island dimensions, determined with ±1nm uncertainty, and 

MOKE hysteresis loop measurement results, determined with 3 decimal places 

precision (measured in units of Tesla) based on a calculated worst case scenario 

uncertainty of ±6x10
-3

T. 

The results are best understood when examining the structural island 

characteristics (in this case the array dimensions) against the deduced magnetic 

characteristics. Figure 5.23a shows the relation between the Wx lateral dimension of 

the islands and the coercivity (Hc). The data are separated according to the Wy lateral 

dimension of the islands (islands with similar Wy lateral dimension are grouped 

together), as indicated by the different colours on the graph. Each group is further 

separated according to the Wx lateral dimension of the islands in order to obtain the 
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average coercivity (mean Hc indicated by the solid squares on the graph) for each 

group of data that corresponds to islands that are similar in both Wx and Wy. The error 

bars are estimated based on the standard deviation of the Hc values within each group, 

i.e. the error is both due to the noise and due to the small variability of Wx and Wy 

within each data group. In order to better visualise the relation between Wx and Hc, a 

straight line is fitted through the points of each Wy data group (indicated by the 

coloured dashed lines on the graph). In a similar way, the relation between Wy and Hc 

is also investigated, as shown in figure 5.23b. 

 

Figure 5.23: Graphical investigation of coercivity dependence on (a) Wx and (b) Wy 

lateral dimensions of the magnetic islands. The coercivity values (open symbols) are 

organised into groups of similar lateral dimensions, from which the mean coercivity 

(solid squares) and the error bars (standard deviation) are estimated. The dashed lines 

are linear fits to each group of coercivity values. 

The line fittings in figures 5.23a and 5.23b suggest that the data follow a trend, 

where the Hc increases with both decreasing Wx and decreasing Wy. This implies that 

the Hc depends on the overall size (area and/or perimeter) of the islands and not on 

their particular lateral dimensions. It should be noted that even through the line trends 

lie well within the estimated error boundaries and almost overlap with the average Hc 

of each data group, the error values are significantly large (the spread of Hc values lead 

to overlapping error bars) and therefore do not allow a strong statistical verification of 

this trend. However, the same trend is observed when examining the Hc with respect to 

the island area, as shown in figure 5.24a. In this case, the straight line fitting (dashed 

line on graph) based on all the data points, also suggests that the Hc increases with 

decreasing island area (with correlation coefficient R
2
=0.39). This result is in line with 

other BPM investigations, where a similar trend is typically observed [93, 271]. In 

(a) (b) 
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these investigations, the switching behaviour of the islands is described by domain 

nucleation followed by rapid domain wall propagation. The switching is directly 

related to nucleation fields, where the variability of anisotropy amongst the different 

nucleation volumes gives rise to the SFD. This variation in anisotropy can be attributed 

to microstrucural effects that are likely to be caused by defects within the island 

structure [272]. Statistically, for smaller island sizes, the variation in the number of 

defects amongst the islands becomes larger, and therefore a wider SFD is expected. In 

order to investigate this effect, the SFD is investigated with respect to the island area, 

as shown in figure 5.24b. The line fitting suggests that a weak trend exists, where the 

SFD increases (widens) with decreasing island area, as expected. However in this case, 

the data spread is relatively large with respect to the line fitting (correlation coefficient 

R
2
=0.06), which indicates that the graph is statistically inconclusive. 

 

Figure 5.24: Graphical investigation of (a) the coercivity and (b) the SFD dependence 

on the island area, and the dependence of coercivity on (c) the island perimeter and 

(d) the area/perimeter ratio. The dashed lines are linear fits to all the points in each 

graph. 

Elsewhere it has been suggested that edge defects in the island structure (e.g. 

due to milling) could be a possible source of nucleation sites, giving rise to the 

(d) 

(a) (b) 

(c) 
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previously described magnetic behaviour [233]. In order to investigate this effect, the 

relation between the Hc and the island perimeter is examined, as shown in figure 5.24c. 

The line fitting (correlation coefficient R
2
=0.54) suggests that Hc decreases with 

increasing perimeter. This is likely due to the larger number of possible defects for a 

larger perimeter, which statistically would provide a larger number of magnetically 

weak (easy to switch) nucleation sites that could initiate the magnetic reversal of each 

island. In an attempt to distinguish between the area and the perimeter effect 

contributions to the observed Hc trend, the ratio of area/perimeter is plotted against Hc 

as shown in figure 5.24d. However, the line fitting (no slope observed) and the large 

spread of data points on the graph (correlation coefficient R
2
=0) do not allow a 

distinction between the two effects. 

In terms of the island shape, the fact that the results in this investigation 

suggest a similar island magnetic behaviour to other studies, where circular islands had 

been investigated, implies that there is no significant effect in the use of elongated 

islands. This is also suggested by the results shown in figures 5.25a and 5.25b, where 

the bit aspect ratio (BAR) Wx/Wy of the islands is investigated with respect to the 

island Hc and SFD, respectively. In this case, the line fittings do not indicate a strong 

correlation between the BAR and the Hc or the SFD of the islands (correlation 

coefficient R
2
=0.12 and 0.03, for the Hc and the SFD respectively). Ideally, a study 

involving islands with smaller lateral dimensions (Wx and Wy) and higher BAR would 

be more appropriate for revealing the true effects of BAR. 

 

Figure 5.25: Graphical investigation of (a) the coercivity and (b) the SFD dependence 

on the island bit aspect ratio (Wx/Wy). The dashed lines are linear fits to all the points 

in each graph. 

(a) (b) 
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5.5 Reduced Island Dimensions 

A similar investigation to the one in section 5.4 was attempted with the 

intention of determining the effects of BAR for smaller islands. In this case, the island 

dimension constrains necessitated a more detailed pattern design. More specifically, 

the island patterns were repeated for different e-beam doses, allowing the selection of 

the island patterns that best match the intended dimensions. Figure 5.26 shows an 

optical microscope image of the fabricated island patterns, where blocks D and L 

containing multiple island arrays are repeated for 9 and 8 different doses, respectively. 

While the L blocks were intended for calibration purposes, the D blocks were 

specifically designed for subsequent measurements. The configuration of both blocks, 

with their incorporated island pattern dimensions are shown in figure 5.27. For the 

measurement D blocks, the generated island patterns include the dimension 

combinations of Wx=40nm, Wy=40/80/160nm, Δx=40/80/160nm and 

Δy=40/80/160nm, for a total of 15 island arrays (although there are 18 arrays per 

block, 3 arrays have repeated sizes). 

 

Figure 5.26: An optical microscope image of the fabricated island patterns, consisting 

of multiple array blocks for both calibration and measurement purposes. 



CHAPTER 5 MOKE CHARACTERISATION TECHNIQUE 
  

   184 
  

 

Figure 5.27: E-beam designs of array blocks D and L. 

Similarly to the previous investigation, the array dimensions were determined 

with ±1nm uncertainty, by using the custom Matlab algorithm to analyse the 

corresponding SEM images of the island arrays. Due to the large number of arrays 

(162), a rough selection was made prior to the dimension analysis, where arrays with 

visible defects, observed in the SEM images, were removed. For the remaining arrays, 

the final selection analysis revealed the closest matching arrays to the dimensions of 

the original design, as shown in table 5.2. 

 

Table 5.2: Comparison between the e-beam design dimensions of the island arrays 

and the dimensions of the actual islands fabricated through e-beam lithographic 

patterning. The real island dimensions are determined with ±1nm uncertainty, based 

on the custom Matlab algorithm analysis of the corresponding SEM images. 
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5.5.1  Measurements 

MOKE measurements were attempted on all arrays, following a similar 

approach (configuration/settings) to the investigation described in section 5.4.2. In this 

case the results were not as successful, since a clear signal could not be detected for all 

the island arrays. Therefore a full measurement analysis was not possible, due to the 

insufficient number of results. Instead, in this section, the obtained results are 

discussed in terms of the capability limits of the MOKE technique. 

Figure 5.28 shows some examples of the arrays that were investigated, along 

with their corresponding measured MOKE hysteresis loops. These examples were 

selected specifically to illustrate the effect that the island size and separation have on 

the SNR of the MOKE measurements; using figure 5.28a as a reference point 

(Wx=40nm, Wy=125nm, Δx=37nm, Δy=186nm), in figure 5.28c the island size is 

reduced while the island separation is kept approximately the same (Wx=45nm, 

Wy=70nm, Δx=32nm, Δy=162nm), whereas in figure 5.28e the island separation is 

increased while the island size remains approximately the same (Wx=38nm, 

Wy=118nm, Δx=154nm, Δy=77nm). Their corresponding hysteresis loops, in figures 

5.28d and 5.28f respectively, show clearly that the SNR is significantly affected by 

both the island size and the island separation. This suggests that the SNR is directly 

dependent on the amount of magnetic material per unit surface area (assuming that it is 

proportional to the volume of the material). The SNR reduction has a detrimental 

effect on the shape of the hysteresis loops, which is especially evident near the 

saturation regions. Moreover, any drift in the MOKE signal (e.g. due to temperature 

fluctuations or mechanical vibrations) is more evident in these measurements, since it 

is comparable to the signal magnitude. Therefore, artefacts such as large crossovers 

can be introduced in the corrected data (see figures 5.28d and 5.28f), due to the MOKE 

software program failing to perform large non-linear drift corrections. For smaller 

islands (Wx&Wy≈40nm), the poor SNR prevents the detection of the magnetisation 

reversal of the islands. Even for the case of the smallest island separation (Wx=38nm, 

Wy=40nm, Δx=39nm, Δy=154nm) shown in figure 5.28g, the signal is still 

completely overwhelmed by the noise level (see figure 5.28h). 
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Figure 5.28: SEM images (a, c, e and g) of various BPM island arrays and their 

corresponding MOKE hysteresis loops (b, d, f and h). The dimensions of each island 

array are given at the bottom of each SEM image, respectively, with ±1nm uncertainty. 

The red arrows in (d) and (f) indicate the measurement sequence. 

(e) 

(a) (b) 

(c) (d) 

(f) 

(g) (h) 

Wx/Wy/Δx/Δy  =  40/125/37/186  nm 

Wx/Wy/Δx/Δy  =  45/70/32/162  nm 

Wx/Wy/Δx/Δy  =  38/40/39/154  nm 

Wx/Wy/Δx/Δy  =  38/118/154/77  nm 
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From a rough estimate, the percentage of surface area covered by islands is 

22%, 18%, 12% and 11% for figures 5.28a, 5.28c, 5.28e and 5.28g respectively. 

Noticeably, the last two percentage figures are comparable, even though the 

corresponding obtained signals (figures 5.28f, 5.28h respectively) are quite different. 

This suggests that the SNR is not only affected by the amount of magnetic material but 

it also depends on the specific island features. A closer look at the SEM images reveals 

that the island surface is in fact non-uniform; the middle light-grey area of each island 

corresponds to its relatively flat top surface, whereas the white “skirting” of the island 

corresponds to the non-vertical side walls. As previously discussed in chapter 3, this is 

caused by the use of Ar
+
 ion milling in the fabrication of the islands. This effect is 

amplified as the island size is reduced, which is also observable in this case; the flat 

surface on the smallest islands is completely eliminated. Therefore, the inability to 

detect a signal from the smallest islands is most likely attributed to the scattering 

effect, previously discussed in section 4.4.1.4. Assuming the island surface was to 

remain relatively flat even for islands smaller than 40nm (no scattering effect), then 

theoretically it should be possible to detect the magnetisation of the islands. However, 

such an investigation was prohibited in this project due to the employed fabrication 

process. 

5.5.2 Alternative Island Structure 

The developed MOKE system was not only used for the purposes of this 

project, but it was in fact adopted as a regular magnetic characterisation technique by 

other laboratory users. As such, the MOKE system has been also used in the 

characterisation of alternative BPM island structures. For comparison purposes some 

of the obtained measurements are presented in this section, under the permission of 

another user (images and results are courtesy of Georg Heldt). 

Of particular interest, is an investigation performed on circular multilayered 

islands with Taseed(1.5nm)/Ptseed(1.5nm)/[Co(0.3nm)/Pt(0.9nm)]x8/Ptcap(1.1nm) 

composition. Compared to the islands fabricated in this project, these islands have 

almost half the thickness (half the magnetic material), suggesting that the MOKE 

signal should be worse. However, the most important difference is the fact that these 
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islands had been fabricated through an additive process, i.e. the islands did not undergo 

any milling and have therefore retained a relatively flat surface. Similarly to the 

measurements performed in this project, the results presented here were generated 

using minimal averaging (5 repeated loops). Figure 5.29 shows the SEM images of 

100nm- and 35nm-diameter islands, along with their corresponding MOKE hysteresis 

loops. It should be noted that the amount of magnetic material per unit surface area 

remains the same for both arrays (1:1 diameter:separation ratio). Although there is a 

significant reduction in the SNR for the 35nm-island measurement, the magnetisation 

reversal of the islands is clearly distinguishable, allowing a full analysis of the results. 

Noticeably, the islands in this investigation also have a small “skirting”, which is more 

prominent in the case of the smaller 35nm islands. While this is likely to be the reason 

for the SNR reduction, the 35nm islands still have a relatively large flat central surface 

that can provide good reflectivity and thus improved signal. 

