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Abstract 

Research has recently focused on magnetic nanoparticles due to fascinating 

properties that could see great potential employment in biomedicine as well as data 

storage devices. Micromagnetic analysis was utilized in order to predict the 

dynamic motion for the magnetization vector of magnetic nanoparticles in 

biomedical application (hyperthermia cancer therapy) and magnetic information 

storage (hard disk drive). In this dissertation, the heating properties of magnetic 

nanoparticles for hyperthermia and the characteristics of magnetic recording media 

(both conventional perpendicular media and exchange coupled composite media) 

with a soft underlayer and an antiferromagnetic soft underlayer are presented. 

Magnetic nanoparticles have great potential as heating elements for use in 

hyperthermia. One of the critical issues with widely used iron-oxide compounds 

such as magnetite and mag-hematite nanoparticles is the relatively low magnetic 

moment, which results in low heating efficiency. To overcome this demerit, 

nonoxide high moment Fe70Co30 nanoparticles were considered. The mean size of 

particles was 12nm with 13.6% standard deviation. Micromagnetic simulation of 

particles’ experimental hysteresis loop suggests that their behavior is dominated by 

a uniaxial anisotropy. 

In order to understand the source of energy loss in hyperthermia, magnetic 

anisotropy and applied field have been optimized for iron cobalt nanocrystalline 

particles using numerical micromagnetics. The optimized anisotropy energy is 7.6 

kBT at 500 kHz and the hysteresis loss at this optimized energy is approximately 

12010
6
 ergs/s/g for a very small oscillating field of magnitude 10 Oe. We have 

also investigated the effects of varying the applied field and find that the addition 

of a 20 Oe static field applied perpendicular to the oscillating field approximately 

doubles the energy loss without subjecting the patient to additional radiation. This 

is an important benefit for magnetic hyperthermia.  
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To achieve higher areal density in magnetic recording media, the general 

method is to reduce and make more uniform the grain size, while augmenting the 

media anisotropy in order to maintain stability. Transition jitter and shape have 

been studied for “soft” exchange coupled composite (ECC) media and conventional 

perpendicular media at equal grain size using micromagnetic simulation. A realistic 

medium having nonuniform grain size has been employed. Media anisotropies are 

optimized to reduce the high density jitter for ECC and conventional media. 

Surprisingly, jitter is slightly decreased at high temperature for both media types. 

Eye diagrams show that short bit length amplitude is higher for ECC by 

approximately 10 % at room temperature. This indicates that sharper transitions 

were obtained for ECC media particularly at 300 K where the thermal stability of 

ECC media presumably aids the write process. 

A key component of perpendicular recording has long been the soft 

underlayer. Conventional perpendicular media and “soft” exchange coupled 

composite (ECC) media with a conventional soft underlayer (SUL) and an 

antiferromagnetic soft underlayer (AF-SUL) have been investigated using 

micromagnetic simulation. The fast Fourier transform (FFT) technique and 

graphics processing unit (GPU) based computing have been used to reduce the 

intensive computation time for magnetostatic interactions between the head, SUL, 

and recording layer. Interestingly, the jitter is always less dependent on reader 

offset from track center with the AF-SUL. Jitter for ECC media is also shown to 

depend less strongly on reader offset than for conventional media. The transition 

center deviation at the optimal anisotropy for both recording layers is lower with 

the AF-SUL at both linear densities considered. We further find that the track 

center moves alternately with direction of fringing field as expected from 

magnetostatic considerations. 
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Chapter 1 Introduction 

1.1 Fundamental magnetism 

1.1.1 History of magnetism 

The early use of magnetism is found in most of the world civilizations. The 

most popular legend for the discovery of magnets is found in a book of Chinese 

history, or by Greeks about 4,000 years ago [1.1], [1.2], [1.3]. Permanent magnets 

are widespread in nature in the form of lodestones which consist of pure or nearly 

pure magnetite, the iron oxide Fe3O4. For a few centuries, the lodestone was used to 

point in a north-south direction creating a primitive compass, despite a lack of 

scientific understanding knowledge. French scholar Peter Peregrinus of Maricourt 

conducted experiments on magnetism and described the properties of magnets in 

the 13
th

 century [1.4]. However, much significant progress was made with the 

experiments of William Gilbert in 1600. His monograph De Magnete was the first 

modern scientific text to explain that the Earth was a giant magnet and that the 

direction of the dipole field was examined at the surface of a lodestone sphere [1.5]. 

Magnetic research progressed rapidly after Hans-Christian Oersted discovered the 

truth that a current-carrying wire produced a circumferential magnetic field 

affecting the direction of a compass needle in 1820. In the same period, French 

mathematician and physicist, Andre-Ampere Marie also showed that a current-

carrying wound wire was equivalent to a magnet and this is well known as 

Ampere‟s circuital law [1.5]. In series of the remarkable discoveries, Jean-Baptiste 

Biot and Felix Savart came up with the Biot-Savart Law which gives the formalism 
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for the magnetic field from a current carrying wire and Michael Faraday discovered 

electromagnetic induction and diamagnetism. All these experimental works 

motivated James Clerk Maxwell who established the unified theory of the inter-

relationships between electricity and magnetism in 1864. Despite the technical and 

academic improvements of the understanding of electromagnetic phenomena, the 

principle behind ferromagnetic solid materials remained in question. 

 

1.1.2 Origin of magnetic moments 

In order to comprehend the unique properties of various kinds of magnetic 

materials, one should first understand the fundamental concept of a magnetic 

moment. The magnetic moment of a magnet is a vectorial quantity that determines 

the magnetic force that the magnet exerts on an electric current and also the torque 

that a magnetic field exerts on it. A magnet produces a magnetic field having a 

magnitude and direction. This magnetic field is proportional to the magnetic 

moment. For some objects, this magnetic moment implies a magnetic dipole 

moment. For instance, a bar magnet having magnetic poles of equal strength “p” at 

each end and length “l” illustrates the magnetic moments in materials. When the 

bar magnet is located in a magnetic field, it will be affected by the field and tend to 

align to the same direction as the field. This torque is magnetic moment and it is 

defined as 

                                                                          

where   is the magnetic moment of the magnet [1.6]. If the bar magnet in a 

magnetic field is not aligned with the field direction, a certain amount of potential 

energy relative to the parallel position will be generated. The unit of potential 
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energy is in ergs, and the unit of magnetic moment, m is erg/Oe, or simply the 

electromagnetic unit of magnetic moment (emu). Equation 1.1 implies that the total 

magnetic moment is equal to the sum of the magnetic moments of the magnets. M 

is called the intensity of the magnetization, or the magnetic moment per unit 

volume. The specific magnetization, σ is given by 

  
 

 
 

 

  
 

 

 
                                                          

where   is the mass and ρ is the density of a material [1.6]. This specific 

magnetization is very likely to be utilized in biomedical application as well. 

In atomic physics, there are two different sources of magnetic moments 

which are the orbital angular motion of the electron and the intrinsic spin angular 

motion of the electron. The spin of the electron is quantized in two possible 

orientations, „spin-up‟ and „spin-down‟. This spin is a dominant source of the 

magnetic moment in an atomic scale and it is called the Bohr magneton (µB = 

9.274×10
-24

 A·m
2
 or 9.274×10

-21
 erg/Oe). The specific properties of magnetic 

materials are determined individually by the magnetic moments of their atomic 

electrons. The total magnetic moment of an atom is a vector sum of the intrinsic 

moment of the electron and the orbital motion of the electron around the proton. 

The net moment of an atom is given by 

 ⃑⃑  
 

    
( ⃑     )                                                           

where e is the electron charge, me is the electron mass, c is the speed of light,  ⃑  and 

   are the orbital angular momentum and the spin angular moment of electrons 

respectively. 
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1.1.3 Diamagnetism & Paramagnetism  

If an external field is applied to each electron magnetic moments, mostly it 

will be aligned to the same direction of the magnetic field on average. However, 

atomic magnetic moments are not aligned in all magnetic materials. Commonly, 

electrons in an atom are arranged in pairs with equal number of north and south 

magnetic poles. Therefore, the magnetic moment from each electron is canceled out 

and this is owing to a result of the Pauli exclusion principle. Moreover, even when 

the electron configuration is unpaired or non-filled sub-shells, it often has zero net 

magnetic moment. According to the net magnetic moment of the electrons as well 

as the magnetic material's behavior on temperature, all substances can be classified 

into five categories: Diamagnetism, paramagnetism, ferromagnetism, 

ferrimagnetism and Anti-ferromagnetism. Diamagnetic and paramagnetic materials 

exhibit no magnetic interactions between atomic moments and are not ordered 

magnetically. Meanwhile, materials in the other three categories exhibit long-range 

magnetic order below their moments without critical temperature. Among them, 

ferromagnetic and ferrimagnetic materials have moments without applied field but 

the other three require a field, and are often called non-magnetic materials. 

Diamagnetism is present in all materials and does not have an overall net 

moment. A diamagnet does not have orbital moment or unpaired spins. When a 

diamagnetic material is placed in a magnetic field, it tends to oppose an external 

magnetic field or turns out to be repelled by an applied magnetic field. This is 

represented by the susceptibility of each material. The susceptibility χ, given in 

units of emu/(Oe·cm
3
), is defined as the ratio of the magnetization to the applied 

field and it has negative value for a diamagnetic substance. This phenomenon 

describes the response of the core orbitals of all materials. However, the effect of 
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diamagnetism is overwhelmed by the much larger effects resulted from the 

unpaired electrons in paramagnetic and ferromagnetic substances.  

In the case of paramagnetism, the atoms in the material normally have no 

net magnetic moment owing to the unpaired electrons. When a magnetic field is 

applied, the moments tend to align partially in the direction of the field. This 

magnetic property results in a net positive magnetization and also positive 

susceptibility even though the values are not large compared to ferromagnetic or 

ferrimagnetic materials. However, they return to a nonmagnetic configuration when 

the field is removed. In addition, many paramagnets are easily affected by 

temperature, this causes a temperature dependent susceptibility, well known as the 

Curie Law. 

 

1.1.4 Ferromagnetism and Hysteresis loops  

In 1906, Pierre Weiss proposed the first modern theory of ferromagnetism 

that there is a strong internal molecular field which is proportional to the 

magnetization of a ferromagnet below a certain temperature [1.7]. There are three 

transition metals that possess unpaired electron spins: iron (Fe), cobalt (Co), and 

nickel (Ni) and these transition metals are the main elements in the modern 

technology of magnetic applications. A strong exchange force occurs between the 

two atoms and causes unpaired spins. This is called quantum mechanical exchange 

forces which Heisenberg described by a special Hamiltonian [1.8]. The exchange 

forces result in a parallel alignment of neighboring spins and strong magnetization 

is formed inside a material. Ferromagnetic materials show two distinct 

characteristics. The first characteristic is spontaneous magnetization owing to the 

internal molecular field even in the absence of a field. The second characteristic is 
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temperature dependent magnetic ordering. Although the exchange forces of 

electrons are very strong, it is overwhelmed by thermal energy which randomizes 

the parallel alignment of spins. All ferromagnetic materials have their maximum 

temperature where they lose the ferromagnetic property as a result of thermal 

fluctuation. Eventually, the ferromagnet is disordered above the specific 

temperature and it is called the Curie temperature (Tc). Much research and 

experiments proved this type of behavior and characteristic of the ferromagnet [1.9], 

[1.10], [1.11]. 

 

 

Figure 1.1: The magnetization „M‟ vs magnetic field strength „H‟ for a ferromagnetic 

material 

(Source: http://www.fy.chalmers.se/edu/lab/labpm/em4_magnetic_hysteresis.pdf) 

 

In addition to the saturation magnetization and the Curie temperature, an 

essential characteristic of the ferromagnetic material is the irreversible response of 

magnetization to an applied magnetic field. This lack of retrace-ability of 

http://www.fy.chalmers.se/edu/lab/labpm/em4_magnetic_hysteresis.pdf
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magnetization curve is called “hysteresis” and it is associated with the presence of 

magnetic domains in the material. Therefore, the unique property can preserve the 

magnetization status, i.e. a magnetic “memory” of the field, even after removing 

the applied field. This response is epitomized by the hysteresis loop and the 

variation of magnetization with the magnetic field is shown in figure 1. 