 

Figure 5.29: SEM images of circular islands with (a) 100nm and (c) 35nm diameter, 

and their corresponding MOKE hysteresis loops (b) and (d) (Reproduced with the 

permission of Georg Heldt). The islands were fabricated by additive patterning of a 

Taseed (1.5nm)/ Ptseed (1.5nm)/ [Co(0.3nm)/ Pt (0.9nm)]x8/ Ptcap (1.1nm) thin magnetic film. 

(a) (b) 

(c) (d) 
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An additional effect observed in these measurements is described by the slope 

of the hysteresis loops, more clearly seen along the saturation regions of both loops in 

figure 5.29. This linear effect is attributed to the diamagnetic offset signal arising from 

the silicon substrate. This large diamagnetic signal, which has not been observed in 

any of the previously described measurements, is due to the reduced seed layer 

thickness (3nm instead 10nm used in previous investigations) and the reduced island 

height (9.6nm instead 21nm), which allows the MOKE laser beam to penetrate deeper 

into the substrate. In the case of the 35nm-diameter islands the effect of the 

diamagnetic signal becomes even more significant since it is comparable to the signal 

obtained from the islands. This effect is more evident along the saturation regions of 

the loop (see figure 5.29d), where its combination with the background noise of the 

measurement modifies the shape of the loop. 

Despite the fact that the 35nm islands are smaller in size and of less magnetic 

material than the ones described in the previous section, the obtained signal is much 

stronger. This not only confirms that the scattering effect is a major limiting factor, but 

it also proves that the MOKE system detection capabilities are far better than originally 

assumed. A VSM was used to characterise a corresponding thin magnetic film with the 

same material composition (as in the islands in figure 5.29), where the measured 

saturation magnetisation, Ms, was approximately 570x10
6
emu/m

3
. Assuming a  field 

factor of 5 (where signal loss is only due to the reduction of magnetic material after 

pattering the film into islands), and assuming a laser beam spot diameter of 1.5μm for 

the MOKE system, then the sensitivity of the MOKE system is estimated at around 

6x10
-13

emu. In terms of BPM characterisation, the results compare favourably with 

similar investigations, where the reported MOKE measurements were limited to a 

minimum of 44nm islands [236, 238]. Elsewhere, improved MOKE measurements 

were performed on islands as small as 30nm [93, 149, 240, 269]. However, in these 

cases, the employed MOKE system had a 20µm-diameter focused laser beam spot, 

which is much bigger than the focused spot employed in the MOKE system of this 

project (estimated at 1-1.5µm); having a bigger spot means that a larger amount of 

magnetic material (more islands) is being detected which gives a proportionally larger 

signal, but of reduced spatial resolution. Finally, it should be noted that the results in 

the other cases are deduced from the averaging of hundreds of repeat loops, whereas 
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the results presented here are only averaged with less than 5 loop repeats. In 

conclusion, the performance of the MOKE system is comparable to some of the best 

commercial and home-build MOKE systems reported in the literature, with typical 

sensitivities in the order of 1x10
-12

emu [230, 234]. Therefore the MOKE system 

developed in this research project shows great potential for characterising BPM with 

higher areal densities in future investigations. 

5.6 Summary 

In this chapter, the development of a new p-MOKE setup and its use in 

characterising BPM samples was explained in detail. The description of the individual 

custom built components, including the electromagnet, the focusing and imaging 

mechanisms, the detection electronics and the software control program, revealed 

some of the most important features of the developed MOKE system. More 

specifically, this MOKE system provides a theoretical spatial resolution of 1-1.5µm, 

and is able to apply a relatively large perpendicular magnetic field (>1T) necessary for 

the characterisation of BPM. 

The performance of the MOKE system was first evaluated against an AGFM, 

where the characterisation of the same Co/Pt multilayered thin film by the two 

techniques showed a good agreement of results. However, superior SNR was 

demonstrated by the MOKE system (SNRMOKE=41dB, SNRAGFM=34dB). Initial 

testing performed on relatively large islands (80nmx400nm), demonstrated a reduction 

of the SNR from 42dB (for the thin magnetic film prior to pattering) to 34dB (for the 

islands). The measurements also verified the functionality of the remanence curve and 

the ΔH (M, ΔM) measurement approaches included in the developed software 

program. The MOKE system was used in the investigation of rectangular magnetic 

islands with various dimensions (down to sub-100nm island sizes). The analysis of 

results suggested that the coercivity increased with decreasing island area and 

perimeter. A similar but much weaker (statistically inconclusive) trend was observed 

in terms of the SFD (wider SFD for reduced island areas). These effects are consistent 

with similar studies performed on circular islands, suggesting that there is no 

significant effect in the use of elongated islands of variable BAR. 



CHAPTER 5 MOKE CHARACTERISATION TECHNIQUE 
  

   191 
  

A similar investigation was attempted on smaller islands with sizes down to 

40nm, where the results showed that the MOKE SNR deteriorated with decreasing 

island sizes. The comparison between island arrays with approximately the same 

amount of magnetic material but different island dimensions revealed that the SNR is 

greatly affected by the shape of the islands. Smaller islands that tend to have a dome-

shaped profile (due to the Ar
+
 ion milling) give rise to an increased scattering effect, 

which causes a significant reduction of the detected signal. This observation was 

further supported by the results obtained from islands with an improved profile (flat 

top surface), which were fabricated using an additive patterning approach (no milling 

was used). In this case, islands with sizes down to 35nm were successfully 

characterised, even when minimal loop averaging was used (<5 loops). These results 

compare favourably with other BPM investigations, where MOKE characterisation 

was performed on islands with similar sizes but with inferior spatial resolution. Based 

on the results obtained from the 35nm islands and the measured saturation 

magnetisation of the corresponding thin magnetic film, the sensitivity of the MOKE 

system is estimated at approximately 6x10
-13

emu. This is in line with other MOKE 

systems reported in the literature with typical sensitivities in the order of 1x10
-12

 emu. 

For comparison purposes, some of the BPM investigations described in this 

chapter were repeated using the AHE characterisation technique, as explained in the 

following chapter. 
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CHAPTER 6  
 _____________________________________________________________________________________________________________________________________  

6AHE Characterisation Technique 
 _____________________________________________________________________________________________________________________________________  

Chapter 6 describes the fabrication of Hall cross structures and their use in the 

magnetic characterisation of BPM samples through the AHE technique. Using the 

same samples, previously characterised by the MOKE technique, allows a direct 

comparison of results. Some key limiting factors of the initial Hall cross design 

structure are identified, leading to the novel design and fabrication of an alternative 

Hall cross structure. The incorporated BPM island pattern designs allowed the 

experimental determination of the spatial sensitivity of such Hall cross structures. 

6.1 Initial Hall Cross Fabrication 

Using the AHE technique in the characterisation of BPM is typically achieved 

through the use of Hall cross structures, as previously described in section 4.4.2.2. This 

requires a number of lithographic fabrication process steps through which a deposited 

metallic conductor is formed into a cross shape, such that the cross legs can be used as 

connectors for the current supply and the voltage measurements. Similar to the 

patterning of magnetic islands, the initial Hall cross fabrication process adopted in this 

research project involves the use of e-beam lithography, e-beam evaporation and Ar
+
 

ion milling. This Hall cross fabrication process takes place once the magnetic islands 

have been fabricated, i.e. the Hall cross fabrication is independent from the magnetic 

island fabrication. Therefore, the MOKE technique can still be used for the 

characterisation of the magnetic islands prior to the Hall cross fabrication and the 

subsequent characterisation using the AHE technique. Consequently, both techniques 

can be applied on an identical set of magnetic islands, allowing a direct comparison of 

results. An overview of the adopted Hall cross fabrication process, applied on samples 
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with fabricated islands, is shown in figure 6.1, with a more detailed explanation of the 

individual fabrication steps given below: 

1. 450k PMMA resist in 3% anisole was first spun on top of magnetic islands at 

5000rpm for 60s, followed by a soft bake at 165ºC for 15 minutes. The process 

was repeated with 950k PMMA resist in 3% anisole creating a second resist layer 

on top of the first one. 

2. E-beam lithography was used to expose the cross design, using an e-beam energy 

of 10keV, a 100x100µm
2
 write field, a 10µm aperture and a 2nm basic step size. 

3. The exposed PMMA was then developed in a 1:3 MIBK:IPA mixture for 30s 

followed by a 30s rinse of IPA to slow down the development process. The 

development process was stopped by blow drying the sample with a N2 duster. 

4. A 4nm Ti adhesion layer and an 85nm Au layer were deposited on top of the resist 

mask using the Moorfield e-beam evaporation system (at ~4x10
-7

 mbar vacuum 

conditions) with deposition rates of 0.02nm/s and 0.11nm/s respectively. 

Degassing of both materials was performed prior to deposition. 

5. Next, the resist mask was removed by lift-off, by dropping the sample in an 

acetone-filled beaker, suspended in ultrasonic bath for 10s. The beaker was then 

heated up in order to accelerate the lift-off process, followed by another 10s of 

ultrasound. The sample was left to soak in the acetone for approximately 3 hours 

before refilling the beaker with fresh acetone and re-applying a 10s ultrasound. 

The lift-off process was completed by rinsing the sample with acetone and IPA, 

and blow drying it with a N2 duster. 

6. The result from the lift-off process is an Au cross residing on top of the magnetic 

islands and the Pt seed layer. In order to prevent the contacts of the cross from 

shorting (due to the continuous Pt seed layer), the surrounding Pt material was 

removed through Ar
+
 ion milling (under ~1x10

-6
mbar vacuum conditions) using 

the Moorfield etcher. In this case, the Au cross acts as a hard mask for transferring 

the cross pattern to the underlying Pt layer, and at the same time it protects the 

magnetic islands from being damaged during milling. A total of 4 minutes of 
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milling were required to ensure that the 10nm-thick Pt seed layer (~0.043nm/s 

milling rate) was completely removed, while at the same time the Au cross 

thickness was reduced to around 50nm (0.13nm/s milling rate). 

 

Figure 6.1: Schematic overview of the Hall cross fabrication process. 

Conversely to the magnetic island fabrication where a single layer of PMMA 

was used, the Hall cross fabrication required the use of a double-layered resist. This is 

due to the fact that, in this case, the thickness of the deposited material (4/85nm Ti/Au) 

is significantly increased compared to the thickness of the magnetic island hard mask 

(15/5nm Ti/AuPd). The double-layered PMMA ensures that a good (high enough) 

undercut is created through the exposure and development process. Whereas in the 

single-layered PMMA the undercut was created through the e-beam backscattering 

effect (described in section 3.5.4.1), here the undercut is achieved by the use of two 

different resists. The lower molecular weight (450k) PMMA resist layer at the bottom 

is more susceptible to e-beam exposure compared to the top layer with higher 

molecular weight (950k). Consequently, a larger area is exposed in the bottom PMMA 

layer, effectively creating an undercut after the development process, as shown in 

figure 6.2. Through this process, an undercut with height in excess of 100nm is 

achieved [122], which can easily accommodate the deposition of the 85nm-thick Au. 
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Figure 6.2: Schematic illustrating a double-layered PMMA resist undercut. 

Selecting Au for the Hall cross fabrication was based on its good electrical 

conductivity, which would allow higher currents to pass though, and therefore provide 

a stronger voltage measurement signal for the AHE characterisation experiments. The 

Au capabilities have been demonstrated previously in the form of Hall bars, which 

were used in the detection of domain wall motion in magnetic films [273]. Finally, Au 

is an easy to use material that has been successfully employed in nanometre-scale 

lithographic processes [32]. However, its milling rate is relatively high compared to Pt 

(~3x faster), which is in fact the reason for depositing a thicker Au layer on top of the 

magnetic islands. More specifically, the 85nm thickness was selected such that after 

the Ar
+
 ion milling of the Pt seed layer there would still be a relatively thick Au cross 

on top of the magnetic islands. In addition, Stopping and Range of Ions in Matter 

(SRIM) simulations revealed that the depth penetration of Ar
+
 ions in Au lies in the 

order of 2-3nm [274], which is well below the thickness of the milled Au cross 

(50nm). In combination with its high electrical conductivity (Au resistivity 

ρ=2.44x10
-8

Ωm), it was assumed that the applied current would favour passing 

through the Au layer (and the incorporated magnetic islands) rather than taking the 

more resistive path of the underlying Pt layer (Pt resistivity ρ=1.06x10
-7

Ωm), resulting 

in a stronger AHE voltage signal. It should be noted that this Hall cross fabrication 

process allows for the 10nm-thick Pt seed layer of the magnetic islands to remain 

intact. This approach differs from other AHE investigations of similar BPM, where 

Hall crosses are deposited on top of magnetic islands with no underlayer [253, 261]. 

6.2 Measurement Setup 

In order to use the fabricated Hall crosses for the AHE characterisation of the 

BPM samples, it was necessary to have some appropriate means of applying a 
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controllable external magnetic field, perpendicularly to the sample surface. At the 

same time, a constant current should be applied along two opposite legs of the cross, 

while the voltage potential is measured across the other two legs. Since the developed 

MOKE setup could fulfil these requirements, it was decided that this same setup could 

be used for the AHE measurements as well. The advantage in doing so is that not only 

the samples are identical between the two sets of results (comparison between the 

MOKE and AHE techniques), but also the measurement conditions are as similar as 

possible; including the ambient environment, the electromagnet (applied field) and the 

software control/configuration. The difference in this case was that, instead of 

connecting the lock-in amplifier to the laser beam modulator and the photodiode 

detectors, the connections were made directly to the Hall cross legs (contacts). More 

specifically, the voltage sine-wave reference output signal of the lock-in amplifier 

(passed through a resistor in series) was used for applying a modulated current along 

two opposite legs of the Hall cross. The other two legs of the cross were connected to 

the two inputs of the lock-in amplifier to allow demodulation and measurement of the 

Hall cross output voltage potential, through differential detection. A simplified 

illustration of the above described configuration is given in figure 6.3. 

 

Figure 6.3: Schematic of the Hall cross setup configuration. 

Ideally, the sample containing the Hall cross should be placed in a chip-carrier, 

allowing the connection of the Hall cross legs to the chip-carrier through wire-bonding 

and then connecting the chip-carrier directly to the lock-in through BNC wiring. 

However, due to the limited working space within the custom electromagnet (distance 

between the tip and the top cover), this option was not feasible. The solution was to 
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use electrically conductive silver dag for extending the legs of the Hall cross towards 

one side of the sample (see figure 6.3), where connections to thin copper wiring could 

be made. The copper wiring was kept short (just long enough to exit the 

electromagnet), while subsequent BNC wiring was used to connect to the lock-in 

amplifier in order to minimise the noise. However, it is likely that this solution could 

have resulted in an increased contact resistance, limiting the Hall cross response. The 

main disadvantage of this solution was that applying the silver dag and making the 

connections to the copper wiring was a relatively tedious process, requiring high 

dexterity; a sharp-edged stick was used to apply the liquid silver dag on the surface of 

the sample, under a microscope-magnified view (see figure 6.4). Extra care was taken 

when applying the silver dag on the Hall cross legs, where small mistakes (silver dag 

spill) could result in short-circuiting the cross. The copper wiring connections had to 

be fixed at the end of the silver dag trails for approximately 3 hours, until the silver 

dag was dried-out, creating a firm connection to the wires and forming an electrically 

conductive path. 

 

Figure 6.4: An optical microscope image of a Hall cross after its legs had been 

connected with silver dag. 

6.2.1 Initial Hall Cross Testing using the Custom Electromagnet 

In order to examine the behaviour of the Hall cross, initial tests were performed 

using a 50nm-thick Au cross with a 1x1µm
2
 central sensing area (see figure 6.5a), 

deposited directly on a SiO2 substrate, i.e. without incorporating any magnetic islands. 

Therefore, the final fabrication step of Ar
+
 ion milling was not required in this case. It 

should be noted that although the sensitivity of a Hall cross is typically improved by 
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reducing its size [254], the fabricated Hall crosses in this research project were 

restricted to sizes between 1x1µm
2
 and 1.6x1.6µm

2
. This allowed the direct 

comparison of results with the MOKE technique (1-1.5µm laser beam spot diameter), 

since a comparable spatial resolution between the two techniques was maintained. 

Maximising the response of the Hall cross structures requires the use of 

relatively high currents, typically in the order of a few mA [273]. In these experiments, 

the Hall cross was supplied with a modulated current (1.33 kHz) of 1mA, using the 

configuration setup described earlier in this section. The current density of this Hall 

cross was estimated at approximately 2x10
10

A/m
2
, according to its cross-sectional area 

(5x10
-14

m
2
) and the applied current (1mA). The corresponding power (per second) 

delivered to the 1x1µm
2
 50nm-thick Hall cross was estimated at around 4.4x10

-6
W 

using equation P=I
2
R, where P is the power, I is the current (=1mA) and R is the 

resistance of the Hall cross along the path of smallest cross-sectional area (~4.4Ω). As 

in the case of the laser beam in the MOKE system, this level of power (µW) should not 

contribute to any significant sample temperature increase. Given that each loop 

measurement was performed in a relatively short period of time (<20 minutes), the 

energy should dissipate efficiently enough through thermal conduction to the 

underlying material/substrate, and through thermal convection and heat radiation to the 

immediate environment (airflow at ~20ºC). More importantly, the similarity of results 

between the Hall cross and MOKE measurements performed in this project (matching 

of their corresponding loop shapes and deduced coercivity values), suggests that any 

existing heating effect did not significantly affect the magnetic behaviour of the BPM. 

Figure 6.5b demonstrates the voltage potential of the cross, for different 

magnetic fields applied by the electromagnet. As expected, the voltage potential 

increases linearly with respect to the increasing magnetic field; here, the voltage 

potential is attributed solely to the NHE arising from the Au cross itself, since no 

magnetic material is present. However, the linear fit to the data does not pass through 

the graph origin, indicating that a non-zero Hall voltage is present when there is no 

applied magnetic field. An ideal Hall voltage response (passing through the origin) 

would require the fabrication of a perfectly shaped and defect-free Hall cross. In 

practise, it is usually the case that material parameter variations and small shape 
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asymmetries/irregularities between the legs of the cross give rise to a small zero-field 

voltage offset [275, 276], such as the one observed in this case (due to the non-ideal 

lithographic patterning process). Removing this offset along with the linear behaviour 

of the NHE from later BPM measurements is necessary in order to distinguish the 

AHE voltage, as discussed earlier in section 4.4.2. 

 

Figure 6.5: (a) An optical microscope image of a Au Hall Cross and (b) its 

corresponding Hall voltage response. (c) A comparison between the custom-fabricated 

Au Hall cross and a commercial Hall cross response, when used in the magnetic field 

mapping of the electromagnet. 

As an additional evaluation test, the response of the Au Hall cross was 

compared to that of the commercial Hall cross used in the calibration of the custom 

electromagnet (described in section 5.2.1.2). More specifically, the Au Hall cross was 

used for detecting the magnetic field response of the electromagnet for a varying 

horizontal distance from the centre of the electromagnet’s pole tip (at a constant height 

and current supplied to the electromagnet coil). Figure 6.5c shows the obtained 

magnetic field profile of the electromagnet, along with the corresponding profile 

obtained with the commercial Hall cross (reproduced here for comparison purposes). 

(a) (b) 

(c) 
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Interestingly, the results are almost identical for distances close to the pole centre, 

whereas a small deviation between the two profiles appears at greater distances. This 

deviation can be attributed to the size difference between the two Hall crosses; the 

commercial Hall cross has a significantly larger sensing area (0.1x0.1mm
2
) than the 

custom Au cross (1x1µm
2
). In the case of a non-uniform field, such as the one 

generated further away from the pole, a Hall cross with a larger sensing area gives a 

rougher estimate (averaging) of the magnetic field. Conversely, the custom Au Hall 

cross gives a more precise and realistic magnetic field profile of the electromagnet due 

to its increased spatial resolution. At the same time, the above results confirm the 

magnetic field uniformity of the electromagnet close to its pole centre. 

6.2.2 Extending the Hall Cross Design 

Through these early testing stages a critical problem was revealed, concerning 

the use of the fabricated Hall cross structures. It was observed that the Au Hall crosses 

would become unusable after a single day of measurements due to damage (cut-off) of 

their legs (see figure 6.6). 

 

Figure 6.6: Optical microscope image of a Au Hall cross with a damaged leg 

connection (indicated by the red arrow). 

Based on the fact that this phenomenon was observed repeatedly for different 

Hall crosses with no other obvious marks around the damaged area, it was assumed 

that the damage was a result of the cross being “burned out” rather than being caused 

by physical damage (e.g. a scratch). While this suggested that the damage could be due 
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to the continuous use of the Hall cross (applying high currents for long time periods 

could cause overheating and melting of the cross), regular checks (by SEM and AFM 

imaging) performed between successive tests proved that this was not the case. In fact, 

it was only when the Hall cross was left disconnected overnight that the damage would 

occur. By leaving the Hall cross continuously connected to the lock-in amplifier even 

when not in use, the damages were prevented. While, the exact cause of this 

phenomenon was not determined, a possible explanation might be the charge build-up 

(caused by the air flow from the air conditioner) generated on the surface of the cross 

overnight, rapidly discharging and burning out the Hall cross legs once they were 

reconnected. 

As an additional precautionary measure, the design of the Hall cross structure 

was extended so that two Hall crosses were incorporated in the same structure; the 

second cross acting as a backup in the event the first one gets damaged. Figure 6.7 

shows the revised design of this double Hall cross structure, where adjustments had to 

be made in order to accommodate the increased number of contact legs. In particular, 

the legs of the Hall cross structure had to be extended such that their extremities were 

separated by a sufficiently larger distance (see figure 6.7d), in order to allow for an 

easy connection with the silver dag. This resulted in a relatively large e-beam 

lithographic design size (3mmx3mm), requiring the use of three separate exposure 

stages for the different parts of the structure (indicated by the three different colours in 

figure 6.7a). The central part of the structure was exposed, as in the case of the original 

design, with a 100x100µm
2
 write field and a 10µm aperture, for maximal resolution. 

For the intermediate and outer parts, where resolution constraints were not as critical, 

larger write fields of 240x240µm
2
 and 1500x1500µm

2
, and apertures of 60µm and 

120µm were used respectively, in order to reduce the exposure time (total exposure 

time of 45 minutes). Although the double Hall cross design inherently minimises the 

number of contact legs that would otherwise be required for two separate crosses (6 

instead of 8), the approach followed here keeps 4 separate contacts for each cross. This 

way, the connections for each cross could be made on the two opposite sides of the 

sample (see figure 6.7c), allowing each cross to be used separately. To achieve this, 

two Hall cross legs had to be split to form two additional contacts (see figure 6.7b). In 

this connection configuration, the current supply and the voltage output of each Hall 
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cross are applied through different contact legs, suggesting that the two crosses could 

not be used simultaneously. 

 

Figure 6.7: (a) Double Hall cross e-beam lithographic design and the corresponding 

optical microscope images of a fabricated double Hall cross structure at (b) 100x and 

(c, d) 5x magnifications. The green circles in (b) indicate the split of single cross legs.  

6.3 BPM Investigations 

After optimising the design of the custom-fabricated Hall cross structure and 

confirming its expected linear NHE response by using the suggested configuration 

setup for the AHE measurements, it was then possible to proceed with the 

investigation of BPM samples. As suggested earlier in this chapter, these 

investigations entail the use of BPM samples that had been previously characterised by 

the MOKE technique, allowing a direct comparison of results. 

6.3.1 Large Island Dimensions 

As in the case of MOKE characterisation (see section 5.3.1), the first AHE 

measurements involved the characterisation of relatively large magnetic islands of 

rectangular shape (80x400nm) [277]. For this purpose, a double Hall cross structure 
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was fabricated on top of the BPM island array, as shown in figure 6.8. It should be 

noted that although islands appear both inside and outside the Hall cross boundaries, 

the islands that lie outside the cross are in fact non-magnetic; the Ar
+
 ion milling 

process that was used in order to remove the Pt seed layer, also mills away the 

magnetic islands (uniform milling across the whole sample). Therefore the observed 

islands outside the cross are created by pattern transferring of the islands into the 

underlying SiO2 substrate, with possibly some Pt traces still remaining on top of the 

islands due to the original larger thickness (extra 21nm of Co/Pt).  Conversely, the 

islands within the Hall cross are covered by the 50nm of the deposited Au, retaining 

the original island pattern (uniform deposition across the whole sample). Noticeably, 

these islands appear bigger in size compared to the islands outside the cross (see figure 

6.8c). This is expected since the magnetic island profiles are not ideal to start with; the 

non-vertical sidewalls of the islands allow for Au to build up during the deposition 

process, effectively increasing the size (perimeter) of the islands.  

 

Figure 6.8: (a) Optical microscope image and (b, c) SEM images of a double 50nm-

thick Au Hall cross structure fabricated on top of a BPM island array. The 80x400nm 

magnetic islands were fabricated by patterning a Ptseed (10nm)/ [Co(0.4nm)/ 

Pt (1nm)]x15 thin magnetic film. 

(a) 

(b) (c) 

50µm 

  2µm 300nm 
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Moreover, figure 6.8 shows clearly that the dimensions and the shape of the 

Hall cross itself have remained well-defined, according to the initial e-beam design 

specifications, even after the Ar
+
 ion milling process has taken place. More 

importantly, the Hall cross structure has retained its sharp features (edges), and its 

symmetry, ensuring a maximal Hall voltage response from the central of the sensing 

area, and the minimisation of voltage offsets, respectively [257, 258, 275, 276]. 

Following the connection configuration suggested in section 6.2.2, a 1mA 

modulated current (1.33 kHz) was passed vertically through the Hall cross structure, 

while the Hall voltage was measured horizontally with reference to the cross 

orientation presented in figure 6.8. The required Hall voltage measurements were 

performed by the custom software program developed for the MOKE system, using 

the same parameters (maximum of 3 repeating loops, 300ms time constant, 5 

averaging samples per measurement point). In order to ensure that the island array (and 

the Hall cross) is aligned with the centre of the electromagnet pole (for a uniformly 

applied magnetic field), the optical imaging mechanism of the MOKE system was 

used similarly to the case of the MOKE characterisation (described in section 5.2.3). 