The domain structures are depicted schematically on the hysteresis loop of 

Fig. 1.1 for the zero net magnetized state at the origin, the saturated state where M 

= Ms, the remanent state in zero applied field where M = Mr and the state at H = 

±Hc, the coercive field at zero-crossing magnetization locations. Ferromagnetic 

materials have this very useful property that is used in magnetic storage devices 

such as a magnetic recording disk, recording tape, magnetic bar-codes, and so on. 

 

1.1.5 Ferrimagnetism and Anti-ferromagnetism 

Similar to the property of ferromagnetic materials, ferrimagnetic substances 

exhibit a substantial spontaneous magnetization below the Curie temperature, and 

become paramagnetic above this temperature. The magnetic structure consists of 

two magnetic sublattices which are often connected by oxygen. The most well-

known ferrimagnetic material is ferrites. It was discovered by L. Néel who 

provided the critical theory to understand ferrimagnetism in 1948 [1.12]. At the 

same time, anti-ferromagnetic material was also classified by him. The electron 

spins in anti-ferromagnetic atoms are aligned in a regular pattern but pointing in 

opposite directions. Therefore, the anti-ferromagnetic substances have small 

positive susceptibility, however their susceptibilities vary with temperature. 

Antiferromagnets are paramagnetic above a certain critical temperature, called the 

Néel temperature, TN. The common anti-ferromagnetic materials occur among 
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transition metal compounds such as hematite. It is often used with ferromagnets 

and this provides great advantages such as spin valve magnetic sensors, in 

magneto-resistive random access memory, as well as modern hard drive read heads.   

 

1.1.6 Domain theory 

The domain theory of ferromagnetism developed by Pierre Weiss argues 

that the large number of atomic moments is aligned parallel, but the direction of 

alignment varies from one domain to another. This phenomenon is commonly 

exhibited in ferromagnetic materials, even though they have their own crystalline 

anisotropy axes, called easy axes. The domain structure of ferromagnets is a result 

of minimizing the total free energy, in other words the domains have a tendency to 

form in the lowest energy state. Figure 1.2 graphically describes how domains are 

built in a large region of ferromagnetic material which is uniformly magnetized 

inside. At the beginning, the single domain element generates a large magnetic 

field spreading into the outer space. Therefore, the surface charges are stored on the 

both ends with positive and negative charges. This is called the magnetostatic 

energy and it can be defined as the volume integral of the field squared over all 

space. If the element is divided into two domains with the magnetization in 

opposite directions, the magnetostatic energy is reduced. Eventually, the lowest 

energy state can be reached which is the equilibrium domain configuration when it 

is cooled below the Curie temperature. 

When a single domain transforms to a multidomain structure, the region 

between two adjacent domains having opposite magnetization directions is created, 

called a “domain wall”. This region between the domains is associated with the 

exchange interaction which strongly induces the parallel alignment of magnetic 
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dipoles in the same direction. Therefore the size of domain wall is proportional to 

the exchange energy however it is inversely proportional to the magnetocrystalline 

energy due to the demagnetizing field. Both exchange and magnetocrystalline 

energies exist along the length of the domain wall. In addition to the exchange 

interaction energy responsible for the parallel alignment of adjacent atomic 

moments, many components such as magnetostatic energy, anisotropic energy, and 

magnetoelastic energy contribute to the domain formation as well. More detailed 

explanations about the critical energy components will be given in the subsequent 

sections. 

 

Figure 1.2: Formation of single magnetic domain and multi-domain 

(Source: http://www.splung.com/content/sid/3/page/magnetism) 

 

As the size of a ferromagnetic particle decreases sufficiently, the particle 

could only hold one domain which has the lowest energy of all possible states. 

http://www.splung.com/content/sid/3/page/magnetism
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There is a size range for a single domain particle which is approximately less than 

100 nm. Within this size range, the total volume of the particle is so small that it is 

subject to thermal agitations. Therefore below the certain diameter, “d” of a particle 

(d < 100 nm), thermal agitations can cause the random magnetization directions of 

a single domain particle which is called “superparamagnetism” and above a certain 

size (d > 100 nm), a single domain particle will begin to build a multi-domain 

structure. 

 

1.2 Magnetic recording 

1.2.1 Overview 

Magnetic recording has been with us for over a century. In 1888 Oberlin 

Smith implied the possibility of magnetic recording using cotton threads in which 

steel dust would be suspended. Ten years later, the „telegraphones‟ was the first 

magnetic recorder invented by the Danish engineer, Valdemar Poulsen in 1898. 

Afterwards, a few technologies of magnetic analog recording such as analog audio 

tape recording (by AEG and BASF in 1930) and video recording (by AMPEX in 

1956) were developed. Often through the successive development of analog 

recording technologies, digital recording world began to grow as the next 

generation in magnetic recording industry. IBM was proud to be in the vanguard of 

decisive innovation among magnetic storage industries. They introduced the 

original RAMAC (random access method of accounting and control) based on a 

pile of 50 two-sided 24 inch disks. It was the first commercial hard disk drive 

having a random access feature by using a moving head over the disk surface. It 
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had an areal density of 2 kbit/in
2
, a data rate of 70 kbit/s, and a storage capacity of 5 

Mbytes [1.13]. Compared to RAMAC, a modern 3.5 inch hard disk drive is the 

direct descendent and provides 1 Tbyte of storage which is a significant 

improvement in areal density and cost per byte of approximately eight orders of 

magnitude.  

 

 

Figure 1.3: A typical hard disk drive (HDD) inside image with labeling main components 

(Source: http://news.bbc.co.uk/2/hi/technology/6677545.stm) 

 

Fig. 1.3 shows the overall structure internal of a hard disk drive with the 

labels of main components. A typical hard disk drive is composed of platters, a 

motor, a spindle, read/write heads, an actuator and electronics. A hard disk drive 

has at least one or more platters (or disks) to store data and each platter has a head 

on both top and bottom sides. The platters are made from non-magnetic materials, 

http://news.bbc.co.uk/2/hi/technology/6677545.stm
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such as glass or ceramic, but have magnetic thin film coating layers on both sides 

for the purpose of magnetic recording. All the platters are mounted on the spindle 

which is rotated by a spindle motor. The rotation speed of a motor for current 

commercial products varies from 4,200 RPM in portable devices to 15,000 RPM 

for high performance servers. The read/write heads mounted on a slider fly only a 

few nanometers above the surface of the platters. When the read/write heads fly on 

the spinning platters, they record magnetization patterns, called bits, or read back 

from the previously recorded magnetization patterns on the media. The sliders 

having read/write heads are connected to the triangular-shaped head arm. The head 

arm enables the sliders to move from the hub to the edge of the drive. Each slider is 

controlled by a separate head arm and all of them are lined up and mounted to the 

actuator axis as a single unit. The head arm is controlled by a voice coil actuator 

which has very accurate track seeking ability. In addition, the air filter removes any 

leftover contaminants from the manufacturing process and any particles or 

chemicals that may have entered inside the hard drive enclosure. 

One of the competing data storage devices is a solid-state drive (SSD) that 

uses integrated circuit assemblies as memory to store information. Most current 

SSDs are based on NAND Flash memory which is non-volatile. Compared to hard 

disk drives, the advantages of SSDs are fast access, resistance to impact and 

vibration, low power consumption, high reliability, and low noise during operation. 

Back in 1965, Gordon E. Moore described a rule of thumb in the history of 

computing hardware: the number of transistors on an integrated circuit doubles 

every two years at a minimum cost per transistor [1.14]. This is called Moore‟s law 

and his prediction has proved to be keenly accurate for research and development 

in the semiconductor industry. Recently, IM Flash Technologies (IMFT), a joint 
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venture of Intel and Micron for process development, announced the development 

and manufacture of high density multi-level NAND Flash memories with a 20 nm 

process technology for the first time. The areal density growth rates of the NAND 

Flash memory were in the 40 % to 100 % range up to the present time. However, 

the semiconductor industry is confronting a challenge to follow Moore‟s law 

because extreme ultraviolet lithography will require the new ecosystem for 

photoresists, mask tooling, defect detection and so on. Therefore, the technology 

roadmap shown in Fig. 1.4 is going into a highly unclear stage, even though flash 

storage market industry may increase rapidly in the next decade [1.15]. 

Compared to the NAND Flash areal density history, the HDD areal density 

growth rates have shown a similar tendency ranged from the 40 % to the 100 % 

over the last two decades. Many innovative technologies have been introduced in 

every change of the growth rate improvement. One of the important advancements 

has been the magneto-resistive (MR) head. The 1
st
 anisotropic magneto-resistive 

(AMR) head was introduced in 1990 and a following technology was giant 

magneto-resistive (GMR) head in 1997. Originally, GMR effect was discovered in 

1988 by Fert and Grünberg who received the Nobel Prize in 2007. Also a new type 

of magnetic recording media such as the anti-ferromagnetically coupled (AFC) 

media was developed in 2001. After that, the second generation recording 

technology, called perpendicular magnetic recording (PMR) was introduced in 

2004, even though the fundamental concept of PMR was proposed in the late 1970s 

to overcome potential problems with longitudinal recording [1.16, 1.17]. Fig. 1.4 

shows the areal density growth rate and perspective of the hard disk drive 

compared to that of Flash memory. Similar to the growth rate of the Flash products, 
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the annual growth rate of the hard disk drive products shows relatively slow 

increase from 2000. 

 

 

Figure 1.4: Areal Density History for Roadmap of HDD and NAND Flash 

(Source:http://www.flashmemorysummit.com/English/Collaterals/Proceedings/2011/20110

809_F2C_GrochowskiFontana.pdf) 

 

Until hard disk drives using perpendicular magnetic recording (PMR) were 

commercially available, longitudinal magnetic recording (LMR) was the standard 

recording methodology of hard disk drives for over 50 years. As the name of LMR 

describes, the magnetizations of data bits prefers to be aligned horizontally in the 

spinning direction of the recording media. The magnetizations were written by the 

longitudinal stray fields generated from the “Ring” inductive writing head shown in 

http://www.flashmemorysummit.com/English/Collaterals/Proceedings/2011/20110809_F2C_GrochowskiFontana.pdf
http://www.flashmemorysummit.com/English/Collaterals/Proceedings/2011/20110809_F2C_GrochowskiFontana.pdf
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Fig. 1.5(top). The stray field leaking out of the head is not very strong. Meanwhile, 

the fields between two adjacent bits with opposing magnetizations are separated by 

a relatively large transition region due to the energetically unstable state. Despite 

the fundamental disadvantages described previously, over the years many 

technological developments to LMR were achieved. As a result, the areal density of 

LMR increased rapidly. However, at the end of the 1990s, the steady recording 

areal density improvement of LMR was prevented by fundamental limitations such 

as superparamagnetism, and insufficient head field from ring-shape write heads 

[1.18]. Therefore, the traditional growth rate of LMR areal density was not able to 

maintain and eventually slowed down beginning in 2002. The highest areal density 

for LMR was about 130 Gb/in
2
 in early 2000s [1.19]. 

Even though many efforts were made to realize PMR technology, the 

magnetic recording industry was not successful until the early 2004. Unlike LMR, 

the preferred axis of the magnetization for PMR is normal to the surface of 

recording media. There are many advantages of the perpendicular recording system 

over the longitudinal recording. The 1
st
 benefit is higher thermal stability that can 

be achieved by small grain diameter with larger grain thickness than grain diameter. 

The 2
nd

 advantage results from a perpendicular single pole head with a soft 

underlayer which enables to generate almost double the field of longitudinal 

recording head. In addition, the soft underlayer gives a guide for the head flux to go 

back into the return pole. This allows increasing the coercivity of the medium 

having smaller grain size. The 3
rd

 advantage is the smaller demagnetization field at 

the transition region. Thus, narrower magnetic transition helps to increase 

recording areal density. The other benefit is less noise at the track edges in the 

media due to the vertical pole head configuration. It also allows higher track 
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density and a smaller bit aspect ratio. Therefore, PMR has begun replacing LMR 

from 2004 and delayed the superparamagnetic effect: however, 

superparamagnetism was not resolved completely. 

 

 

Figure 1.5: Schematic view of the recording head and media structure and signal amplitude 

from magnetic transitions for longitudinal magnetic recording (top) and perpendicular 

magnetic recording (bottom).  

(Courtesy of Hitachi Global Storage Technologies) 

 

1.2.2 Technical challenges for higher density recording 

The structures of a hard disk drive (HDD) head (write & read) and 

recording media are designed and fabricated by sequentially depositing various 

kinds of films to achieve high areal density. In the recording layers‟ point of view, 

increasing areal density means that the performance of the recording layers should 
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be improved. In other words, the size of the single-domain particles in the medium 

should be reduced and more uniform, while maintaining the signal to noise ratio 

(SNR). In addition, the crystalline anisotropy directions of the grains should be 

improved to decrease noise. The smallest magnetic units are the grains and the 

stored energy in one grain can be described by KuV, where Ku is the magnetic 

anisotropy energy density considering both crystalline and shape anisotropies and 

V is the volume of a grain. The anisotropy energy of a grain must be larger than the 

thermal energy kBT (kB: Boltzmann‟s constant = 1.38×10
-16

 erg/K) in order to avoid 

spontaneous magnetization reversals between two local minimum energy states. 

Over fifty years ago, Nobel prize winner Louis Néel established the theoretical 

basis for the possibility of magnetization reversal which relates reversal rate r to 

volume V, the anisotropy constant Ku, and the absolute temperature T [1.20]. The 

theory is expressed as 

     
 

  
                                                                      

where  f0  is the attempt frequency and ∆E = KuV  is the magnetic energy barrier. 

Based on this equation, the possibility of magnetization reversal of a particle is 

given by the ratio of magnetic energy barrier to the thermal energy. When a particle 

having an initial magnetization is placed at an environment without ambient 

magnetic field, the anisotropy energy maintains the magnetic moment in its original 

direction and the magnetization will not change over time. However, at some 

temperature, the magnetization orientation of the particle may change over time as 

a result from receiving thermal energy. Therefore, the magnetization as a function 

of time will decay and eventually will be reversed. The governing equation for the 

decay is defined as 
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where t is time and Mi is the initial magnetization of the particle. The inverse of the 

reversal rate 1/r is called the relaxation time τ. In a magnetic recording system, if 

we want to keep the stored magnetic information for a long time, the relaxation 

time should be as long as possible. For instance, the attempt frequency of current 

recording media is equal to 10
11

 Hz and if we want to keep the data at least over 10 

years, then the ratio of the energy barrier to thermal energy KuV/kBT should be 

larger than 45 at room temperature. Therefore, the anisotropy energy of each 

magnetic particle must be large enough to avoid spontaneous reversals of 

magnetization which lead to thermal decay and superparamagnetism.  

Based on the description of the stored energy in the previous paragraphs, 

the magnetic energy of a grain can be maintained even at smaller grain size if the 

anisotropy energy density is increased accordingly. As the anisotropy energy 

increases, higher write head field is required in order to flip the magnetization. 

However, the field generated by a write head is limited by the magnetic moment of 

the head material as well as the head design structure. The current dominant 

magnetic material of a write head is “FeCo” alloy having the maximum saturation 

moment Bs (=4πMs) of 2.4 Tesla. Therefore, the design of higher areal density 

recording media is prevented either from the thermal instability of small grain size, 

the necessity of high write field due to the high anisotropy field or by insufficient 

SNR due to the large grain size. In magnetic recording industry, this is called the 

“Trilemma” of magnetic recording in order to indicate that there are three 

undesirable main issues [1.21]. Fig. 1.6 shows a diagram of recording media 

trilemma and the three corners of the triangle diagram are incongruous states.    
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Figure 1.6: Diagram of the recording media trilemma in magnetic recording industry 

 

1.2.3 Write head 

The writer of the traditional magnetic recording is a ring type head creating 

the longitudinal transitions by the down-track components of the stray field from 

the write gap. Therefore, the saturation magnetization of the head and the fraction 

of the field delivered to the recording layer limit the coercivity that can be used in 

the media. In perpendicular magnetic recording, a single pole head combined with a 

highly permeable soft underlayer (SUL) requires a return pole or a trailing shield, 

as in Fig. 1.7. The SUL is physically part of the recording medium, but 

magnetically belongs to the write head. The recording layer is deposited on top of a 

SUL that draws sharply the flux from the single pole head and guides it to the 

return pole. Therefore, a SUL becomes a part of the head structure and the behavior 

of the SUL is well understood from the principle of image charges which makes the 

head field double ideally. The magnetic field is generated by the surface of the 
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main pole tip and delivered to the medium. The produced flux, which circulates 

along the magnetic circuit including the main pole, the SUL and the return pole, is 

conserved: 

                                                                     

where Amp is the bottom surface of the main pole, Bmp the flux density at the main 

pole, Arp the bottom surface of the return pole, Brp the flux density at the return pole, 

ASUL the relevant area of the SUL [1.21]. The relationship implies that the bottom 

surface of the trailing shield should be much larger than that of the main pole in 

order to avoid overwriting other bits.  

 

 

Figure 1.7: Cross-sectional schematic of a perpendicular single pole head with a “trailing 

shield” placed in the proximity of trailing edge of the writing pole 

(Source:http://www.hgst.com/tech/techlib.nsf/techdocs/F47BF010A4D29DFD8625716C0

05B7F34/$file/PMR_white_paper_final.pdf) 

 

In addition to the major role of flux guidance, the trailing shield is used to 

increase the head field gradient in the down track direction. This higher field 

gradient assists to decrease bit length thus it gives higher signal to noise ratio as 

http://www.hgst.com/tech/techlib.nsf/techdocs/F47BF010A4D29DFD8625716C005B7F34/$file/PMR_white_paper_final.pdf
http://www.hgst.com/tech/techlib.nsf/techdocs/F47BF010A4D29DFD8625716C005B7F34/$file/PMR_white_paper_final.pdf
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well as a higher linear density [1.22]. The position of data which will be written 

between a main pole and a trailing shield is shown in fig. 1.7. One possible 

disadvantage for a trailing shield might be the leakage flux directly transferring 

from the side of a main pole to the trailing shield as a short-cut. If the gap between 

the main pole and the trailing shield is too small, then this will cause serious 

reduction of the head field strength right under the main pole. Therefore, when a 

write head with a trailing shield is designed, head field strength and field gradient 

must compromise with each other. As a rule of thumb, the gap between them is 

supposed to be similar to the space between the air bearing surface and SUL. 

Theoretical aspects and experimental implementations of a head having a trailing 

shield have been investigated in [1.23], [1.24]. 

 

 

Figure 1.8: MFM images of recorded bits (a) Recorded with conventional SPT writer. (b) 

Recorded with a focus-ion-beam (FIB) trimmed SPT writer with trapezoidal shape main 

pole [1.25]. 
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Similar to a trailing shield, side shields should be considered for preventing 

adjacent track erasure (ATE). Even though the leakage flux in the cross track 

direction from the narrow writer is much weaker than the nucleation field of the 

medium, the adjacent track is possible to be erased after encountering many passes 

combined with thermal fluctuation field. A typical write head pole has a rectangular 

shape with the pole length at least 2 times larger than the cross track dimension for 

providing sufficient write fields. Generally, the corner of the writer produces strong 

stray field and the skew angle between the axis of the recording head and the 

circumference of the track is designed to be in the range of +10 to +15 degrees at 

the inner disc diameter and -10 to -15 degrees at the outer diameter. When the 

writer is used at skew, the corner of a rectangular shape pole tip will be off-track 

and protrude to the adjacent tracks. This problem will cause ATE or the written 

transition widths will be too wide. Therefore, the head of a narrow trapezoidal 

shape with well controlled angle has been developed and reduces the skew 

asymmetry as well as ATE [1.25], [1.26]. Fig. 1.8 shows the MFM images of 

recorded bits with a rectangular shape single pole tip (SPT) writer and a trapezoidal 

shape SPT writer. The other issue related with writer is on-track erasure owing to 

the remanence of a write head. Those issues should be considered with the design 

of a single pole head with SUL for high density recording [1.27].   

  

1.2.4 Read head 

Magnetic recording readers are based on the principle of magnetoresistance. 

When a magnetic field is applied to a material, the value of its electrical resistance 

is changed. The ordinary magnetoresistance was discovered by William Thomson 

in 1856 however, the electrical resistance of a material was not changed much at 
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the beginning. Anisotropic magnetoresistance (AMR) was the first commercialized 

property of a material. In AMR, electrical resistance depends on the angle between 

the external magnetic field and the electric current direction. The maximum 

electrical resistance is observed when the direction of the magnetic field is parallel 

to the direction of current. AMR has been obtained up to 50 % for some 

ferromagnetic uranium compounds [1.28].  

   

 

Figure 1.9: Illustration of CPP GMR structure: the parallel configuration on the left and the 

anti-parallel configuration on the right with equivalent electric circuit representations, 

respectively 

(Source:http://en.wikipedia.org/wiki/Giant_magnetoresistance) 

 

 

http://en.wikipedia.org/wiki/Giant_magnetoresistance
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Continuously, the MR technology has been improved and extended to the 

giant magnetoresistance (GMR) and the tunneling magnetoresistance (TMR). GMR 

is observed in the structures of magnetic metal layers separated by a nonmagnetic 

metal layer. It is possible to reorient the magnetic moments of the ferromagnetic 

layers relative to one another. These structures include magnetic multilayers, spin 

valves, and granular solids. An early example of the GMR effect anti-

ferromagnetically coupled ultra-thin Fe/Cr multilayers separated by a non-magnetic 

metal layer [1.29]. The interlayer exchange coupling is caused by electrons near the 

Fermi level: It oscillates with separation distance. According to the thickness of the 

nonmagnetic spacer, it is possible to generate an anti-parallel configuration of the 

ferromagnetic layers and then align the magnetic moments by an external field. In a 

spin valve, the magnetization of one ferromagnetic layer is pinned by the exchange 

coupling with a neighboring anti-ferromagnetic layer, while the magnetization of 

the other ferromagnetic layer is free to rotate with the applied field [1.30]. For the 

magnetic recording read head, the free layer of magnetization is rotated by the 

external field from the media transitions. The spin valve GMR has two types of 

structures, current in plane (CIP) and current perpendicular to the plane (CPP), 

depending on the direction of current flow. CPP GMR configurations are illustrated 

in fig. 1.9. A parallel configuration is shown on the left and an anti-parallel 

configuration is shown on the right with equivalent electric circuit representation, 

respectively. The different magnetization alignments of the GMR structure provide 

different resistances due to the various scattering rates of spin up or spin down 

electrons. Each configuration describes two spin states (spin up and spin down) 

passing through the structure with different scattering rates. For example, if the 

spin of the electron is opposite to the direction of the magnetization in the 
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ferromagnetic (FM) layer, the scattering effect is larger than the parallel direction 

of the magnetization. This effect is known as the two channel current model [1.31]. 

Therefore, an equivalent electric circuit can be induced from this principle of 

electron scattering mechanism. The size of resistor illustrates the amount of 

resistance and the equivalent resistance for each configuration can be obtained. 

Tunneling magnetoresistance (TMR) is selected to spin valve GMR. The 

spin up or spin down electrons pass through an insulating barrier (MgO) instead of 

the nonmagnetic spacer. Typically TMR has a larger MR value since it allows only 

majority electrons to pass the insulating barrier, called a “spin polarized effect”. 

The effect of TMR was originally discovered in 1975 by M. Julliére however the 

resistance change was around 14 %. Recently, the effect of TMR has been 

increased up to 600 % at room temperature and over 1100 % at 4.2 K for junctions 

of CoFeB/MgO/CoFeB [1.32], [1.33]. This large advantage attracts more 

applications such as high performance and nonvolatile solid-state magnetic random 

access memories (MRAM), and TMR based read head for high density recording. 

  

1.2.5 Recording media 

Along with the technical development and analyses of magnetic write and 

read heads, a magnetic recording layer is critical component and has been 

progressed continuously. In similar to the final goal of the technical improvement 

of magnetic write and read heads, the primary goal of magnetic recording media is 

to raise the areal recording density. Therefore, the major categories for a good 

recording medium have to be an agreement among three parameters which are high 

recording density, high signal to noise ratio, and sufficiently high thermal stability. 