More specifically, the BPM sample incorporating the Hall cross structure was 

accurately positioned such that the centre of the cross (and the underlying island array) 

would coincide with the laser beam of the MOKE system (and therefore the 

electromagnet’s tip), as shown in figure 6.9. Once the alignment was completed, the 

laser beam was switched off and the Hall voltage measurements were performed. 

 

Figure 6.9: CCD camera image obtained with the MOKE system, with the laser beam 

aligned in the centre of the Hall cross structure and the underlying island array. 
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Figure 6.10a shows the Hall voltage measurement obtained by the Hall cross in 

figure 6.8. Although the obtained measurement is governed by a large background 

signal with a slight curvature, a clear hysteretic behaviour can be still identified. In 

order to remove this background signal (and obtain the required AHE signal), the raw 

data were fitted using a quadratic equation in the form of G(x)=a0+a1x+a2x
2
, where a0, 

a1 and a2 are constants. The first term of the equation (a0) corresponds to the observed 

Hall voltage offset, caused by geometrical irregularities in the shape of the Hall cross, 

as explained earlier in section 6.2.1. The second term (a1x) describes the linear relation 

(proportional to the applied field) caused by the NHE, which in this case it dominates 

the obtained signal. The third and final term (a2x
2
) is used for providing a more 

accurate data fitting due to the slight curvature observed in the obtained signal. This 

effect is attributed to slight misalignments of the applied field, H, and the island 

magnetisation, M, with respect to the Hall cross plane and the current direction; if the 

alignment is not perfectly orthogonal then small in-plane components of H and M will 

be present (with their magnitude depending on angle deviation). These misalignments 

are associated with the planar Hall effect (PHE), which is directly related to 

magnetoresistance (MR) effects (proportional to M
2
), typically observed in Hall cross 

experimental investigations [242, 256, 278]. As expected, after fitting the quadratic 

equation to the raw data and correcting (removing) the above described effects, a clear 

hysteresis loop is obtained as shown in figure 6.10b (after normalisation). This 

hysteresis loop is a result of the remaining AHE signal, but it also contains the signal 

of the Hall contribution from the localised dipolar field of the BPM islands. 

Determining the amount of contribution from each signal would necessitate an 

elaborate experimental investigation, where the current passing through the magnetic 

islands (true AHE), and the effect of their dipolar fields when in such a close proximity 

to the Hall cross, would have to be measured separately. In the context of this thesis, 

both signal contributions are simply referred to as the AHE signal, in accordance to 

similar experimental BPM investigations in the literature where no distinction between 

the two signals has been made [260-264, 279, 280]. 

For comparison purposes the corresponding MOKE hysteresis loop, obtained 

prior to the Hall cross fabrication (reproduced here from section 5.3.1), is plotted 

against the AHE loop, as shown in figure 6.10c. According to the size of the cross 
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(1x1µm
2
), six complete islands lie within its central sensing area (see figure 6.8c), and 

are therefore the main contributors to the measured AHE signal. This is directly 

comparable to the case of the MOKE measurements since the laser beam spot diameter 

has approximately the same size (estimated to be 1-1.5µm), i.e. the MOKE signal 

arises from approximately the same number of islands [277]. The deduced coercivity 

values are Hc
AHE

=0.264T and Hc
MOKE

=0.278T for the AHE and MOKE loops 

respectively, both determined with an uncertainty of ±1x10
-3

T. Despite the fact that 

there is a three orders of magnitude difference between the signals obtained by the two 

techniques (mV range for MOKE, µV range for AHE), the results from the two 

characterisation techniques are quite similar. 

 

Figure 6.10: (a) The Hall voltage measurement obtained from the islands shown in 

figure 6.8, and (b) the normalised AHE hysteresis loop, obtained by correcting and 

normalising (a). (c) A comparison between the AHE loop shown in (b) and the 

corresponding MOKE loop obtained prior to the Hall cross fabrication. The inset in 

(b) shows a magnified AHE loop portion, indicating a possible transition between two 

individual AHE voltage steps (the error bars indicate the NoiseRMS of the AHE loop). 

The estimated SNR of the AHE loop is approximately 28dB, which is lower 

than the corresponding MOKE SNR (34dB). However, a closer look at the AHE loop 

(b) (c) 

(a) 
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reveals that there are some distinct features, which might suggest the presence of 

distinct AHE voltage steps, as indicated in figure 6.10b. The fact that the steps are 

repeated in multiple measurements, and that the steps appear symmetrically in both 

sides of the loop (ramping-up and ramping-down the applied field), suggests that the 

steps might not random. Instead these steps may be due to the switching of different 

islands within the sensing area of the cross, even though the poor SNR of the AHE 

loop does allow the verification of this assumption. Ideally, the number of AHE 

voltage steps that appear within the switching region of an AHE loop should 

correspond to the number of individual islands that switch within the Hall cross 

sensing area. In this case, the observation of only two possible steps is most likely due 

to the poor SNR of the measurement. Moreover, the relatively large size of the islands 

results in a relatively sharp switch (sharp hysteresis loop slope), i.e. the switching field 

amongst individual islands does not vary significantly (narrow SFD). This makes the 

detection of individual island switching events even more difficult to distinguish. In 

such a case, the AHE voltage steps would correspond to groups of islands that have 

approximately the same switching field. Therefore, only a simple distinction between 

groups of islands that are magnetically soft (easy to switch) and hard (difficult to 

switch) is more likely to be observed. 

6.3.2 Reduced Island Dimensions 

Following a similar approach to the one described above, Au Hall crosses were 

used in the investigation of smaller magnetic islands. Figure 6.11 shows a double Hall 

cross fabricated on top of magnetic islands of 40x160nm in size, previously 

investigated using the MOKE characterisation technique (see section 5.5). In an 

attempt to improve the AHE voltage signal, the measurements in this case were 

performed with an applied current of 5mA (instead of 1mA) to the Hall cross. In order 

to minimise the risk of damaging the cross due to the increased current, its size (central 

sensing area) was expanded to 1.5x1.5µm
2
 (instead of 1x1µm

2
). Nevertheless, this size 

is still within the diameter estimate of the focused laser beam spot of the MOKE 

system, allowing a direct comparison of results. Moreover, the thickness of the Au 

cross was reduced to approximately 30nm, in an attempt to increase its current density. 
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Figure 6.11: Optical microscope images at (a) 10x and (b) 50x magnification, and 

SEM images at  (c) 5500x and (d) 40000x magnification, of a double 30nm-thick Hall 

cross fabricated on top of a BPM island array. The 40x160nm magnetic islands were 

fabricated by patterning a Ptseed (10nm)/ [Co(0.4nm)/ Pt (1nm)]x15 thin magnetic film. 

Figure 6.12a shows the corrected AHE hysteresis loop obtained from the 

islands in figure 6.11. For comparison purposes the corresponding MOKE hysteresis 

loop, obtained prior to the Hall cross fabrication, is plotted against the AHE loop, as 

shown in figure 6.12b. The deduced coercivity values are Hc
AHE

=0.279T and 

Hc
MOKE

=0.277T, determined with an uncertainty of ±3x10
-3

T and ±2x10
-3

T, for the 

AHE and MOKE loops respectively. In addition, the shape of the two loops is closely 

matched, indicating a good agreement of results between the two characterisation 

techniques and therefore verifying their performance. 

As in the case of the large island characterisation (described in the previous 

section), some distinct features can be identified in the AHE loop (see the inset in 

figure 6.12a), suggesting the presence of distinct AHE voltage steps. However in this 

case the number of possible steps is larger. Assuming that these step features 

correspond to the switching of multiple islands, then the increased number of steps 

5µm 

100µm 
50µm 

500nm 

(a) (b) 

(c) (d) 
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would be most likely caused by the increased number of islands, of reduced size, 

within the Hall cross (compared to the case of the large island characterisation); the 

larger switching field variations amongst these small islands (wider SFD) enable an 

easier distinction between the different switching fields. However, the SNR of AHE 

loop is still not high enough to allow the verification of these AHE voltage step 

features as being individual island switching events. The estimated SNR is 

approximately 27dB and 31dB, for the AHE and MOKE loops respectively. This 

indicates no improvement in the SNR compared to that of the large island 

characterisation AHE loop (28dB). However, the fact that the percentage of magnetic 

material (per unit surface area) in this case is reduced to ~21% (from ~32% for the 

case of the larger islands), suggests that the current increase and the reduction of the 

Au Hall cross thickness have prevented a significant reduction of the SNR. 

 

Figure 6.12: (a) The AHE hysteresis loop obtained from the islands of the Hall cross 

structure shown in figure 6.11. (b) A comparison between the AHE loop shown in (a) 

and the corresponding MOKE loop obtained prior to the Hall cross fabrication. The 

inset in (a) shows a magnified AHE loop portion, indicating some possible AHE 

voltage steps (the error bars indicate the NoiseRMS of the AHE loop). 

6.3.3 Possible Reasons for the Reduced SNR of the AHE Loops 

The investigations of BPM samples using the AHE technique revealed two 

main parameters that limit the performance of the fabricated Hall cross structures. The 

first involves the relatively large NHE linear signal that overpowers the AHE signal. 

Therefore, in the process of removing the NHE from the measurements, it is likely that 

some information is also being lost from the embedded AHE signal. This large 

difference between NHE and AHE signals is attributed to the combined use of the Au 

(a) (b) 
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and Ptseed layers in Hall cross structure. As previously described in section 4.4.2, the 

total NHE voltage signal is proportional to the current passing though the Hall cross 

conductor and inversely proportional to its thickness. Although the Au layer has a 

relatively large thickness (>30nm), the Ptseed layer has a comparatively smaller 

thickness (10nm) and could result in an increased NHE signal. On the other hand, the 

Au layer has higher electrical conductivity due to its increased thickness and reduced 

resistivity (ρAu=2.44x10
-8

Ωm) compared to the Ptseed layer (ρPt=1.06x10
-7

Ωm), which 

suggests that more current passes though it and therefore it could also contribute to the 

increase of the NHE. At the same time, the current reaching the islands though the Au 

layer may be limited due to interface between the two materials; since the Au layer 

was deposited at a later (separate) fabrication stage, it is likely that a thin oxide layer 

has been formed around the islands, which would increase the resistivity of the islands 

and therefore the current passing through that gives rise to the observed AHE. Ideally, 

the thickness of the Au layer should be adjusted accordingly so that its resistance 

matches that of the islands and the Ptseed layer. This would maximise the current 

passing though islands and therefore improve the AHE signal. Reducing the NHE 

would require the Pt seed layer to be eliminated completely, which would not be ideal 

in terms of the fabrication of the magnetic islands. Alternatively, the Pt seed layer 

could be made thicker, in which case the Au thickness would also require readjustment 

for balancing the resistance of the two layers. 

The second parameter limiting the performance of the AHE technique was the 

reduced SNR of the measured Hall voltage signal. Although increasing the applied 

current and reducing the thickness of the Au cross offers some improvement, a trade-

off exists between the maximum allowable current and the dimensions of the cross; 

higher current would require either to increase the width (central sensing area) or the 

thickness of the Hall cross. However, in order to maintain the high sensitivity of the 

Hall cross, its dimensions must be comparable to the size of the magnetic structures 

under investigation (see section 4.4.2.2). The reduced SNR might in fact be caused by 

a parameter being neglected in the described measurement configuration. Namely, the 

impedance mismatch between the Hall cross contacts and the lock-in amplifier; 

connecting the small output resistive load of the Hall cross device to the larger 

resistive input load of the lock-in amplifier, could result in a significant degradation of 
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the SNR. This problem can be resolved by the use of an intermediate (between the Hall 

cross and the lock-in amplifier) pre-amplifier transformer [273]. 

In an attempt to identify other possible sources of noise that may affect the Hall 

voltage signal, the effect of temperature was also investigated. More specifically, a 

thermocouple, mounted on the underside of the BPM sample, was used for monitoring 

the temperature variations. The temperature was recorded while repeating the typical 

routine used in the characterisation of the BPM samples, for a total of four loops. 

Figure 6.13 demonstrates that the temperature does not remain constant, but instead it 

gradually increases. Clearly, a correlation exists between the temperature increase and 

the ramping of the magnetic field to higher values. This suggests that the sample 

temperature is directly affected by the electromagnet; the ambient heat exerted by the 

coil of the electromagnet increases when higher fields (coil current) are demanded. 

After a few loop repeats, the temperature no longer increases with the same rate but 

instead, it fluctuates around an equilibrium state. Assuming that the electromagnet is 

not left to cool-down between consecutive measurements, this effect could continue in 

the same manner. Even though the temperature variation is relatively small, it will 

inevitably introduce some additional noise to the measurement signal. While in the 

case of MOKE characterisation this effect might not be so obvious, in the more 

sensitive AHE technique, where the measurement circuit (Hall cross) is part of the 

sample, this effect might not be negligible. 

 

Figure 6.13: Sample temperature variation for a variable applied magnetic field. 



CHAPTER 6 AHE CHARACTERISATION TECHNIQUE 
  

   212 
  

6.4 A Novel AHE Investigation 

In order to resolve the identified issues that have potentially limited the 

performance of the adopted AHE technique, an alternative approach was investigated. 