In order to satisfy the agreement of the above categories, a number of magnetic 
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parameters should be improved. For example, the transition parameter ɑ should be 

reduced to increase a recording density. It is mainly proportional to the remanence-

thickness product Mrδ of the medium and inversely proportional to the coercivity of 

the medium. These magnetic and structural parameters are dependent on one 

another.  

As a result of the rapid growth rate of recording density (60 to 100 % 

annually) for the past decade [1.34], the longitudinal magnetic recording media 

eventually confronted the superparamagnetic limit. Hence, the longitudinal 

recording method was changed to the perpendicular magnetic recording method 

due to the tradeoff between high signal to noise ratio and thermal stability in the 

early 2000s. Historically, the first generation of a magnetic recording layer was 

composed of closely packed magnetic particles, called as a particulate medium. The 

representative magnetic particles are iron oxide alloys having a low saturation 

magnetization and low coercivity. For high density recording, there are a couple of 

fundamental requirements: high remanent magnetization with small media 

thickness, high coercivity, squared hysteresis loop, smooth surface and reliable 

mechanical stability and small as well as uniform grains. First of all, high remanent 

magnetization provides large enough readback signals and small media thickness 

minimizes the thickness spacing loss. High coercivity and squared hysteresis loop 

are very important to achieve the sharp transitions and the satisfactory overwrite 

ratio. The smooth surface and reliable mechanical stability provide to attain small 

magnetic spacing with acceptable tribological performance. Small and uniform 

grains mainly result in low transitional noise therefore, signal to noise ratio can be 

maintained while increasing recording areal density.  
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The second generation of magnetic recording media was thin film disks 

introduced in the late 1980s. In the early stage, the magnetic thin film disks are 

complex multilayer structures comprising of typically glass or aluminum substrate, 

amorphous NiP undercoat, chromium or Ni-based alloy underlayer, Co-based alloy 

magnetic film, carbon overcoat, and lubricant. The most critical component of a 

thin film disk is the magnetic recording layer. The current method of perpendicular 

magnetic recording has been used for commercial products since the mid-2000s. 

Ideally, the magnetic recording layer requires high coercivity and high magneto-

crystalline anisotropy grains which are very uniform in size, much smaller than 

recording bit cells and magnetically isolated with nonmagnetic grain boundary. The 

material of primary magnetic recording layer is based on cobalt alloys. The initial 

Co-based alloys with a hexagonal close packed (hcp) for recording media include 

CoCrTa, CoCrPt, CoCrPtTa, CoNiCrPt, etc. [1.35], [1.36], [1.37]. The added 

elements assist to increase coercivity, to reduce the intergranular exchange 

coupling energy, and to enhance corrosion resistance.  

The structure of perpendicular magnetic recording (PMR) media consists of 

a soft underlayer (SUL), seed layer, magnetic recording layer, and carbon overcoat 

layer. The greatest advantage of the PMR can be obtained from a SUL. The SUL 

doubles the write field strength as well as the head field gradient however it also 

generates the spike noise as well. Therefore, a single pole head combined with a 

SUL allows magnetic recording media to use high anisotropy recording materials 

for high coercivity and thermal stability. The spike noise can be detected by the 

read head and it comes from the magnetic multi-domain structure of a SUL. In 

order to minimize the noise, there are two useful structures: the anti-parallel 

structure SUL (APS SUL), the anti-ferromagnetism SUL (AFM SUL) [1.38]. The 
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APS SUL is composed of multiple soft magnetic layers with very thin nonmagnetic 

spaces between them. Thus, magnetic flux from the domain wall would not come 

out but circulate into the anti-parallel coupled neighboring soft magnetic layer. The 

AFM SUL is composed of a soft magnetic layer adjacent to an anti-ferromagnetic 

material layer therefore the magnetization of the SUL is headed to one direction by 

a bias magnetic field in the anti-ferromagnetic region. This structure controls the 

spike noise due to not having magnetic domain wall.  

 

 
Fig. 1.10 In-plane TEM image of CoCrPt-SiO2 layer [1.42] 

 

 Another method to reduce magnetic recording media noise is the separation 

between neighboring grains. For instance, CoCrPt-O and CoCrPt-SiO2 granular 

material systems diminished the recording media noise owing to the reduction of 
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magnetic interaction between magnetic grains with O or SiO2 [1.39], [1.40], [1.41]. 

An in-plane transmission electron microscopy (TEM) image of a CoCrPt-SiO2 

granular recording layer is shown in fig. 1.10 and this separation between grains 

was achieved at room temperature. The other important issue is the easy axis 

distribution of the Co-based alloy grains. It was very difficult to control the 

epitaxial growth of the granular material before Ru is used as the interlayer of the 

perpendicular recording media. The distribution of the easy axis in normal direction 

in the CoCrPt-SiO2 medium was 4 degrees or less and further it has been improved 

by using high gas pressure deposition of a Ru interlayer. 
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Chapter 2 Micromagnetics 

In this chapter, we discuss the micromagnetic model which has been used 

for the simulations through the whole of the dissertation. Landau and Lifshitz first 

proposed a micromagnetic theory in a paper in 1935 [2.1] and William Fuller 

Brown contributed largely to the theory called “Micromagnetics” in 1963 [2.2].  

Micromagnetics is capable of providing the fundamental understanding of 

magnetization reversal processes on the sub-micrometer length scale since it deals 

with the interactions between magnetic moments and predicts the behavior of 

magnetic material taking into account its structure and intrinsic properties. Thus, 

micromagnetics is very useful to investigate the characteristics of biomagnetic 

nanoparticles, magnetic recording performance, and optimal design of a magnetic 

recording system. In order to build a model with statistical accuracy for those 

micromagnetic applications, the correlations among a few major governing energy 

terms of a magnetic moment should be clearly understood and analyzed. Based on 

purely classical and quantum mechanical theories, the governing energies consist of 

magnetostatic energy, magnetocrystalline anisotropy energy, exchange energy, 

Zeeman energy, and thermal energy. The generation of realistic grains and the 

modeling method will be introduced and each energy term will be presented. 

2.1 The Landau-Lifshitz-Gilbert Equation 

In magnetic material, the direction of magnetization can be varied 

dynamically by means of the effective field Heff. From quantum mechanics, it is 
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known as the dynamic precession of the spin magnetic moment around the field. 

Therefore, by combining the elementary volume and magnetization vector field M, 

the first dynamical model for the precessional motion of the magnetization was: 

  

  
                                                                     

where γ = 1.76 × 10
7
 [Oe

-1
·s

-1
] is the gyromagnetic ratio of the free electron spin. 

This is the Landau-Lifshitz equation that is a conservative Hamiltonian equation. 

However, the magnetization of real magnetic materials will be converged 

eventually in the effective field direction. Thomas Gilbert introduced 

phenomenological dissipation that depends on a damping constant α. This occurs 

by a kind of viscous force and the Gilbert damping constant is ranged from 0.001 to 

1.0 depending on the material. Therefore, the dynamic motion of the magnetization 

is generally described by the Landau-Lifshitz-Gilbert (LLG) equation: 

  

  
 

 

    
       

  

        
  (      )                          

where Ms is the saturation magnetization. The first term on the right hand side 

represents the gyromagnetic precession of the magnetization, also called “Lamor 

precession”, with an angular frequency of ω=γH when the damping constant is zero. 

The second term is a damping term which makes the magnetization of material 

eventually converge to the same direction of the effective field. Figure 2.1 

illustrates the dynamic relations between the precessional motion and energy 

dissipation. 
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Figure 2.1: Magnetization dynamics having damped gyromagnetic precession. 

 

Both terms are orthogonal to the magnetization direction due to the cross 

product        and thus, the amplitude of the magnetization is preserved. With 

the LLG formula (2.2), the dynamic behavior of the magnetization is able to be 

numerically computed by a differential equation with an appropriate time step. In 

application to bio-magnetic nanoparticles or typical magnetic recording systems, 

the saturation magnetization and the damping constant are considered time 

invariant throughout the computation. 

 

2.2 Grain Geometric Configuration 

As the TEM image of recording layer shows in figure 1.10, the 

perpendicular magnetic recording (PMR) layer has a complicated morphology. 

Therefore, it is difficult to reproduce and analyze accurately real grains by using a 

micromagnetic model. For instance, the assumption of regular grains such as 

spherical or hexagonal grains may be helpful to describe the real grain system 
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however they are still insufficient to describe in detail the interactions between 

adjacent grains. The real grains of a PMR layer have irregular shapes and non-

uniform size distribution. In addition, recording media is often governed by non-

uniformity of magnetic moment or magnetic cluster owing to the inter-granular 

exchange interaction.  

 

 

Figure 2.2: A schematic diagram of an array of 500 grains generated by planar Voronoi 

cells. 

 

In order to represent the complicated grain morphology, we used non-

uniform Voronoi unit cells which consist of randomly distributed polygons in two-

dimensional space [2.3]. One of the advantages of this scheme is able to simulate 

the exchange interaction between adjacent grains and also make it possible to 
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consider the non-uniform grain size distribution on recording layer characteristics. 

Another benefit is that we can easily control the average grain size and the grain 

size distribution. The Voronoi unit cells follow a log-normal distribution which is 

very similar to the real grain size distribution. 

  

 

Figure 2.3: An example of grain distribution (500 grains, mean grain size = 8.6 nm, 

standard deviation = 2.1 nm) generated by Voronoi configuration. A logarithmic normal 

curve is also showed with solid line. 

 

Figure 2.2 shows an example of an array of 500 planar Voronoi cells. A 

uniform grain boundary of 1 nm is included between the adjacent grains. For the 

generation of this array, first random seeds are distributed uniformly within a two-

dimensional space. Then a number of vectors have been drawn from a seed to the 

adjacent seeds. After that, we generate orthogonal lines to the vectors at their mid-
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positions. According to the number of adjacent seeds, the total number of 

orthogonal lines will be determined. Eventually a small enclosed space is formed 

by connecting the orthogonal lines to the vectors to each other to make polygonal 

Voronois cell. The polygonal grains which are generated by this procedure are very 

similar to the growth of real grains. In real grains, random islands are generated by 

sputtering and the polycrystalline structure is formed after crystals grow along the 

islands. More detail on sputtering technique will be described in chapter 3. To 

avoid the edge effect, geometric and magnetic periodic boundary conditions are 

applied to the array of grains.  

Our micromagnetic model includes the parameters to define a recording 

layer such as average grain diameter Dave, standard deviation of diameter σD, space 

between adjacent grains, and recording layer thickness δ. The variance of grain size 

and the irregularity of grain shape can be easily changed by adjusting the minimum 

distance between seed points [2.3]. One example of a grain size distribution with 

500 grains is shown in Figure 2.3. The average grain diameter is equal to 8.5 nm 

and the standard deviation equals 21.5 % of the average grain diameter. A 

logarithmic fitting curve is also drawn, which is found to be in compliance with the 

distribution. 

 

2.3 Micromagnetic Energy Terms of Grains 

In micromagnetic simulations, the micromagnetic grains of a recording 

layer and the micromagnetic unit cells of the other recording structures such as a 

write head and a soft underlayer are their own domains that can be modeled with 
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the LLG equation. The LLG formula can be numerically integrated to predict the 

magnetization behavior of each domain caused by the applied magnetic field. As 

mentioned in Chapter 1, the domain structure is a result of minimizing the total free 

energy, and it represents either a local or an absolute energy minimal state. Without 

considering magnetoelastic and surface anisotropy effects, the total magnetic 

energy Etot of a single domain grain subjected to an external field can be expressed 

as [2.2]: 

                                                                      

where Ems is the magnetostatic interaction energy, Eani is the 

magnetocrystalline anisotropy energy, Eex is the intergranular exchange coupling 

energy, and EZ is Zeeman energy. Each energy term is a function of magnetization 

M. The first three energy terms are always present to some extent in a ferromagnet. 

The last energy term is the response to the applied field, and it defines the 

magnetization process and hysteresis loop. All energies used in micromagnetic 

models are taken to produce magnetic fields, which contribute to the effective field 

in the LLG formula. The effective field of a grain is required during the iterative 

integration for both dynamic and static (equilibrium state) micromagnetic 

calculations using the LLG formula. Generally, it is obtained from the energy 

densities: 
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)                                  

where Happ is the applied field. In the following sections, the energy terms in the 

magnetic grains of the recording media are discussed based on the classical theories 
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of magnetism. In addition, the transformation of the energy term to an equivalent 

effective field will be derived. 