This new approach involved the use of an alternative measurement setup and also the 

redesign of the Hall cross structure. Moreover, the island patterns used in these 

experiments were designed with the intent of resolving and identifying the switching 

of individual magnetic islands, according to their position within the Hall cross 

structure. For this purpose, Hall crosses incorporating either a single or multiple 

magnetic islands were investigated.  

Through this investigation, it was not only possible to observe distinct AHE 

voltage steps corresponding to the number of islands, but it also allowed the 

experimental determination of the spatial sensitivity mapping of the Hall cross sensing 

area [281, 282]. As previously explained in section 4.4.2.2, existing theoretical [257, 

259] and experimental [254] investigations show that the spatial sensitivity of Hall 

cross structures is neither uniform, nor is it confined within their central sensing area. 

This is particularly important when characterising BPM island arrays, where the 

observed variation in the amplitude of individual AHE voltage steps could potentially 

complicate the interpretation of results. Assuming that a BPM array consists of 

magnetic islands with identical properties, then the variation in the measured AHE 

voltage could be due to (a) the magnetic reversal of a section of an island in the 

sensitive part of the cross or (b) the switching of an entire island positioned in a less 

sensitive part of the Hall cross structure [281]. Therefore, even if distinct AHE voltage 

steps are observed for the individual islands, it would still be difficult to identify their 

exact origin. For a more accurate interpretation of such results, it would be necessary 

to determine experimentally the distribution of the AHE response across the sensing 

area of the Hall cross, with respect to the switching behaviour of nanoscale BPM. 

6.4.1 Measurement Setup 

The new investigation was performed using a different measurement setup, 

developed at the MESA+ Institute for Nanotechnology at the University of Twente, 

http://www.mesaplus.utwente.nl/
http://www.utwente.nl/


CHAPTER 6 AHE CHARACTERISATION TECHNIQUE 
  

   213 
  

where the measurements were performed in collaboration with the Transducers 

Science and Technology (TST) research group. This alternative setup incorporates the 

use of a preamplifier transformer and a highly controlled temperature environment, 

enabling it to overcome the SNR problems identified when using the previous setup. 

As shown in figure 6.14, the externally applied magnetic field was provided by a coil-

cooled (liquid He and LN2) superconducting magnet. The separate sample chamber 

within the superconducting magnet (incorporating a heating element), was maintained 

at a constant temperature of 20ºC. 

Unlike the custom electromagnet in the MOKE setup, here, enough spacing 

was available to permit the use of a chip-carrier, upon which the sample was mounted 

through wire bonding. The chip-carrier was connected directly to a current supply 

(1mA ac input current to the Hall cross) and to the preamplifier transformer (measured 

output Hall voltage). The transformer was in turn connected to the lock-in amplifier, 

responsible for the demodulation of the measurement signal according to the current 

supply reference signal. Similar to the MOKE setup, the superconducting magnet was 

automatically controlled through a PC interface for generating the required hysteresis 

loop. However, in this case, a gauss meter feedback was necessary for accurately 

controlling the applied field. The disadvantage of this setup, compared to the one used 

previously, was the fact that the superconducting magnet had a significantly slower 

response; a larger lock-in amplifier time constant (1s) had to be used, increasing the 

total time required for generating a hysteresis loop (approximately 45 minutes). 

Therefore, the measurements were limited to only a single loop (no averaging). 

 

Figure 6.14: Schematic of the alternative AHE measurement setup. 
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6.4.2 Fabrication Process 

Eliminating the issue regarding the relatively large NHE signal, required the 

alteration of the initial Hall cross structure design, as discussed in section 6.3.2. In this 

revised Hall cross structure, the thickness of the Pt seed layer was increased to 30nm, 

while the use of an Au layer was completely avoided. Therefore, potential problems 

associated with the balancing of the current density amongst the two layers were 

avoided. Instead, the Hall cross was patterned directly into the Pt seed layer, with the 

magnetic islands remaining on top. The overall fabrication process, illustrated in figure 

6.15, includes three fabrication stages, namely the island, gold pad and Hall cross 

fabrication stages. 

 

Figure 6.15: Schematic overview of the island, gold bonding pad and Hall cross 

fabrication steps. 

In order to generate the revised Hall cross structure, a new multilayered thin 

magnetic film consisting of Ptseed (30nm)/[Co (0.4nm)/Pt (1nm)]x5/Ptcap (3nm) was 

fabricated on top of a thermally oxidised Si substrate (550nm SiO2), using dc (Pt) and 

ac (Co) magnetron sputtering. Following the process described in section 3.5, the 

magnetic islands were fabricated using e-beam evaporation and e-beam lithography, 

for generating the C/Ti hard mask, and Ar
+
 ion milling, for transferring the island 
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pattern to the underlying Co/Pt magnetic multilayer. In this case, precise milling was 

crucial, such that the Pt seed layer would remain intact for its subsequent patterning 

into a Hall Cross structure. 

Since the new measurement setup allowed the use of a chip-carrier, additional 

gold bonding pads were deposited at the extremities of the Hall cross legs, to ease the 

wire bonding process. The pads not only ensured good electrical conductivity (reduced 

contact resistance) between the bonding wires and the Pt seed layer (Hall cross), but 

they also prevented any unwanted damage/pilling of the Hall cross legs during the wire 

bonding process. A more detailed description of the individual steps followed in the 

gold pad fabrication stage is given below: 

1. Polymethylglutarimide (PMGI) photo-resist was first spun on top of the magnetic 

islands (and the Pt seed layer) at 4000rpm for 45s, followed by a soft bake at 

150ºC for 5 minutes. The resist was then flood-exposed under ultraviolet light for 

10s. A second resist layer (Shipley S1805) was then spun (on top of the first one) 

at 6000rpm, followed by a soft bake at 150ºC for 5 minutes. The use of the double 

resist layer ensured that a good undercut would be generated after exposure and 

development. 

2. Optical lithography (laser writer) was used to expose the 200nm-wide bonding 

pads for each of the Hall cross legs. The exposed resist was then developed by 

soaking the sample in MF319 developer for 1 minute, followed by 1 minute DI 

water rinse to slow down the development process. The development process was 

stopped by blow drying the sample with a N2 duster.   

3. E-beam evaporation was used to deposit a 4nm Cr adhesion layer followed by a 

180nm Au layer (under ~4x10
-6

 mbar vacuum conditions), with deposition rates of 

0.03nm/s and 0.12nm/s respectively. Degassing of both materials was performed 

prior to deposition. 

4. The lift-off of the photo-resist mask was performed by dropping the sample in an 

acetone-filled beaker, suspended in ultrasonic bath for 20s. The sample was then 

left to soak in warm acetone for 1 hour before rinsing the sample with fresh 

acetone and IPA, and blow drying it with a N2 duster. 
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With the completion of the second fabrication stage, both the magnetic islands 

and the gold bonding pads were generated on top of the continuous Pt seed layer. In 

the third and final stage, the Hall cross structure had to be generated by directly 

patterning the Pt seed layer. Unlike the case of the Au Hall cross, where the Au layer 

was partially used as a milling mask for the Pt seed layer, here a non-electrically-

conductive hard mask had to be employed. Therefore, e-beam lithography was used to 

produce a cross-linked PMMA resist mask on top of the existing magnetic islands and 

gold bonding pads; the e-beam design was configured such that the centre of the Hall 

cross would coincide with the islands, while the extremities of the Hall cross legs 

would reach the bonding pads. Through the cross-linking process, the PMMA behaves 

as a negative resist [283, 284], i.e. the exposed resist (in this case the Hall cross 

pattern) remains in place, whereas the unexposed resist is removed through the 

development process. Although cross-linking reduces the resist thickness to half, the 

exposed resist becomes harder (etch-resistant) [283]. Therefore, the cross-linked 

PMMA could act as a hard mask for transferring the Hall cross pattern to the Pt seed 

layer using Ar
+
 ion milling, while preventing any damage to the underlying magnetic 

islands. A more detailed description of the individual steps followed in the fabrication 

of the Hall cross structure is given below: 

1. A single layer of 950k PMMA resist in 2% anisole was first spun on top of the 

sample (magnetic islands, gold bonding pads and Pt seed layer) at 5000rpm for 

60s, followed by a soft bake at 165ºC for 15 minutes. 

2. E-beam lithography was used to expose the Hall cross design at 28keV e-beam 

acceleration voltage and basic step size of 5nm. The design was exposed in three 

stages using different aperture and write field sizes for each part, as described in 

section 6.6.2. However, in this case, a 50x higher exposure dose (dwell time) was 

required in order to achieve the cross-linking of the PMMA. This had increased 

the overall exposure time to approximately 40 hours.  

3. To develop the resist (remove the unexposed resist), the sample was soaked in 

acetone for 30 minutes, and then blow dried with a N2 duster. This resulted in a 

200nm thick cross-linked PMMA mask of the Hall cross pattern. 
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4. Ar
+
 ion milling (under vacuum of ~1x10

-6
 mbar) was then applied to the sample in 

order to transfer the Hall cross pattern into the Pt seed layer. After a total of 12 

minutes, the surrounding Pt was completely removed (0.043 nm/s milling rate), 

while the thicknesses of the gold bonding pads (0.13 nm/s milling rate), and of the 

cross-linked PMMA resist mask (0.056 nm/s milling rate), were reduced to 85nm 

and 150nm respectively. 

5. The final fabrication step was the removal of the remaining cross-linked PMMA 

resist mask, using O2 plasma etching (under vacuum of ~2x10
-6

 mbar) for 

approximately 12 minutes (0.21nm/s etching rate).    

6.4.3 Hall cross and Island Patterns 

In this investigation, two samples were fabricated in an identical manner, using 

the same Hall cross design, but each incorporating different island patterns. The double 

Hall cross design, used in the previous investigations, was extended even further in 

this case. As shown in figure 6.16, the new Hall cross structure incorporated four 

interconnected crosses, each with a central sensing area of 1.6x1.6µm
2
. 

 

Figure 6.16: SEM images of the Hall cross design at (a) 30x, (b) 400x and (c) 1600x 

magnification. The green circles in (b) indicate the split of single Hall cross legs, to 

attain the 12-contact design. 

(c) (b) 

(a) 

10 µm 50 µm 

1 mm 

Gold 
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The advantage of this design was that it allowed the investigation of four 

different island patterns (one in each cross) to be investigated on the same sample, 

allowing a direct comparison of results. According to the experimental setup, only six 

connections could be made at a time, i.e. only two crosses. Increasing the number of 

connections from ten to twelve (see figure 6.16b), eliminated the need for rewiring 

between uses of different crosses. Instead, selecting a specific cross was simplified to 

switching the connections between the two sets of pre-bonded gold pads (to the chip-

carrier). It should also be noted that the superconducting magnet provides a 

perpendicular magnetic field, applied uniformly across the entire Hall cross structure, 

i.e. the sample did not require any repositioning when employing each of the four 

interconnected crosses. 

The first Hall cross structure (sample A) was used for the investigation of 

circular islands with a diameter of 120nm. As shown in figure 6.17, each cross 

contains a single island, positioned at 50, 750, 1500 and 2300 nm from the cross 

centre. Through this arrangement the localised sensitivity of each (identical) cross can 

be determined, according to the position of each island and the corresponding 

measured AHE voltage step.  It should be pointed out that the two islands furthest 

away from the cross centre are positioned along one leg of the cross. Therefore, the 

observed response can provide an indicative measure of the Hall cross sensitivity for 

magnetic islands that lie outside the central sensing area. 

In the second Hall cross structure (sample B), each cross contains a row of 

eight circular islands (see figure 6.18). Each row holds the same position within each 

of the four crosses, starting at the centre of each cross and extending towards one leg at 

the fixed pitch (centre-to-centre island distance) of 400nm. While the islands within 

each row are identical, the island diameter is varied for each of the four crosses, at 250, 

120, 45 and 25 nm respectively. Therefore, the configuration of sample B allows the 

sensitivity of the Hall cross to be determined (similar to sample A), but as a function of 

island diameter. 
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Figure 6.17: SEM images from sample A with single islands at a distance of (a) 50nm, 

(b) 750nm, (c) 1500nm and (d) 2300nm from the centre of each cross. The islands and 

the Hall cross structure were fabricated by patterning a Ptseed (30nm)/ [Co(0.4nm)/ 

Pt (1nm)]x5/ Ptcap (3nm) thin magnetic film. 

 

Figure 6.18: SEM images from sample B with eight islands on each cross of diameter 

(a) 250nm,  (b) 120nm, (c) 45nm and (d) 25nm. The islands and the Hall cross 

structure were fabricated by patterning a Ptseed (30nm)/ [Co(0.4nm)/ Pt (1nm)]x5/ 

Ptcap (3nm) thin magnetic film. 
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6.4.4 Measurements and Spatial Sensitivity 

Prior to the magnetic island and the Hall cross fabrication for samples A and B, 

the newly employed Co/Pt multilayered thin film was characterised though VSM 

measurements. Figures 6.19a and 6.19b show the obtained hysteresis loops for the out-

of-plane and in-plane sample magnetisation (of an 8mm-diameter sample), 

respectively. From these measurements, the deduced coercivity, saturation 

magnetisation and magnetocrystalline anisotropy constant were Hc=0.089T, 

Ms=0.75T and K1=4.9x10
5
J/m

3
, respectively. 