 

2.3.1 Magnetostatic Energy 

The magnetostatic energy is the interaction between the magnetization and 

the magnetic field. In our system, it arises from the interaction among all the other 

magnetic grains. As mentioned previously, a magnetized grain generates magnetic 

field both within the body, called the demagnetization field, and outside the grain, 

called the stray field. These fields are entirely dependent on the grain geometry and 

its magnetization state. The total magnetostatic energy in a volume V can be 

represented by  

     
 

 
∭                                                            

where Hms is the magnetostatic interaction field generated by M, and the 

constant of  
 

 
  avoids energy double counting when the energy is summed in the 

volume. In general, the magnetic field can be calculated either by using Maxwell 

equations through a scalar potential calculation or from the calculation of 

magnetostatic interaction energy. The total magnetostatic field can be represented 

by the integration of magnetic charge over the whole thin recording layer: 

      ∭(       )
      

|    | 
     ∬         

      

|    | 
               

where     is volume magnetic charge density,     is surface magnetic charge 

density, r is the observation point,    is the location of the source charge and n is 

the unit vector normal to the surfaces. In our model, the magnetic moment is 
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uniform within the layer so the first term on the right hand side is zero. In 

micromagnetic analysis, almost all computation time has been consumed on the 

calculation of magnetostatic energy. Moreover, it is difficult to obtain accurate 

results. For example, the Voronoi grains have polygonal top and bottom surfaces 

and rectangular side surfaces. The interaction energy between grain i and j can be 

calculated over three kinds of surface pair intergrations such as side surface of i
th

 

grain to side surface of j
th

 grain, side surface of i
th

 grain to top or bottom surface of 

j
th

 grain, and top or bottom surface of i
th

 grain to top or bottom surface of j
th

 grain. 

The computationally easiest way is to pre-calculate a magnetostatic tensor  ⃡   from 

the equation (2.6). The interaction energy tensor between grain i and j is composed 

of elements in a matrix form as:  

 ⃡   [

   
     

  
   

  

   
  

   
  

   
  

   
     

  
   

  

]                                                      

It depends on the shape, the geometry of the cell array and the distance to 

the observation point. Therefore the expression for our application becomes 

        ∑ ⃡   (  )

 

   

                                                       

In our micromagnetic simulations, only demagnetization fields or the inter 

interactions between magnetic structures are considered. The computation of the 

demagnetization matrix for the Voronoi grains is based on the integration of the 

magnetostatic interaction from triangular or rectangular surfaces (geometric 

mapping techniques) [2.4]. If we consider a recording layer of two stacks such as 

exchange coupled composite (ECC) media, magnetostatic demagnetization fields 
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can be calculated from (2.6). However, this calculation may be monotonous due to 

the averaging over the entire volume. Another method would be to divide each 

layer into many small magnetic dipoles. The magnetostatic interaction tensor can 

be obtained from the energy calculation between all dipoles. The dipole field 

approximation is given by  

        
     ̂   ̂   

  
                                                    

where R is the distance between the observation point and the dipole, V is the 

volume of the dipole and  ̂  is the unit vector directed from the dipole to the 

observation point. This will be a good approximation if the sections representing 

each dipole are much smaller than the distance between the two layers. 

 

2.3.2 Crystalline Anisotropy Energy 

In modern magnetic storage applications, the material of the magnetic 

grains possesses strong uniaxial crystalline anisotropy. The physical origin of the 

crystalline anisotropy is the spin-orbit interaction of the electrons. 

Phenomenologically, the energy is related to the local directions of magnetization 

with respect to the easy axes. This energy results from a hexagonal closed packed 

(HCP) structure in recording media deposition. The uniaxial crystalline anisotropy 

energy can be represented by 

               
         

                                         

where Ku0, Ku1, Ku2 … are the crystalline anisotropy energy constants, and θ is the 

angle between the magnetization and the anisotropy easy axis. If the magnetization 

is collinear to the easy axis, the anisotropy energy is lowest. Meanwhile, if the 
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magnetization is orthogonal to the easy axis, the anisotropy energy is highest. For 

application convenience, the uniaxial anisotropy energy is often simplified as 

          
        |   |                                             

after neglecting the negligibly small terms higher order terms, where Ku (in erg/cm
3
) 

is a dominant term of uniaxial anisotropy constant, and k and m are easy axis 

orientation and magnetization, respectively. The effective anisotropy field can be 

obtained by simply taking the derivative of the energy density with respective to 

the magnetization vector and multiplying a negative sign. The expression of the 

effective field of the crystalline anisotropy is  

      
     

  
                                                         

where     
   

  
  is called the anisotropy field. Anisotropy constant is usually 

measured from experiment. The experimentally measured Ku is an averaged value 

with grain volume, but in a real magnetic specimen, the magnitude of Ku varies 

from grain to grain. In my micromagnetic models, the magnitude of anisotropy 

field is usually taken to be the same in all grains: however, the easy axes of grains 

can be changed according to a specific angular distribution. 

 

2.3.3 Exchange Coupling Energy 

Ferromagnets, ferrimagnets, and anti-ferromagnets all have a common 

characteristic which is known as exchange coupling interaction. Ferromagnetic 

materials especially have a strong interaction between spins. According to the sign 

of the spin-spin interaction, each spin has a tendency to align surrounding spins 

parallel or anti-parallel to its own direction. In quantum mechanics, the interaction 
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between spins, known as exchange coupling, is a result of the Pauli-exclusion 

principle. It requires that two electrons too close to each other will have parallel 

spins. In the Heisenberg Hamiltonian format, the exchange interaction of atoms is 

represented by  

     ∑          

 

     

                                                       

where M is the number of atoms and Ji,j is the exchange integral that includes the 

overlap of the eigenfunctions of electrons and is typically inversely proportional to 

the distance between the atoms [2.5]. As the exchange integral value decreases very 

fast with increasing distance, the exchange interaction is generally considered only 

for the nearest neighbor spins.  

In micromagnetics, the exchange coupling energy between nearest neighbor 

grains is included based on the quantum mechanical expression. The exchange 

energy density between these regions can be expressed by 

      ∑                                                             

where J is the exchange constant in erg/cm
3
. Equation (2.14) measures the strength 

of the exchange interaction between two magnetized regions. In a Voronoi 

configuration, the grain boundaries vary with their nearest neighbors, thus different 

interfacial effects between grains should be considered for exchange energy 

calculation. If we reasonably assume that the exchange energy between two grains 

is proportional to their interfacial area, then the total exchange energy density can 

be modified as 
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      ∑     

   

    
                                                    

where     is the interfacial area between grain i and j, and      is average side area 

if grains were hexagons. It is used to normalize the interfacial area. From equation 

(2.15), the effective exchange field at grain i can be calculated by  

      ∑  

   

    
                                                        

Unless there is a thick nonmagnetic boundary to completely decouple the 

adjacent grains, the lateral inter-granular exchange coupling always exists and 

should be included in modeling. In the continuum approximation, another exchange 

energy expression which can be derived from equation (2.13) is represented by 

     ((
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)                                     

where    
   

 
  is the exchange stiffness constant of the material and   is the lattice 

parameter of unit cell. 

 

2.3.4 Zeeman Energy 

The Zeeman energy is the magnetic energy of a magnetic moment under an 

applied field,     . It is expressed as 

                                                                        

The maximum Zeeman energy occurs when the applied field is orthogonal 

to the magnetization and conversely, the minimum energy occurs when the field is 

aligned with the magnetization. 
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2.4 Thermal Fluctuation Energy 

Systems experiences phase transitions owing to random thermal 

fluctuations. These fluctuations are usually largest close to the phase transition 

temperature and conversely smaller at lower temperatures. In particular, the 

magnetic energy stored in a nano-scaled magnetic particle is comparable to the 

thermal energy. Thus, a nanocrystalline magnetic particle may become 

superparamagnetic at a blocking temperature. Thermal fluctuation energy 

approximately equals kBT. Under this energy, the probability,       of 

magnetization switching per unit time of a magnetic particle is given as 

          
 

  
                                                               

where         is the energy barrier that the magnetization should overcome to 

switch between two stable states and    and   are the attempt frequency and the 

thermal relaxation time respectively. In a real magnetic material, the attempt 

frequency also depends on many parameters such as a damping constant, 

temperature, applied field, and so on. Hence, accurate theoretical formulae of the 

attempt frequency are required for predicting quantitatively the superparamagnetic 

limit and modeling experiment for applications. Based on equation (2.19), the 

magnetization switching probability is inverse-exponentially proportional to the 

ratio of the energy barrier to the thermal fluctuation energy. As this ratio decreases, 

the switching of magnetization between the stable states is more likely to occur 

easily. Therefore this thermal fluctuation field becomes part of the effective so that 

it can be modeled with the Landau-Lifshitz-Gilbert (LLG) equation. The LLG 
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equation can be modified with the effective thermal fluctuation field. This is called 

the stochastic LLG equation shown as 

  

  
 

 

    
  (         )  

  

        
 

 (  (         ))                                                                         

where the thermal fluctuation field is a Gaussian random process with mean equal 

to zero. The correlation function of the fluctuation field component can be 

described as 

〈            〉                                                            

where i, j = 1,2,3, and    
     

      
 . The Dirac   function indicates that the 

autocorrelation time of the fluctuation field is much shorter than the rotational 

response time of the system, while the Kronecker   function represents the 

assumption that the different components of the fluctuation field are not correlated 

with each other. In addition, it is assumed that the fluctuation fields acting on 

different magnetic moments are independent. Equation (2.20) is solved by using the 

forth order Runge-Kutta method and a uniform random number generator has been 

used to obtain the thermal fluctuation fields. 
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Chapter 3 Magnetic Nanoparticles for 

Hyperthermia Cancer Treatment 

Great attention has been paid to nanotechnology in medicine from long time 

ago. The concept of nanotechnology was first coined by Richard Feynman in 1959 

in his lecture “There’s plenty of room at the bottom”. Since 1998, both 

nanotechnology and bio-technology are very rapidly advancing research fields. 

Many opportunities exist for the design of new medical therapeutic techniques and 

instrumentation using these technologies. Magnetic nanomaterials can be very 

useful for many biomedical applications.  

In chapter three and four, a brief motivation and background for this study 

will be expressed and the fundamental concept of using ferromagnetic 

nanoparticles for hyperthermia cancer treatment will be described. Also, the 

characteristics and the preparation method of magnetic nanoparticles will be 

presented shortly. Based on the important concepts of magnetic nanoparticles, the 

optimization technique of magnetic anisotropy and applied fields for hyperthermia 

will be presented. 

 

3.1 Introduction 

Magnetic nanoparticles have great potential in the biomedical area, such as 

drug delivery, magnetic resonance imaging (MRI), and magnetic hyperthermia. The 

nanometer size scale helps enable control of particles in the human body. The large 
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surface to volume ratio at this range is also beneficial for promoting biological 

reactions through contact. Interest in the application of nanoparticles has increased 

in recent years. Magnetic hyperthermia, which utilizes the magnetic property and 

small size of particles simultaneously to help cure cancer [3.1], is one of the most 

attractive topics among those. 

A great advantage of hyperthermia treatment is the possibility to generate 

localized heat and kill malignant tumor cells selectively. The underlying principle 

is the higher sensitivity of tumor cells to temperature [3.1]. Sensitivity to heat 

derives from a lack of oxygen in tumor cells because of the poor blood flow there. 

In approximately 41ºC - 46ºC range [3.1], viability of tumor cells will be greatly 

reduced while healthy cells are hardly affected. 

Superparamagnetic particles are generally used in hyperthermia, among 

which magnetite is one of the most widely studied due to its biocompatibility and 

magnetic properties [3.2]. An AC field is applied to a particle solution during the 

heating process. Dissipation of heat is based on Néel and Brownian relaxation [3.1]. 

Néel relaxation is due to the magnetization rotation inside the nano-crystals with 

respect to the crystal axis. An alternating field will induce fluctuations and 

realignment of the moment which generates heat. Brownian relaxation is from the 

rotation of the whole particle in solution where friction causes release of heat. 