 

Figure 6.19: VSM hysteresis loops of (a) the out-of-plane and (b) the in-plane sample 

magnetisation of a Ptseed (30nm)/ [Co(0.4nm)/ Pt (1nm)]x5/ Ptcap (3nm) thin magnetic 

film. 

After patterning, AHE measurements were first performed using sample A, in 

order to generate a separate hysteresis loop from each of the four Hall crosses 

(incorporating a single island). Figures 6.20a-d show the obtained loops, 

corresponding to the crosses shown in figures 6.17a-d. Unlike the measurements 

obtained with the previous Hall cross structures (see figure 6.10), here, the measured 

Hall voltage is no longer dominated by the linear NHE, while a good SNR is attained 

(>43dB). This suggests that the newly designed Hall cross structure has an improved 

response, where the AHE signal can be clearly identified even though only a single 

island is present. However, two distinct steps are observed in each of the four loops, 

instead of the expected single step (due to a single island reversal). This becomes 

clearer in the deduced AHE hysteresis loop (see figure 6.21a), after the removal of the 

(a) (b) 
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NHE from the total Hall voltage signal; a large step (1) at lower field value (±0.125T) 

and a smaller step (2) at a higher field value (±0.29T) are observed. 

 

Figure 6.20: Measured Hall Voltage loops (a, b, c and d) obtained from the single 

island Hall cross structures shown in figure 6.17 (a, b, c and d), respectively. 

In order to identify the origin of each step, MFM images were taken at 

remanence, after applying a saturation field (see figure 6.21b), and after applying a 

reverse field of just over 0.125T (see figure 6.21c). The MFM images show that the 

single island has not reversed after applying the reversal field of 0.125T, i.e. the 

reversal of the island corresponds to the small step (2). On the other hand, the large 

step (1) corresponds to the switch of material around the periphery of the cross; a 

magnetically soft “fence” along the edges of the cross structure arises due to re-

deposition of magnetic material during the milling process. Since this large step is 

completely distinguishable from the smaller step arising from the islands switch, it can 

be safely ignored in all measurements. 

(a) (b) 

(c) (d) 
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Figure 6.21: (a) The deduced AHE hysteresis loop after removing the linear NHE from 

the loop in figure 6.20a. MFM images of the cross in figure 6.17a (a) after saturation 

in a field of -1.5T and (b) after a reversal field (+0.125T) corresponding to the field 

value of the large switch observed in (a). 

Using the results from sample A, a distinct AHE voltage step amplitude was 

recorded for each single island, apart from the case of the island being furthest away 

from the centre of the cross (see figures 6.17d and 6.20d), where the step amplitude 

was indistinguishable from the signal noise. Assuming that all four crosses and the 

incorporated islands have similar properties, then the AHE step amplitude should be 

directly related to the position of each island with reference to the cross centre, and 

hence the sensitivity of the cross. Figure 6.22 summarizes the AHE spatial response 

for a single 120nm diameter magnetic island at a varying distance from the centre of 

the cross. As expected, the highest sensitivity occurs near the centre of the cross, and 

reduces with increasing distance away from the cross centre. 

 

Figure 6.22: The spatial sensitivity response for sample A. Presented as the variation 

of the AHE voltage step amplitude, as a function of distance D of each island from the 

cross centre, normalised by the width W of the central sensing area of the cross. The 

error bars indicate the corresponding NoiseRMS of each hysteresis loop. 

(a) (b) (c) 
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Using a similar approach to the one followed for sample A, a separate Hall 

voltage measurement was obtained from each of the four crosses in sample B (see 

figure 6.18). In this case, each eight-island row allows the determination of the spatial 

sensitivity within a single hysteresis loop. Although the eight islands in each cross 

have the same diameter, they switch at different magnetic field values. This is due to 

the intrinsic individuality of each island, arising from the natural variability of the 

materials and from the structural/edge defects caused by the milling process [93, 157]. 

The insets in figure 6.23 show the AHE hysteresis loops obtained from the 

corresponding island arrays shown in figure 6.18. Similar to sample A, a large step can 

be observed at a low field (±0.125T). The AFM/MFM images of sample B (see figure 

6.24), taken after the sample had been ac demagnetised, confirm once again the 

presence of the soft magnetic material around the edges of the cross; magnetic domains 

with opposing polarity can be identified along the periphery of the cross.  Therefore, 

this large step can be again ignored from all the measurements. 

 

Figure 6.23: Distinct AHE voltage steps generated by the reversal of the (a) 250nm, 

(b) 120nm and (c) 45nm islands on sample B, corresponding to the crosses in figures 

6.18 (a, b and c), respectively. The insets show the full AHE hysteresis loops obtained 

from corresponding island arrays. 

(a) 

(b) (c) 



CHAPTER 6 AHE CHARACTERISATION TECHNIQUE 
  

   224 
  

 

Figure 6.24: (a) AFM and (b) MFM images corresponding to figure 6.18a, taken after 

ac demagnetising sample B. 

Figure 6.23 shows the portions of the hysteresis loops at high switching fields, 

where distinct AHE voltage steps can be identified. For example, seven distinct AHE 

voltage steps can be identified in figure 6.23a, corresponding to the 250nm diameter 

island array in figure 6.18a. Noticeably, the number of observed steps (seven) is 

smaller than the actual number of islands (eight). However, the results from sample A 

have demonstrated that the spatial sensitivity reduces with increasing distance from the 

centre of the cross. Therefore, it is reasonable to assume that the missing step 

corresponds to the eighth island furthest away from the centre of the cross not being 

detected. Similarly, figures 6.23b and 6.23c show the cases for the 120nm and the 

45nm diameter islands, where six and two AHE voltage steps can be identified 

respectively. By sorting the step amplitudes into descending order and assigning the 

maximum amplitude to the island closest to the cross centre, the AHE spatial response 

was obtained for the 250nm and 120nm islands. Figure 6.25 summarises the results 

obtained from sample B, along with the results generated from the single islands in 

sample A. The results from the smaller islands in sample B (45 and 25 nm) were 

omitted due to insufficient number of steps observed in the hysteresis loop. 

In terms of BPM characterisation, the small number of islands does not allow a 

full statistical analysis of the results. However, by using these results it is easy to 

demonstrate the simplicity in extracting some of the most important BPM 

characteristics from AHE measurements. In the case of the 250nm diameter islands, 

the switching field, Hsw, of each island is obtained directly from the graph (field value 

at each individual AHE voltage step). Their average gives the mean switching field of 

(a) (b) 
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the whole island array (0.2248T), while the standard deviation of the seven switching 

fields gives the SFD (0.0198T), both determined with an uncertainty of ±1x10
-4

T. 

Similarly, for the 120nm diameter islands the mean Hsw is 0.2829T and the SFD is 

0.0573T, both determined with an uncertainty of ±1x10
-4

T. When comparing the two 

sets of island sizes, a higher Hsw (mean) and a wider SFD is obtained by the 120nm 

diameter islands. These results can be also verified visually from figures 6.23a and 

6.23b, where the individual switching steps are spread between ~0.19-0.25T and 

~0.20-0.36T, for the 250nm and 120nm diameter islands respectively. These results 

are consistent with the MOKE investigations (previously described in section 5.4.2) 

and other BPM investigations reported in the literature, where the results suggest an 

increasing coercivity and a widening of the SFD with decreasing island sizes [93, 239, 

262]. Finally, the reversal detection of individual 45nm diameter islands indicates that 

the sensitivity of the developed AHE technique is around 6.6x10
-15

emu (estimated 

based on the measured saturation magnetisation, Ms≈597x10
6
emu/m

3
, of the 

corresponding thin magnetic film), which compares well with the sensitivity of other 

AHE techniques reported in the literature (typically in the order of 1x10
-14

emu) [254, 

260]. 

 

Figure 6.25: The spatial sensitivity response for samples A and B, showing 

experimental (symbols) and theoretical (dotted lines) results. Presented as the 

variation of the AHE voltage step amplitude as a function of distance D of each island 

from the cross centre, normalised by the width W of the central sensing area of the 

cross. The theoretical fits are based on equation 6.1 [257]. The error bars indicate the 

corresponding NoiseRMS of each hysteresis loop. 
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The results in figure 6.25 demonstrate that the spatial sensitivity distributions 

obtained from the single islands and the island arrays (for the 120nm diameter islands) 

are in good agreement. This confirms that the crosses and islands on the two samples 

have the same properties and therefore are directly comparable. As expected, the 

sensitivity is nearly uniform close to the centre of the sensing area of the cross 

(D/W<0.2), but its amplitude falls off rapidly with increasing distance. These results 

are consistent with other theoretical  investigations, where the normalised Hall 

response function, FH, generated by a magnetic island on top of a cross was calculated 

numerically [257]: 

 41

1

Cr
AF

H


  (6.1) 

where, A and C are the normalisation and curvature factors, respectively, and r is the 

distance of each island from the cross centre. Using equation 6.1 to generate the fit to 

the experimental data (dashed line in figure 6.25), the parameter C values used were 

1.32 and 1.39 for the 250nm and 120nm islands, respectively, which are a close match 

to the proposed value of 1.303 [257]. 

The above experimental results prove the non-uniform spatial sensitivity 

distribution of the employed Hall cross structures and hence signify the importance of 

taking this effect into account when characterising BPM island arrays. The deduced 

spatial sensitivity can therefore be used for the accurate interpretation of results of the 

AHE technique. It should also be noted that the Hall cross structures used in these 

investigations had a relatively large size (central sensing area of 1.6x1.6µm
2
) 

compared to the size of the incorporated islands. Ideally, maximal response is obtained 

when the cross size matches closely the size of the islands (see section 4.4.2.2) [254]. 

Even so, the reversal of individual magnetic islands of sizes down to 45nm was still 

detectable, demonstrating the improved performance of the employed Hall cross 

structure design. These results compare favourably with other BPM investigations, 

where the AHE technique was used in the characterisation of magnetic islands with 

sizes ranging from 200nm to 50nm in diameter [260-263, 285]. It is expected that 

reducing the Hall cross size (central sensing area <1x1µm
2
) would significantly 
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improve the AHE response, enabling the characterisation of smaller islands, suitable 

for BPM with densities in excess of 1Tbit/in
2
. 

6.5 Summary 

The use of the AHE technique in the characterisation of BPM samples entailed 

the design and fabrication of custom Hall cross structures. In this chapter, two different 

fabrication approaches were described along with their corresponding results. Initial 

testing, performed with Au Hall crosses not incorporating any magnetic islands, 

confirmed the expected linear NHE response, but also revealed that the Hall crosses 

were damaged due to charge build-up and discharge. As a precautionary measure, an 

extended double Hall cross design was used in the subsequent BPM investigations. 

In the first approach, Au Hall cross structures were fabricated on top of existing 

magnetic islands, through means of e-beam lithography and evaporation, and Ar
+
 ion 

milling. For a direct comparison of results, the Hall cross structures were fabricated on 

the same BPM samples, previously characterised using the MOKE technique, while 

the MOKE setup was also used for the AHE measurements (to ensure similar 

operating conditions). A 50nm-thick 1µm-wide (central censing area) Hall cross was 

used in the characterisation of large magnetic islands (80nmx400nm) and a 30nm-thick 

1.5µm-wide Au Hall cross was used in the characterisation of small islands 

(40nmx160nm). Even though the AHE signal was three orders of magnitude smaller 

than the corresponding MOKE signal, the results were in good agreement. Moreover, 

although the results suggested that distinct AHE voltage steps could be possibly 

identified within the hysteresis loops, it was not possible to resolve the reversal of 

individual islands due to the poor SNR (<28dB) and the relatively large NHE 

(overpowering the AHE). 

In the revised approach, a novel Hall cross structure comprising of four 

interconnected crosses was fabricated by directly patterning a thicker (30nm) Pt seed 

layer (to reduce the NHE), using e-beam lithography and Ar
+
 ion milling. In this case, 

the measurements were performed with an alternative setup, able to overcome the SNR 

issues identified by the previous setup. A clear improvement of the Hall cross response 
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was observed (SNR>43dB), where individual AHE voltage steps were easily 

identifiable for island sizes down to 45nm. These results compare favourably with 

other AHE experimental studies, where BPM arrays with a minimum island diameter 

of 50nm have been investigated. Based on the results obtained by the 45nm diameter 

islands, and according to the measured saturation magnetisation of the corresponding 

thin magnetic film, the sensitivity of the AHE technique is estimated at approximately 

6.6x10
-15

emu. This is in line with other AHE investigations reported in the literature 

with typical sensitivities in the order of 1x10
-14

emu. In terms of BPM characterisation, 

the results are consistent with the MOKE investigations described in the previous 

chapter and with other BPM investigations reported in the literature, where the results 

suggest an increasing coercivity and a widening of the SFD with decreasing island 

sizes. Finally, the specific island patterns incorporated in each of the four 

interconnected crosses, allowed the investigation of the spatial sensitivity along the 

Hall cross structure. The experimentally deduced sensitivity mapping, as a function of 

the island position and diameter, is in good agreement with previous theoretical 

investigations. This sensitivity mapping is described by the reduction of sensitivity 

with increasing distance of the islands from the centre of the Hall cross and with 

decreasing island diameter. In conclusion, the sensitivity profile must be taken into 

account for the accurate interpretation of results, when such Hall cross structures are 

used in the characterisation of BPM. 
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CHAPTER 7  
 _____________________________________________________________________________________________________________________________________  

7Conclusions and Further Work 
 _____________________________________________________________________________________________________________________________________  

The final chapter summarises the work described in this thesis outlining the outcomes 

of this research project. The developed characterisation techniques are discussed in 

terms of their suitability for charactering BPM. Finally, some ideas for improving the 

developed techniques and for continuing this research are suggested at the end of the 

chapter. 

7.1 Conclusions 

The increasing demands for digital storage have led the magnetic storage 

industry to continually improve the areal density of HDDs [10, 14]. However, even 

with the recent adaptation of perpendicular recording, the maximum achievable areal 

density with the currently used technology, incorporating conventional media, is 

estimated at 1Tbit/in
2
 [12, 13, 24]. Increasing the areal density even further requires 

overcoming the superparamagnetic limit that bounds conventional media [74, 79]. 

BPM is one of the most promising candidates for extending the areal density beyond 

the 1Tbit/in
2
 barrier [15-17]. 

The ability to magnetically characterise BPM is a key requirement in their 

future development and commercialisation. Their unique structure, where each data bit 

is represented by an individual magnetic island [26], suggests that quantitative 

magnetic characterisation is more suited. The aim of this project was to develop and 

explore techniques that can perform this type of characterisation, under which the 

obtained results should be in the typical form of hysteresis loops. More specifically, 

the MOKE and AHE characterisation techniques were to be used in the 

characterisation of BPM island arrays at sub-100nm scales. This entailed the 
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fabrication of BPM samples of variable dimensions, using a customised version of the 

novel fabrication process developed in the University of Manchester [32]. In terms of 

the MOKE characterisation, a custom-built system was developed with the intention of 

characterising the fabricated BPM samples. Similarly, the AHE characterisation 

required the custom design and fabrication of Hall cross structures, suitable for the 

investigation of the same samples. The advantage of this approach is the ability to 

perform a direct comparison and cross-verification of results; an investigation never 

attempted in the past. Some of the most important outcomes of this research project, 

presented in conference and journal publications, can be found in Appendix F. 

The subtractive patterning process followed in the fabrication of BPM samples, 

involved the patterning of continuous thin magnetic films. A multilayered structure 

consisting of Ptseed (10nm)/[Co (0.4nm)/Pt (1nm)]x15, was deposited on top of SiO2 

substrates using e-beam evaporation. In order to create the island patterns, a C/Ti 

double hard mask was generated on top of the multilayer, through means of e-beam 

evaporation, e-beam lithography and lift off. Ar
+
 ion milling was then used to transfer 

the island patterns into the underlying magnetic multilayer. While this process was 

consistently used for all the BPM samples investigated in this research project, the 

literature study revealed that the extensive research over the past few years concerning 

the fabrication of BPM, has lead to a large range of different fabrication methods 

[107], and hence a large variation in the structural properties of BPM. Considering the 

fact that the structural formation and the magnetic behaviour of BPM are interrelated 

[76, 92, 93], the need for magnetic characterisation becomes more apparent. 

The MOKE system was built with the intention of providing increased spatial 

resolution compared to other existing systems, while retaining the ability to 

characterise magnetic islands in the sub-100nm scale. By appropriately configuring the 

incorporated optics on an anti-vibration bench, the system was operated in polar-

MOKE mode. The use of a 532nm wavelength laser combined with an objective lens 

mounted on an accurate focusing mechanism (sub-nm resolution), provide an 

estimated minimum laser beam spot diameter of 1-1.5µm (spatial resolution). The 

MOKE signal detection is achieved through a conventional differential detection 

technique, utilising two custom-built transimpedance amplifier circuits. The SNR of 
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the detected MOKE signal was further improved through means of 

modulation/demodulation, using an electro-optic modulator and lock-in amplifier 

detection. Due to the use of the polar-MOKE mode, a custom single-pole 

electromagnet had to be designed; the electromagnet is able to apply a maximum 

external magnetic field of 1.6T, while allowing the focused laser beam to reach the 

sample lying within. A commercial Hall cross was used for calibrating the response of 

the electromagnet, confirming the Femlab simulation results performed prior to its 

design. In order to ensure the accurate positioning of the sample (BPM island arrays) 

with reference to the electromagnet pole tip, an additional real-time imaging 

mechanism is incorporated in the MOKE system for observing the sample surface. 

Finally, an automated software program, developed using the LabView software 

platform, is responsible for the control of the MOKE system through a user friendly 

interface, and also for the data collection and manipulation in order to generate the 

hysteresis loops. 

The initial testing of the MOKE system was performed using a continuous 

Co/Pt multilayered thin film. For comparison purposes, the same sample was also 

characterised using a commercial AGFM, showing good agreement of results both in 

terms of loop shape and deduced coercivity (Hc
MOKE

=0.2519T and Hc
AGFM

=0.2490T 

determined with an uncertainty of ±2x10
-4

T and ±4x10
-4

T respectively). More 

importantly, the results reveal that even with only a single hysteresis loop 

measurement (no loop averaging) performed in less than 5 minutes, the MOKE SNR 

(=41dB) is significantly better than that of the AGFM (=34dB), with a measurement 

time of 30 minutes. Further testing was performed after patterning the continuous thin 

film into relatively large magnetic islands (80nmx400nm) [277]. As expected, the 

increase in coercivity and the widening of the SFD (reduction of the loop slope at the 

switching region) can be clearly identified, as well as the effect of SNR reduction due 

to the reduction of the magnetic material after pattering. It should be noted that the 

signal reduction (~86%) is not proportionally equal to the reduction of the magnetic 

material volume (~68%), suggesting that the signal may be further reduced due to the 

scattering effect arising from the non vertical sidewalls of the islands. The same BPM 

sample was also used for testing some additional measurement approaches included in 

the custom software program. Namely, the remanence curve and the ΔH (M, ΔM) 
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measurement methods were successfully used in the characterisation of the magnetic 

islands, showing good agreement of results. 

Unlike most BPM investigations, where circular islands are typically explored, 

it has been suggested that using rectangular islands (BAR>1:1) might be a more 

realistic approach for a viable magnetic recording system [83]. According to this 

notion, an in-depth BPM investigation involving arrays of rectangular islands with 

variable dimensions (fabricated on the same sample) was performed using the MOKE 

technique. Islands with sizes ranging from 100nmx400nm down to 50nmx100nm, and 

with distances between adjacent islands ranging from 200nm to 50nm, were explored. 

Using a custom Matlab software algorithm, the accuracy of the results was further 

improved by determining the real island array dimensions (with uncertainty of ±1nm) 

directly from the corresponding SEM images. The results suggest that a trend exists 

between the coercivity and the island sizes, where the coercivity increases with 

decreasing island lateral dimensions (width, Wx, and length, Wy). This implies that the 

coercivity depends on the island area (increasing coercivity with increasing island 

area), an effect which is also suggested by the results obtained when plotting the 

coercivity values against the island area. Furthermore, the investigation of the SFD of 

the islands suggests that there is a similar but much weaker trend (statistically 

inconclusive), where the SFD increases (widens) with decreasing island area. This 

behaviour is consistent with other BPM studies, where the switching of the magnetic 

islands is described by domain nucleation followed by rapid domain wall propagation 

[93, 271]. In such cases, the switching of the islands is directly related to the 

nucleation fields, where the variability of anisotropy amongst the different nucleation 

volumes gives rise to the SFD. This behaviour is attributed to the intrinsic 

microstructural effects that are likely to be caused by defects in the island structure; as 

the islands become smaller, the statistical variation of the number of defects amongst 

the islands becomes larger, resulting in the widening of the SFD [272]. In order to 

examine whether the magnetic behaviour of the islands might be also affected by the 

edge damage of the islands (due to the Ar
+
 ion milling process during fabrication) 

[233], the coercivity was investigated in terms of the island perimeter. The results 

suggest that the increase in coercivity is also associated with an increasing island 

perimeter; statistically a larger perimeter will have a larger number of weak (easy to 
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switch) nucleation sites that could initiate the magnetic reversal of each island. The 

consistency of the above results with other experimental studies indicates that the 

developed MOKE system can effectively perform the characterisation of BPM arrays 

in sub-100nm island scales. Moreover, the fact that the rectangular islands show a 

similar magnetic behaviour to the one observed in the studies with circular islands, 

implies that there is no significant effect in the use of elongated islands. This is also 

suggested by the obtained results, where the coercivity and the SFD show no obvious 

correlation with the BAR of the islands at the investigated scales. 

With the intent of exploring islands at even smaller scales, a similar 

investigation was attempted for BPM arrays with island sizes ranging from 

40nmx160nm down to 40nmx40nm, and with distances between neighbouring islands 

ranging from 160nm to 40nm. The results show that the MOKE SNR deteriorates 

significantly with reduced island sizes, preventing a full analysis of results. This 

suggests that the MOKE SNR is directly dependent on the amount of magnetic 

material per unit surface area. However, the comparison between arrays with different 

dimensions, but with approximately the same percentage of surface area covered by 

magnetic islands, shows that the SNR is in fact greatly affected by the shape of the 

islands. While the magnetic reversal of the 40nmx120nm islands (12% covered surface 

area) can be clearly observed, the magnetic reversal of the 40nmx40nm islands (11% 

covered surface area) cannot be detected. Here, the inability to detect a signal from the 

smaller islands is attributed to the scattering effect. Due to the Ar
+
 ion milling, smaller 

islands suffer greatly from non-vertical sidewalls and reduced flat top surfaces (dome 

shaped), which reduces their reflectivity and hence the MOKE SNR. This claim is 

further supported by the results obtained by another user of the MOKE system, where 

the reversal of 35nm diameter islands fabricated using an additive process (without 

milling) is clearly detectable, even though the volume of magnetic material is 

approximately half compared to that of the islands in the previous investigations (the 

islands in this case had a Taseed(1.5nm)/ Ptseed(1.5nm)/ [Co(0.3nm)/ Pt(0.9nm)]x8/ 

Ptcap(1.1nm) composition). These results compare favourably with other BPM studies, 

where MOKE measurements were performed on islands with a minimum diameter of 

30nm, but with reduced spatial resolution [93, 149, 240, 269]. Based on the above 

results, and by using the saturation magnetisation of the corresponding thin film 
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(~570x10
6
emu/m

3
), the field factor after pattering (~5), and the laser beam diameter of 

the MOKE system (estimated at ~1.5μm), the calculated sensitivity of the MOKE 

system is approximately 6x10
-13

emu. Bearing in mind that all the results in this 

research project were generated with minimal averaging (<5 averaging loops) within a 

relatively small amount of time (<5 minutes per loop), the performance of the 

developed MOKE system compares well with some of the best commercial and home 

build MOKE systems reported in the literature, with typical sensitivities in the order of 

1x10
-12

emu [230, 234]. 

In the case of the AHE technique, a custom fabrication process was devised for 

generating 50nm-thick Au Hall cross structures, through means of e-beam lithography 

(to generate a Hall cross resist mask), e-beam evaporation (for the Au deposition) and 

Ar
+
 ion milling (for removing the surrounding Pt seed layer). The initial tests involved 

the fabrication of Au Hall crosses directly on top of SiO2 substrates, i.e. in the absence 

of magnetic islands. As expected, the results confirm the linear response of the Hall 

crosses arising from NHE [242], but they also reveal the susceptibility of the crosses to 

charge build-up causing them to burn-out during discharge. Precautionary measures, 

including leaving the crosses continuously connected to the measurement setup, and 

extending the cross design into a double Hall cross structure, helped to alleviate the 

problem. 

In order to allow a direct comparison of results, AHE characterisation was 

performed on the same BPM samples that were previously characterised using the 

MOKE technique [277]. The use of the same measurement setup (MOKE) ensured that 

both characterisation techniques were operated under similar measurement conditions 

(ambient environment, applied field, software control parameters). Moreover, the size 

of the fabricated Hall crosses (central sensing area) was kept approximately the same 

as the focused laser beam diameter (~1-1.5µm estimated spatial resolution) of the 

MOKE system, i.e. the number of magnetic islands being characterised by the two 

techniques was approximately the same. 

In the first BPM investigation, a Au Hall cross structure with a 1x1µm
2
 central 

sensing area, was fabricated on top of magnetic islands of 80nmx400nm in size. The 

measurements were performed by applying a 1mA ac current (1.33kHz) across the two 
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opposite legs of the cross, while measuring the output Hall voltage across the other 

two legs using lock-in amplifier detection. Although the results show that the 

measurement is dominated by a large background signal with a slight curvature, the 

hysteretic behaviour of the magnetic islands can be clearly identified. The raw data 

were fitted using a quadratic equation, in order to remove the background signal (due 

to Hall voltage offset, NHE and PHE) and therefore obtain the AHE hysteresis loop. It 

should be noted that this hysteresis loop is a result of not only the remaining AHE 

signal, but it also contains the signal of the Hall contribution from the localised dipolar 

field of the BPM islands. However, in the context of this thesis, both signal 

contributions are simply referred to as the AHE signal, in accordance to similar 

experimental BPM investigations in the literature where no distinction between the 

two signals has been made [260-264, 279, 280]. The comparison between the 

normalised AHE loop and the corresponding MOKE loop obtained prior to the Hall 

cross fabrication, shows that the results are quite similar, even though the AHE signal 

is three orders of magnitude (µV range) smaller than the MOKE signal (mV range), 

and has a reduced SNR (AHE SNR=28dB, MOKE SNR=34dB)  [277]. However, 

some distinct features on the AHE loop suggest the presence of distinct AHE voltage 

steps. The fact that these steps are repeated in multiple measurements and that they 

appear symmetrically in both sides of the loop, suggest that the steps are not random. 