There has been research on the contribution of these two mechanisms in total 

energy dissipation for different materials, particle size and solvents. The Néel 

relaxation mechanism can be considered to be hysteresis loss [3.4]. It is well known 

that ferromagnetic materials have hysteresis behavior when subjected to magnetic 

field. The area of a hysteresis loop represents energy loss per unit volume which 
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can be expressed by ∮ ( )   [3.2]. If ferromagnetic particles with uniaxial 

anisotropy can be used under a large enough field, hysteresis loss will be promising 

[3.2].  

More attention has been paid to high magnetic moment materials other than 

iron oxides recently. Theoretically, specific loss power is proportional to the square 

of the moment
7
. The low moment of iron oxide particles prevent them from 

becoming highly efficient materials in hyperthermia (so that reduced dosage can be 

used on patients [3.7].) Therefore, high moment and biocompatible nanoparticles 

are needed. Experimental data has proven the efficiency of high moment 

nanoparticles compared to iron oxides [3.2]. Surface modified Fe70Co30 

nanoparticles with approximately 226 emu/g magnetization, more than 2 times 

higher than magnetites [3.6], are studied in this chapter as one of the potential 

candidates for hyperthermia.  

 

3.2 Experiment 

3.2.1 Preparation of FeCo nanoparticles 

Self-assembled nanoparticles are playing an important role in modern 

magnetic material science. Our collaborations (Ying, Jian-Ping, etc.) prepared TEM 

Fe70Co30 nanoparticles by a unique physical gas condensation system [3.2]. Figure 

3.1 shows the schematic of physical gas condensation equipment. FeCo alloy target 

with atomic composition 70:30 was used as the sputtering source. Ar2 gas was 

provided as both sputtering gas and carrier gas. During deposition, gas pressure 

was kept within 400mTorr to 600mTorr range. In order to do surface modification 
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and make biocompatible solution in future, particles were deposited on PVP 

(Polyvinylpyrrolidone) pre-coated glass slides. 

Modification of the magnetic field on the target surface was done in order to 

get uniformly distributed cubic FeCo particles [3.2]. The surface field at the target 

was designed to reach a certain value so that sufficient glow discharge density was 

maintained, which was critical for the good crystallinity. In addition, a narrow size 

distribution was achieved by keeping sputtering voltage almost constant, an 

indicator of stable glow discharge [3.11]. 

 

 

Figure 3.1: Synthesized method: Schematic of physical gas condensation equipment [3.10] 

 

3.2.2 Structural Properties 

Our collaborations characterized the morphology and crystal structure of 

direct deposited FeCo particles by transmission electron microscopy (TEM). Fig 

3.2(a) shows the bright field image under low magnification [3.14]. Plane view of 
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particles is dominantly cubic shape while it’s not very clear about exact 3D 

dimension view. So particles are assumed to be similar with cubes. A size 

distribution chart (Fig 3.2 (b)) presents a small size distribution [3.14]. Particle 

mean size is 12nm with 13.6% standard deviation. A higher magnification bright 

field image is shown in Fig 3.3 (a). Because particles were kept in ambient air, 

about 2nm thick oxidation layer is estimated based on the contrast in the TEM 

image. Selected area diffraction pattern (Fig 3.3 (b)) shows a body-centered-cubic 

crystal structure. Good crystal growth is implied by the cubic morphology and 

strong diffraction. 

 

 

Figure 3.2: (a) Bright field image of FeCo nanoparticles at low magnification (b) Size 

distribution of FeCo nanoparticles [3.14] 

 

The magnetic properties of the FeCo nanoparticles were analyzed by 

alternating field gradient magnetometer (AGM) at room temperature. A hysteresis 

loop with 82Oe coercivity is shown in Fig 3.4 [3.14]. This served as one of the 

micromagnetic simulation cases. 
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Figure 3.3: (a) Bright field image of FeCo nanoparticles at high magnification (b) Selected 

area diffraction [3.14] 

 

 

Figure 3.4: Hysteresis loop measured by AGM [3.14] 
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3.3 Micromagnetic Simulation Method 

3.3.1 Thermal Micromagnetic Model 

As denoted in the previous chapter, our model for this study is based on the 

numerical integration of the stochastic Landau-Lifshitz-Gilbert (LLG) equation 

(2.20). The effective field acting on the magnetization includes the 

magnetocrystalline anisotropy field, the applied field, the magnetostatic field and 

the thermal fluctuation field [3.12]. A scaling relationship between measurement 

time and thermal field has been used in our simulation to reduce computational 

time [3.13]. We assume that the FeCo nanoparticles are magnetized uniformly: 

therefore, a single magnetization vector is assigned to each particle. For cubic FeCo 

particles, the magnetocrystalline anisotropy is given 

     (  
   

    
   

    
   

 )                                        (   ) 

where    is the anisotropy constant and α1, α2, and α3 are the direction cosines of 

the magnetizations. A uniaxial shape anisotropy can be written 

             
 ( )                                                    (   ) 

where      is the uniaxial anisotropy constant, and   is the angle to the easy axis. 

We include magnetostatic interactions by treating each particle as a single dipole.   

 

3.3.2 Magnetic Properties using a Fitted Method 

Hysteresis loops were calculated for two experimentally measured sweep 

frequencies: 2.79 × 10
-4

 Hz and 0.13 Hz. Both particle volume and anisotropy 

constant were varied to match the experimental results.  Assuming only cubic 

anisotropy, we found an optimized volume of 520 nm
3 

and optimized anisotropy of 
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5.8 × 10
6
 ergs/cm

3
 [3.14]. This volume corresponds to a cube that is 8 nm along 

each edge. This would be the volume obtained if the experimental 12 nm cubes 

included a 2 nm nonmagnetic shell, which appears likely. The anisotropy is higher 

than that found in bulk materials. This suggests that the dominant anisotropy is a 

uniaxial shape anisotropy or surface anisotropy. Figure 3.5 shows the predicted 

hysteresis loop for 0.13 Hz, optimized uniaxial anisotropy of 1.3 × 10
6
 ergs/cm

3
, 

and the same optimized volume of 520 nm
3
 [3.14].  This corresponds to a shape 

contribution caused by one axis exceeding the length of the other axis by 1nm. This 

kind of imperfection seems likely and probably caused most of the anisotropy. 

 

 

Figure 3.5: Hysteresis loop of randomly oriented sample swept at a frequency of 0.13 Hz. 

All particles have volume in 520 nm
3
 and a uniaxial anisotropy constant 1.3 × 10

6
 ergs/cm

3
. 

The spikes are a consequence of thermal fluctuation in the limited theoretical sample [3.14] 
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3.4 Summary 

High moment Fe70Co30 nanoparticles with a 12 nm mean size and a narrow 

size distribution were simulated. Micromagnetic simulation was performed to 

calculate hysteresis loops for different experimentally measured sweep frequencies. 

Simulation results suggested cubic particles with 8nm edge length, which is 

consistent with experiment considering the oxide layer. The anisotropy appears to 

be dominated by a uniaxial term with an optimized value of 1.3 × 10
6
 ergs/cm

3
. It is 

suspected to come from non-uniform oxidation which introduces a shape 

contribution. 
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Chapter 4 Optimization of Magnetic 

Anisotropy and Applied Fields for 

Hyperthermia 

4.1 Introduction 

Magnetic nanocrystalline particles in alternating magnetic fields may have 

great heating efficiencies caused by hysteresis losses from the magnetization 

reversal processes. The specific loss power (SLP) of magnetic nanoparticles 

depends on magnetic moment, anisotropy energy density, particle size, and size 

distribution [4.1]. Among those components, SLP is strongly dependent on 

magnetic moment and anisotropy constant. In this chapter, the interesting region 

where the thermal energies and the energy barriers are comparable has been 

explored through numerical micromagnetics and explained analytically. 

 

4.2 Relaxation Mechanisms 

There are two different source of energy loss. Néel relaxation occurs due to 

the reorientation of the magnetic moment inside of the particles. The characteristic 

relaxation time is given by 
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where 0  is thought to be 10
-9

 s [4.8], K is an anisotropy constant, and V is the 

volume of particle. The equation shows the relaxation time depends on the ratio of 

the anisotropy energy to the thermal energy. The hysteresis loss power may be 

easily estimated from the measured hysteresis loop. The comparison between 

estimated values of hysteresis loss power and results of calorimetric determination 

of the heat power has been made and shown to be in good agreement [4.2]. The 

other source of energy loss is caused by the reorientation of the whole particle itself 

in a fluid solution of magnetic nanoparticles (Brown relaxation). In general, the two 

different relaxation mechanisms occur at the same time and an effective 

characteristic time is given by 

     
    

     
                                                               

where    is the Brown relaxation. In an alternating magnetic field the frequency 

response of the magnetic nanoparticles can be investigated by measuring 

susceptibility spectra. Susceptibility is composed of real and imaginary parts. 

Magnetic loss is related to the imaginary part of susceptibility      which is 

described by 

     

  

       
                                                            

where     
  

  

    
  is the static susceptibility, MS is saturation magnetization, and     

is a factor depending on the ratio of the anisotropy energy to thermal energy in the 

range of 1-3 [4.4]. The loss power density in alternating magnetic field is 

proportional to magnetic field amplitude, field frequency, and
'' . It is expressed by 
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As the loss power density increases, the heating generation increases as well. 

Increasing magnetic field amplitude and frequency is the easiest way to raise the 

loss power density. However, magnetic hyperthermia has physical limits for 

biocompatibility such as maximum RF-magnetic field amplitudes and frequency. 

Brezovich has discussed the upper limit of the product between magnetic field 

amplitude and frequency [4.5]. Magnetic losses of different magnetic nanoparticles 

show a variety of nonlinear dependences on field amplitude, field frequency, and 

volume etc. Therefore high magnetic moment nanoparticles such as iron cobalt 

with gold coating are very promising for hyperthermia application. Their 

performance will be optimized using micromagnetics to determine Néel relaxation 

by integrating minor hysteresis loops. 

 

4.3 Micromagnetic Simulation Method 

4.3.1 Thermal Micromagnetic Model 

Micromagnetics allows prediction for Néel relaxation loss while avoiding 

the oversimplification inherent to analytic theories that can produce erroneous 

answers or miss important discoveries.  The simulation was based on the numerical 

integration of the stochastic Landau-Lifshitz-Gilbert (LLG) using the thermal 

fluctuation formalism developed by Brown [4.6]. The iron cobalt nanoparticles are 

assumed uniformly magnetized. A uniaxal shape anisotropy energy is dominant and 

given by the equation (3.2). The volume of each grain is 520 nm
3
 [4.11]. The 
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calculation included magnetostatic interactions between 10 particles with random 

easy axes and was repeated 1000 times to generate adequate statistics. 

 

4.3.2 Attempt Frequency 

The Attempt frequency of magnetization comes from the mean rate of 

transition between orientations. The mean rate of transition rij is described by 

        
                                                                      

where     is the attempt frequency of magnetization, in other words 

probability per unit time of jumping to the different orientations [4.6]. Vm and Vi are 

maximum energy at specific angle and two different minimum energies at different 

angles, respectively. The attempt frequency can be described as 

    
  

    

     
      

√
   

   

    
                                              

where    is gyromagnetic ratio, η is dissipation constant, v is volume of the 

particle, and          is magnetic field normalized by coercivity [4.6]. 

Numerical estimates of the attempt frequency are analyzed in comparison with 

theoretical predictions from the Fokker-Planck equation for the Neel-Brown model. 

This equation can be used for high energy barrier approximation, which is the 

energy barrier          is larger than thermal energy (kBT). For iron cobalt 

nanoparticles, we obtained approximately 10
7
 [Hz] which is two-order lower than 

usual attempt frequency [4.10].  
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4.4 Minor Hysteresis Loops 

 

Figure 4.1: Minor hysteresis loops of randomly oriented iron cobalt nanoparticles for 

different anisotropy energy densities, Ku (ergs/cm
3
) which are (a) 1×10

5
, (b) 2×10

5
, (c) 

3×10
5
, (d) 4×10

5
, (e) 5×10

5
, (f) 6×10

5
, (g) 7×10

5
, (h) 8×10

5
, and (i) 9×10

5
, first published 

in reference [4.10]. 

 

Figure 4.1 shows a variety of minor hysteresis loops evaluated at constant 

sweep rate for different anisotropy energy densities, Ku [4.10]. In the case of 

hysteresis loops with small anisotropy constants, superparamagnetic effects are 

shown in Fig. 4.1 (a), (b) and (c). With increasing anisotropy energy densities, the 

area of a hysteresis loop increases as shown in Fig. 4.1 (e), (f) and (g). Eventually, 
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the anisotropy becomes too large for thermal switching, and the loop reverts to a 

straight line as shown in Fig. 4.1 (h) and (i). Interestingly, we find the attempt 

frequency A to be about 2 × 10
7
 Hz [4.10].  This agrees well with reference [4.3], 

but contradicts the usual assumption of 1/0 = 10
9
 Hz [4.8]. 

 

 

 

Figure 4.2: Hysteresis losses of randomly oriented iron cobalt nanoparticles for different 

anisotropy energy densities, Ku from 1×10
5
 to 1×10

6
 ergs/cm

3
, and alternating magnetic 

field range from -10 to 10 Oe (a) without the static field and (b) with the static magnetic 

field [4.10]. 

  

Figure 4.2 (a) shows the total energy loss for different anisotropy constants 

for the case of a small oscillating field with magnitude 10 Oe. The energy loss per 

unit volume can be obtained from ∮        [4.7]. The highest peak shows 

approximately 120×10
6
 ergs/(s*g) (equal to 12 W/g) hysteresis loss energy at the 

anisotropy of 6×10
5
 ergs/cm

3
.  
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4.5 Perpendicular Static Fields 

 

 

 

Figure 4.3: Hysteresis losses of randomly oriented iron cobalt nanoparticles for different 

anisotropy energy densities, Ku from 1×10
5
 to 1×10

6
 ergs/cm

3
, and alternating magnetic 

field range (a) from -5 to 5 Oe and (b) from -20 to 20 Oe with the static magnetic field 

respectively [4.10]. 

 

We have explored the effects of varying the applied field and find that the 

combination of a relatively small static field applied perpendicular to the oscillating 

field approximately doubles the energy loss for a given applied power [4.10]. This 

is an important benefit for magnetic hyperthermia. Figure 4.2 (b) shows the total 

energy loss with a 20 Oe static applied field and alternating magnetic field ranging 

from -10 to 10 Oe for different anisotropy constants. The highest peak shows 

approximately 220×10
6
 ergs/(s*g) per particle at the same anisotropy energy 

density. Similar results are shown in figure 3 (a) and (b) under two different 

alternating magnetic field ranges. Figure 4.3 (a) shows the total energy per unit 

volume with a 15 Oe static applied field and alternating magnetic field ranging 
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from -5 to 5 Oe and figure 4.3 (b) shows the total energy per unit volume with a 25 

Oe static applied field and alternating magnetic field ranging from -20 to 20 Oe. 

The highest peaks show approximately 94×10
6
 ergs/(s*g) and 710×10

6
 ergs/(s*g) 

per particle at the same anisotropy energy density respectively.  However, for large 

oscillating fields, the contribution of the static applied field become much less. For 

example, the contribution of the static field when the oscillating field is greater than 

50 Oe is less than a 10 % increase in loss power for this size particle. 

 

4.6 Analytic Expression for Specific Loss Power 

4.6.1 Power Dissipation by AC Bias of Magnetic Field 

 

 

Figure 4.4: Hysteresis losses of randomly oriented iron cobalt nanoparticles vs. Hosc
2
 at 

zero static field [4.10]. 
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The total energy density of a nanoparticle is given by 

                                                                       

where K is anisotropy energy density,   represents the angle between the easy axis 

and the magnetic field and   represents the angle between the magnetization and 

the anisotropy axis. For randomly oriented easy axes of the particles, an energy 

barrier E  can be analytically obtained for the case of H small compared to 2K/Ms : 

  

       
             

         

  
                                     

                                                                          

  

       
             

          

  
                                 

          |       |                                                    

        |      |                                                  

The magnetization direction of each particle can be seen to align with the 

easy axis for very small field. The magnetization reversal process takes place by 

transition over this energy barrier. The switching probability is determined by the 

relation between measuring time and relaxation time. For sufficiently large barrier, 

the loss power from the energy barrier distribution is given by 

                 (
           

   
)  

 
[     |       |] 
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This expression substantially differs from the usual linear theory as 

described in the introduction.  However, if VHMs/(kBT) is not too large, then the 

loss power can be approximated by 

  
        

 

   
         

 
  
                                                   

which resembles the usual linear expression at optimal (and high) frequencies. 

The linear expression is tested in figure 4, which shows the hysteresis losses 

versus the square of the oscillating magnetic field at a zero static field. It can be 

seen that for low fields below about 50 Oe, the loss depends linearly on Hosc
2
. This 

corresponds to HVMs ~  kBT which makes sense in view of a hyperbolic sinusoidal 

function and provides an upper limit to the linear theory. 

 

4.6.2 Power Dissipation by AC & DC Bias of Magnetic Field 

Under AC bias of magnetic field, the magnetic crystalline nanoparticles 

generate appreciable heating effect caused by relaxation loss and eddy current loss 

mechanisms. Eddy current heating is assumed to be negligible due to the small size 

of the particles. From the relaxation mechanisms, the general expression of specific 

loss power (SLP) in a suspension of nanoparticles has been derived in [4.9]. 

According to the SLP, the final goal which increasing power dissipation is easily 

accomplished by applying large AC magnetic field, frequency and other values of 

the components in the general expression. However, for biocompatibility, physical 

limits do not permit use of large applied magnetic field and it’s frequency in order 

to boost specific loss power.  
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The total energy density of a magnetic crystalline nanoparticle is able to be 

defined by the equation (4.7). From the total energy density considering only 

oscillating applied field, an energy barrier and the power dissipation relationships 

based on rotational relaxation of a nanoparticle have been derived in [4.10]. The 

derived expression showed the linear relationship between loss power and 

oscillating field square which is the same as the general equation of SLP.  

In this section, the analytical relationships including the static applied field 

perpendicular to the oscillating applied field as well as the oscillating applied field 

have been derived. The power dissipation can be obtained by the product of the 

energy difference and the switching probability over the time coming from the 

mean rate of the transition between magnetization orientations. From the total 

energy density, the energy differences are given by 

       (   
⃑⃑⃑⃑⃑⃑      

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  )   ̂                                                   

       (   
⃑⃑⃑⃑⃑⃑      

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  )   ̂                                                     

where    
⃑⃑⃑⃑⃑⃑  and     

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   stand for static applied field and oscillating applied field 

respectively and  ̂  shows the unit vector of anisotropy of a nanoparticle. We 

assumed that  ̂ is in parallel with  ̂ axis. Therefore,     and     represent energy 

losses in the first half and the second half of a hysteresis loop. Each power 

dissipation can be obtained from the derivations of the energy losses and shown by  

   
   

   

   
[(   
⃑⃑⃑⃑⃑⃑      

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  )   ̂]
 
 
 

  
                                            

   
   

   

   
[(   
⃑⃑⃑⃑⃑⃑      

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  )   ̂]
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where A represents an attempt frequency, V is the volume of a nanoparticle and K 

shows an anisotropy constant. From these two derived equations, the total power 

dissipation can be approximated by  

     
     

   
{   

            
      } 

 
  
                                 

This dissipation relationship based on energy barrier is similar with the 

general power loss expression and also proves that the combination of a 

comparatively small static field depending on the amount of oscillating field 

proliferate the energy loss for a given applied power. Consequently, the angle 

between the AC bias of magnetic field and the anisotropy direction does not 

influence to the total power dissipation under the condition of the small range of 

oscillating applied magnetic fields. 

 

4.7 Summary 

We have micromagnetically simulated the Néel relaxation of 

superparamagnetic nanoparticles subject to an oscillating field.  We calculate the 

optimized anisotropy energy of the simulated nanocrystalline iron cobalt particles 

to be 13
3.142 10


 ergs which corresponds to an energy barrier of 7.6kBT at room 

temperature. We find that application of a small field enhances the loss without the 

necessity for enhanced radiation. The expressions for the advantageous effects of 

an oscillating field as well as a static field have been derived. The calculation 

results suggest that the addition of a static field perpendicular to the sinusoidal 

oscillating applied field would be required for experimental measurement of the 
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heating power. The frequency of magnetization attempts to surmount the energy 

barrier is shown to be about two orders of magnitude smaller than previously 

estimated.  Finally, we establish upper limits for the applied field magnitude, 

beyond which the normal linear theory will fail. 
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Chapter 5 Recording Comparison of ECC 

versus Conventional Media 

5.1 Introduction 

Conventional perpendicular magnetic recording also confronts the 

superparamagnetic limit and low writability as aid longitudinal magnetic recording, 

despite the superior recording fields from the combination of a perpendicular head 

and a soft underlayer. In the mid-2000s, exchange coupled composite (ECC) media 

was proposed for high areal density recording [5.1] because it allowed smaller 

grains while retaining adequate thermal stability. Secondary advantages included 

nucleation of switching near the recording head where gradient was strongest and 

improved angular dependence of switching field to resist thermal fluctuations. The 

requisite hard layer and small grain size necessary to fully exploit this idea has 

proven hard to experimentally develop. Consequently, early commercial production 

has used “soft” ECC media with reduced ratio of hard to soft anisotropy and grain 

size unimproved relative to conventional perpendicular media. Nonetheless, it has 

been experimentally observed that ECC media [5.2], [5.3] can offer superior jitter 

and transition shape relative to conventional perpendicular media even at this 

similar grain size. 

 In this chapter, we show that this effect is reproducible within 

micromagnetic simulation that includes thermal fluctuations [5.4]. The 

micromagnetic simulation method is described as well as the simulation model is 
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depicted in section 5.2. Section 5.3 provides simulation results for optimal 

anisotropies, transition noise, and transition shape for ECC and conventional media. 

Additionally in section 5.4, the transition shifts of each media have been analyzed 

by using eye diagrams. 

 

5.2 Micromagnetic Recording Model 

In order to explore the deviation of the transition locations and shapes as 

well as determine the optimal anisotropies for ECC and conventional perpendicular 

media, micromagnetic simulation based on the stochastic Landau-Lifshitz-Gilbert 

(LLG) equation using the thermal fluctuation formalism has been carried out. An 

effective field combines the deterministic uniaxial anisotropy field, the applied 

field, the magnetostatic field, the exchange field and the thermal fluctuation field. 

The most intensive computation is to obtain the magnetostatic interaction field for 

the media grains and the soft materials from the recording head and the soft 

underlayer. The soft material in the pole tip (write pole plus trailing shield) is 

discretized into uniform cubic cells in order to calculate the magnetostatic tensor. A 

geometric mapping technique [5.5] has been utilized to calculate the magnetostatic 

interaction between grains within the media, as well as the interaction between 

media grains and soft material cubic cells. The damping constant α was chosen to 

be 0.2. The LLG equation was solved using the 4
th

-order Runge-Kutta method. In 

this simulation, a time step of 5×10
-13

 s was employed.  
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5.2.1 Conventional & ECC Media Design 

We generated practically feasible ECC media with moderate anisotropy 

ratio between soft and hard layers, and also conventional media, for jitter and 

transition shape comparisons. Both of them have been generated by using a realistic 

grain configuration that is composed of planar Voronoi cells at equal average grain 

size. For the ECC media, the grain model is composed of two parts representing 

magnetically soft and hard regions. The grain shape of the top part is the same as 

that of the bottom part except for the different thicknesses. Each part is assumed to 

be a single domain having uniaxial anisotropy. 