Instead these steps might be due to the switching of different islands within the Hall 

cross sensing area [253], even though the poor SNR of the AHE loop does not allow 

the verification of this assumption. Moreover, the two possible AHE voltage steps 

observed, do not match the number of islands lying within the cross. This is most 

likely due to the poor SNR of the measurement and due to the relatively sharp switch 

(as expected due to the relatively large size of the islands suggesting a narrow SFD), 

making the detection of individual island switching more difficult to distinguish. 

Therefore in this case it is more likely that only a simple distinction can be made between 

groups of islands that are magnetically soft (easy to switch) and hard (difficult to switch). 

A similar BPM investigation was performed on smaller islands of 

40nmx160nm in size. In this case, the applied Hall cross current was increased to 5mA 

and the thickness of the Au layer was reduced to 30nm (increase the current density of 

the islands), in an attempt to improve the AHE response. The deduced AHE hysteresis 
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shows again a good agreement of results with the corresponding MOKE loop both in 

terms of loop shape and coercivity values. As in the case of the larger islands, some 

distinct features can be identified in the AHE loop, which may correspond to the 

switching of multiple islands; the increased number of possible steps may be due to the 

widening of the SFD (due to the smaller size of the islands) easing the distinction 

between magnetically soft and hard islands. However, the SNR (=27dB) is still not 

high enough to allow the verification of these AHE voltage step features as being 

individual island switching events. On the other hand, the fact that the percentage of 

magnetic material (per unit surface area) in this case is reduced to approximately  21%, 

compared to 32% for the case of the larger islands, suggests that the current increase 

and the reduction of the Au Hall cross thickness have prevented any significant 

reduction of the SNR. 

Problems associated with the large NHE signal and the poor SNR were tackled 

by redesigning the Hall cross structure and by using an alternative measurement setup. 

In the new Hall cross design, the Au layer was completely eliminated and instead, the 

Hall cross structure was fabricated by directly patterning the Pt seed layer of increased 

thickness (30nm), in order to minimise the NHE signal (inversely proportional to the 

conductor thickness) [242]. This was achieved by patterning a thin magnetic film 

consisting of Ptseed (30nm)/[Co (0.4nm)/Pt (1nm)]x5/Ptcap (3nm), through means of e-

beam lithography (for generating a cross-linked PMMA mask) and Ar
+
 ion milling (for 

removing the surrounding Pt seed layer). The alternative measurement setup, 

developed by the TST research group at the University of Twente, employs a 

superconducting magnet that allows the accurate temperature control of the sample, i.e. 

it prevents any potential noise arising from temperature fluctuations. In addition, an 

incorporated preamplifier transformer is responsible for eliminating the impedance 

mismatch between the Hall cross structure and the lock-in amplifier. 

The revised AHE approach was tested using two identically fabricated samples, 

each incorporating a Hall cross structure consisting of four interconnected crosses of 

1.6x1.6µm
2
 central sensing area. This novel Hall cross design allows the direct 

comparison between four different island patterns (one in each cross), fabricated on the 

same sample. In addition, the incorporated island patterns were designed with the 

http://www.utwente.nl/
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intent of examining the spatial sensitivity of the Hall cross structures. In the first 

sample, each cross contained a single 120nm diameter island, positioned at a different 

distance from the centre of each of the four crosses, allowing the determination of the 

spatial sensitivity of the cross with respect to the island position. In the second sample, 

each cross contained a row of (identical) islands, with the island size varied for each of 

the four crosses (250nm, 120nm, 45nm and 25nm). This configuration allows for the 

spatial sensitivity of the Hall cross to be determined (similar to the first sample), but as 

a function of island diameter. 

The measurements obtained by both samples show a reduction in the NHE 

signal and a significant improvement of the SNR (>43dB), confirming the superior 

performance of the revised AHE approach. In the case of the first sample, a distinct 

AHE voltage step arising from the reversal of the single islands can be identified, even 

in the case of an island positioned on the leg of the Hall cross, i.e. the detection of 

magnetic islands is not confined only within the central sensing area of the cross. The 

results also reveal that the amplitude of the AHE voltage step is directly related to the 

distance of the island from the cross centre; the step size is reduced with increasing 

distance of the island from the cross centre. Similarly, in the case of the second 

sample, multiple steps are observed for each row of islands with varying amplitudes 

(due to the different island positions). However, the number of observed steps is 

different for each of the four crosses; the larger the islands the more steps are 

observed. The results were also used to demonstrate the simplicity in extracting some 

the most important BPM magnetic characteristics from AHE measurements, even though 

a full statistical analysis of the results was prohibited by the small number of AHE 

voltage steps. More specifically, the field value at each AHE voltage step in the loop 

gives the switching field of the corresponding island directly, while their average and 

standard deviation gives the mean switching field and the SFD of the whole BPM 

array, respectively. For the 250nm diameter islands, the mean switching field and the 

SFD are approximately 0.2248T and 0.0198T, respectively (both determined with an 

uncertainty of ±1x10
-4

T). Similarly, for the 120nm diameter islands the mean 

switching field and the SFD are approximately 0.2829T and 0.0573T, respectively 

(both determined with an uncertainty of ±1x10
-4

T). These results are consistent with 

the previous MOKE investigations and other BPM investigations reported in the 
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literature, where the results suggest an increasing coercivity and a widening of the SFD 

with decreasing island sizes [93, 239, 262]. 

Using the measurements obtained by the two samples, the spatial sensitivity of 

the Hall cross structure was deduced for the cases of the 250nm and 120nm diameter 

islands. The results compare well with theoretical studies, where the AHE response of 

a 2D Hall cross was calculated numerically [257]. The above results not only give an 

experimental proof for the non-uniform spatial sensitivity of Hall cross structures, but 

also present an accurate profile of the spatial sensitivity with respect to the detection of 

individual nanoscale magnetic islands [281, 282]. Evidently, when the AHE technique 

is used for the characterisation of BPM, it is crucial that the spatial sensitivity of the 

employed Hall cross structure is taken into account for the accurate interpretation of 

results. Finally, it should be noted that even though the above investigations were 

performed with Hall crosses of a relatively large size [254], the reversal of individual 

magnetic islands of sizes down to 45nm was still detectable. According to these 

results, the calculated sensitivity of the developed AHE technique is around 6.6x10
-15 

emu (based on the measured saturation magnetisation, Ms≈597x10
6
emu/m

3
, of the 

corresponding thin magnetic film), which compares well with the sensitivity of other 

AHE techniques reported in the literature (typically in the order of 1x10
-14

emu) [254, 

260]. Moreover, these results compare favourably with other AHE experimental 

studies, where BPM arrays with a minimum island diameter of 50nm have been 

investigated [260-263, 285]. This signifies the improved response of the revised Hall 

cross structure, showing great potential for the characterisation of smaller islands, 

suitable for BPM with areal densities in excess of 1Tbit/in
2
. 

7.2 Future Work 

Improving the developed MOKE system would be beneficial for future BPM 

investigations, especially if other lab users, who have already been using the existing 

setup, are to continue the characterisation of BPM samples with areal densities in the 

order of 1Tbit/in
2
. The MOKE SNR could be improved by using a lower noise laser 

module, better photodiode detection circuits (using Printed Circuit Boards) and higher 

quality optics. Increasing the number of averaging loops (>5) should also provide a 
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significant improvement of results. Assuming that islands with better features (sharp 

edges and flat surfaces) can be fabricated in the future, the performance of the MOKE 

system could be further examined in terms of its ability to characterise islands with 

sizes smaller than 35nm. Moreover, it is anticipated that more in-depth BPM 

investigations can be achieved through the use of the remanence curve and the ΔH (M, 

ΔM) measurement methods, already incorporated in the developed software program. 

Finally, the MOKE system could be further enhanced by incorporating an automated 

x-y-z stage for the control of the sample holder. This would provide an additional 

functionality to the MOKE system, such that automated scanning routines could be 

performed along the surface of the sample, similar to an SLM system. For this 

purpose, an x-y-z stage assembly (see Apendix A) has already been selected, and 

initial tests have been successfully performed to establish a working control interface 

in the developed software program (see Apendix D). 

In terms of the AHE technique, further tests are required in order to realise the 

full potential of the revised Hall cross structure. More specifically, Hall crosses with 

central sensing area sizes of sub-1µm
2
 could be fabricated, which would allow the 

characterisation of magnetic islands smaller than 45nm. It would also be interesting to 

examine the response of the Hall cross structures with various thicknesses (by 

changing the thickness of the Pt seed layer), or examine the use of alternative 

materials. In fact, the work undertaken in this project has inspired other research 

projects in the University of Manchester, where BPM are to be investigated in a 

similar fashion using the AHE technique, but with Hall crosses fabricated out of 

graphene; an atom-thick conducting material (2D carbon) discovered at the University 

of Manchester [286]. In order to eliminate the need for an alternative setup system, 

additional changes can be made to the existing MOKE setup than will resolve the SNR 

issues associated with the AHE measurements. More specifically, the problem of 

impedance mismatch between the Hall cross and the lock-in amplifier can be easily 

solved by simply incorporating a preamplifier transformer in the MOKE setup, similar 

to the case of the described alternative setup. However, tackling the problem of 

temperature fluctuation requires a more laborious approach. Figure 7.1 shows a 

proposed solution where a 1.6mm-thick copper plate, positioned on top of the 

electromagnet’s coil, should be capable of restricting the generated ambient heat. By 
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extending the copper plate outside the electromagnet, additional cooling can be 

provided by an incorporated peltier device combined with an air cooled heat sink. 

Although the design (see Appendix B) and implementation of the proposed cooling 

mechanism has already been completed, including a control interface within the 

existing software program (see Appendix D), it has not yet been fully tested. However, 

it is anticipated that this cooling mechanism should be capable of maintaining a 

constant temperature with ±0.1ºC accuracy. Assuming a successful outcome, then the 

MOKE setup could be again used for the AHE measurements (enabling a direct 

comparison with the MOKE results), which would also allow further BPM 

investigations using the remanence curve and the ΔH (M, ΔM) measurement methods. 

Theoretically, the use of the same setup for both MOKE and AHE measurements could 

provide an additional advantage. Assuming that a second lock-in amplifier is employed 

and that software control program (data collection) is altered appropriately, then it 

should be possible to perform simultaneous MOKE and AHE characterisation of the 

same sample, i.e. reducing the total operating time required. 

 

Figure 7.1: Images of the proposed cooling mechanism for the electromagnet of the 

MOKE system. 
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Appendix A - MOKE Setup Images 
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Appendix B – Mechanical/Electronic Designs 

1.  Electromagnet and x-y-z Sample Holder Stage Designs 
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2. Focusing Stage Design 
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3. Cover Box Design for the Photo-detectors 
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4. Cooling Mechanism Design 
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5. MOKE Photo-detectors Custom Circuit Design 
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Appendix C - Electromagnet Femlab Simulation 

1. Electromagnet Simulation Design (Radial Symmetry) and Specifications 

 

Finite element model (FEM) simulations of the custom electromagnet design were 

performed using the Electromagnetic module in the Femlab software platform. More 

specifically, the electromagnet response was simulated based on a magnetostatic 

model, using azimuthal currents (qa). A 2D radial representation of the electromagnet 

was generated as shown in the design above, where the properties of each element 

were set through the existing materials’ library in the software. In order to obtain the 

electromagnet response for a variable coil current input (ICoil), the corresponding 

current density of the copper coil block (JCopper) had to be manually set in the design. 

This was calculated according to:  

26Coil

r

#Coil A/m 1075.1
016.0025.0

700I
 

A

Coil  I










CoilCopper
IJ  

where, Coil# is the number of turns of the wounded copper wire of the coil and Ar is 

the (radial) cross-sectional area of the copper coil block (Height x Radius length). The 
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simulation was performed using a refined mesh of 77,952 elements (triangles) with 

156,353 degrees of freedom. 

2. Magnetic Flux Density Streamline Simulation Result 

 

3. Radial Magnetic Field Simulation Results for Variable Coil Currents 
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Appendix D - LabView Software Control Interface 

1. Lock-in Amplifier Setup 
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2. Electromagnet Control 
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3. Stage Control (Includes the control of the automated x-y-z sample holder stage 

proposed for future use – Successfully Tested) 
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4. Hysteresis Loop Plotting 
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5. Remanence Curve Plotting 
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6. ΔH (M, ΔM) Plotting 
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7. Open Saved Plot and Raw Data Manipulation 
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8. Temperature Control (Proposed for future use in the control of the sample’s 

temperature – Implemented but not tested) 
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Appendix E - Island Dimensions Matlab Code 
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Appendix F - Publications 

1. International Magnetics (Intermag) Conference Digest (2009) 
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2. Journal of Applied Physics (JAP) Paper (2010) 
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3. Magnetism & Magnetic Materials (MMM) Conference Digest (2010) 

 