Both conventional perpendicular media and ECC media were taken to have 

a thickness of 15 nm.  The non-magnetic grain boundaries are 1 nm. The easy axis 

dispersion of the grains follows a Gaussian distribution with a standard deviation of 

2° and the average grain diameter is 8.6 nm with a standard deviation of 26 %. The 

intergranular exchange coupling energy is expressed as Eex=-JM1∙M2 and it is 

assumed that the exchange energy is proportional to the surface area between the 

two neighboring grains. We chose a typical intergranular exchange coupling 

constant of 0.5 to prevent excessive bit decays at low density. All the saturation 

magnetizations of hard and soft elements of ECC media grains and conventional 

media grains were set at 600 emu/cm
3
. This yields a film magnetization of 460 

emu/cm
3
. A moderate anisotropy ratio of 3 between hard and soft elements has 

been chosen, in accordance with experiment. The total energy of the composite 

grain [5.1] can be expressed as 

          (     )       
            

                  

                                                                                          (   ) 
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where M1 and M2 are the saturation magnetizations of the top and bottom region. 1 

and 2 are the angles between M1, M2 and the applied field H. V1 and V2 are 

volumes of the two regions and Jex is the exchange constant between them. The 

optimum interlayer exchange coupling between soft and hard layers has been found 

through the investigation of hysteresis loops with different exchange coupling 

energy densities for ECC media. The optimal interlayer exchange coupling constant, 

Jex/(V1+V2), is found to be 9×10
6
 erg/cm

3
 [5.11]. 

 

5.2.2 Head Field Profiles 

 

 

Figure 5.1: Recording head field of 75 nm wide and 150 nm length pole tip with the 

trailing shield of 150 nm wide and 300 nm length in down-track direction [5.11]. 

 

To compare the transition shapes of ECC media and conventional 

perpendicular media at 0 K and 300 K, we employ a main pole combined with a 
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trailing shield for the purpose of an enhanced head field gradient. Only the tip is 

treated micromagnetically.  The main pole has a width of 75 nm and length of 150 

nm. The trailing shield has a width of 150 nm and length of 300 nm. There is a 50 

nm gap between main pole and trailing shield. The head flying velocity relative to 

the media is set at 20 m/s. The single pole tip head has an anisotropy of 10 Oe 

oriented in the cross track direction and magnetization of 24 kG, e.g., FeCo 

material. The magnetization of the trailing shield has the value of 6 kG. 

 

5.2.3 Read Head 

We calculated the read-back voltage using the reciprocity principle [5.6]. In 

order to obtain the magnetic potential distribution around the read head and 

recorded medium space, the three dimensional finite difference method is exploited. 

The shielded magnetoresistive (MR) head has shield-to-shield spacing of 30 nm, 

and the element width and thickness are 60 nm and 5 nm respectively [5.11]. 

 

5.3 Transition Jitter and Optimal Anisotropy 

For high areal density, reduction of medium noise will be required. The 

medium noise is caused by many sources such as irregularities of media grain size, 

low head field gradient, thermal fluctuations, magnetic properties, etc [5.7], [5.8], 

[5.9]. Among them, the misplacement of transitions, which is called transition jitter, 

is a major cause of the medium noise. Experimentally, transition jitter can be 

measured by using time-domain waveform analysis. Then, zero-crossing points of 

the waveforms are extracted to analyze the characteristics of the received signals. 

Before characterizing the medium noise, we optimized the anisotropy constant of 
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ECC and conventional media at 0 K and at room temperature. In order to optimize 

the anisotropies of the two media, square-wave magnetization patterns were 

recorded at a linear density of 1270 kfci on AC-erased conventional media and 

ECC media. Approximately 100 magnetization patterns were recorded on each 

media, but starting each track at different positions to acquire adequate statistics. 

The read back voltage can be obtained from the recorded magnetization patterns 

using an imaginary head field generated by the read head. First of all, transition 

jitter is easily calculated as the standard deviation of each zero-crossing point of the 

read back voltage, di 

        √
 

 
∑(     ) 
 

   

                                             (   ) 

where dm is averaged transition location and N is the total number of transitions.  

The optimum value of the anisotropy, Ku of each layer is found to be 

2.025×10
6
 ergs/cm

3
 and 6.075×10

6
 ergs/cm

3
 for soft and hard regions of ECC 

media, respectively, and 3.45×10
6
 ergs/cm

3
 for conventional media at 0 K [5.11]. 

At room temperature, the optimized anisotropy constant of conventional media was 

increased to 3.75×10
6
 ergs/cm

3
 [5.11]. The ECC media does not display a 

dependence of optimized media anisotropy on temperature. 
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Figure 5.2: Jitter at various anisotropies for (a) conventional media and (b) ECC media at 0 

K and 300 K respectively [5.11] 

 

The jitter at optimized anisotropy shows 1.87 nm at 0 K and 1.76 nm at 300 

K for conventional media and 1.96 nm at 0 K and 1.81 nm at 300 K for ECC media 

[5.11]. The errors bars on our jitter predictions are about 0.1 nm, implying that 

predicted jitter is the same for both ECC and conventional media, regardless of 

temperature [5.11].  Interestingly, the standard deviation of transition position 

(jitter) averaged across the track is smaller at 300 K than at 0 K for both types of 

media although the jaggedness appears to be larger at 300 K. Figure 5.3 (a), (b) and 

Figure 5.4 (a), (b) show sample recorded square-wave magnetization patterns with 
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optimized anisotropies at a linear density of 1270 kfci (a 20 nm bit length) on AC-

erased conventional media and ECC media at 0 K and 300 K, respectively [5.11]. 

 

 

Figure 5.3: Simulated magnetization pattern with a linear density of 1270 kfci on (a) 

conventional media and (b) ECC media at 0 K 

 

We also explored the jitter versus bit lengths for conventional and ECC 

media at 0 K and 300 K. The optimized anisotropies of each media are used in this 

simulation. We find the transition jitter to monotonically increase with bit length at 

two different temperatures for both cases [5.11]. Interestingly, ECC media has a 

flatter response to density at 300 K within this range of bit length. This is shown in 

Fig. 5.5. It may be caused by the thermal stability of the ECC media. 
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Figure 5.4: Simulated magnetization pattern with a linear density of 1270 kfci on (a) 

conventional media and (b) ECC media at 300 K 

   

 

Figure 5.5: Jitter versus bit length of conventional media and ECC media at 300 K [5.11] 
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5.4 Eye Diagrams 

Eye diagrams [5.10] have been used in order to analyze the transition shifts 

of each recording media. It provides at a glance evaluation of recording 

performance with amplitude and phase error of received signals. It is produced by 

superposing the received waveforms with an equal period. Fig. 5.6 and Fig. 5.7 

show the eye diagrams of (a), conventional and (b), ECC media from the read-back 

signals at 0 K and 300 K respectively. For the case of conventional media with 

different optimized anisotropies, it shows a maximum range of 4.5 nm at 0 K and a 

maximum range of 4.8 nm at 300 K [5.11]. For the case of ECC media with 

optimized anisotropy, it shows a maximum range of 4.8 nm at 0 K and a maximum 

range of 4.8 nm at 300 K [5.11]. The same arbitrary unit was used for the amplitude 

of all eye diagrams. 

 

 

 

Figure 5.6: Eye diagrams with a linear density of 1270 kfci of (a) conventional media and 

(b) ECC media at 0 K [5.11] 
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Figure 5.7: Eye diagrams with a linear density of 1270 kfci of (a) conventional media and 

(b) ECC media at 300 K [5.11] 

 

The eye diagram shows that the amplitude at short bit length is higher for 

ECC media than conventional media by about 10 %, particularly at room 

temperature, despite the use of equal saturation magnetization media for each case 

[5.11]. Comparable plots (not shown) at low density (60 nm bit length) show 

identical peaks heights for the two media types. This higher amplitude at 300 K 

demonstrates a sharper transition recorded on the ECC media. It appears to be a 

consequence of a sharper head field gradient near the nucleation point combined 

with greater resistance to thermal fluctuations. This effect will translate into about 

1dB improvement of SNR for the ECC media versus conventional media at high 

recording density. 
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5.5 Summary 

In this study, currently feasible ECC media with moderate anisotropy ratio 

between soft and hard layers, and conventional media has been generated for jitter 

and transition shape comparisons using micromagnetic simulations. The 

anisotropies of the media were optimized to investigate the transition jitter 

characteristics of ECC and conventional media. The results show that ECC media 

has a flatter response to linear recording density and higher amplitude signal for 

short bit lengths. 
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Chapter 6 Transition Noise Analysis of 

Recording Media 

6.1 Introduction 

A key component of perpendicular recording has long been the soft 

underlayer (SUL), following the original work of S. Iwasaki et al [6.1]. Typically, 

the SUL within a perpendicular recording system is viewed as forming a perfect 

image of the head that serves to double the head field. Of course, the actual 

physical soft underlayer has a strong exchange interaction that limits the sharpness 

of the image and implies that the material’s permeability is strongly anisotropic 

[6.2], [6.3]. Usually, the special (easy) axis is chosen to lie in the cross-track 

direction in order to better accommodate transitions of either polarity. However, 

this means that the edge of the bit is written with differing effectiveness depending 

on whether the fringing field from the head is parallel or anti-parallel with the 

magnetization of the SUL. This effect will be particularly prominent in a medium 

having a single SUL, but should also be observable with the commonly used pair of 

SUL’s coupled antiferromagnetically [6.4], [6.5], [6.10]. Combined with imperfect 

tracking and side read from the sense head, this should translate into added noise, 

potentially detected as jitter [6.6], [6.11]. 

In this chapter, transition noise characteristics of recording media with a 

conventional SUL and an antiferromagnetically coupled soft underlayer (AF-SUL) 

are predicted by micromagnetic simulation. The micromagnetic model is described 
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in section 2, and section 3 provides simulation results and discussions. Then, 

conclusions are shown in the last section. 

 

6.2 Micromagnetic Model 

6.2.1 Media Geometry 

A recording system consisting of a single pole type head and trailing shield 

has been modeled for transition noise analysis of recording media. We generated 

conventional media as well as “soft” exchange coupled composite (ECC) media 

with moderate ratio of hard and soft anisotropy [6.6]. Both of them use a realistic 

grain configuration that is composed of planar Voronoi cells. Fig. 6.1 (a) shows 

Voronoi cell media geometry which is composed of approximately 1000 grains and 

non-magnetic grain boundaries of 1 nm. Therefore, the packing density of each 

magnetic recording media is about 80 %. These realistic grains have been mapped 

and discretized into a uniform three dimensional array of cubic cells (4 × 4 × 4 

nm
3
). The cubic cells are uniformly magnetized. After the mapping process, there is 

about a 20% discrepancy between Voronoi grains and the cubic representation in 

the recording layer owing to the relatively large dimension of the cubic cells. Fig. 

6.1 (b) shows the Voronoi cell media geometry indexed with different colors for 

each grain. 
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Figure 6.1: (a) Voronoi cell media geometry before discretization, (b) Voronoi cells with 

different colors after mapping into (4 × 4 × 4 nm
3
) cubic cells, (c) schematic view of our 

perpendicular magnetic recording system, including write pole and trailing shield, with 

detailed parameters for each component [6.13] 
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Both conventional media and ECC media were taken to have a thickness of 

16 nm. ECC media has a thickness of 8 nm for the top layer (magnetically soft) and 

a thickness of 8 nm for the bottom layer (magnetically hard), respectively. In 

accordance with current commercial media, a moderate anisotropy ratio of 3 

between hard and soft materials has been employed. The average grain center-to-

center spacing is 8.6 nm with a standard deviation of 20 %. We assumed single 

domain uniaxial anisotropy axes for the grains following a Gaussian distribution 

along the out of plane with a small standard deviation of 2°. All the saturation 

magnetizations of the grains, for hard (Mhard) and soft (Msoft) elements of ECC 

media and conventional media were set at 600 emu/cm
3
, yielding a film 

magnetization of 470 emu/cm
3
. 

 

6.2.2 Magnetic Recording System 

To investigate not only the transition shapes but also transition center 

positions of conventional perpendicular media and ECC media, a main pole 

combined with a trailing shield has been employed (figure 6.1 C) [6.13]. The 

dimensions of the main pole and the trailing shield are 40 nm × 80 nm and 80 nm × 

160 nm in the cross-track and the down-track directions, respectively. There is a 50 

nm gap between main pole and trailing shield. We have considered only the pole 

tip micromagnetically in the write head model. The main pole tip has an anisotropy 

of 10 Oe oriented in the cross-track direction and saturation magnetization of 24 kG. 

The saturation magnetization of the trailing shield has the value of 6 kG. The 

magnetic space between recording layer surface and the air-bearing surface was 

taken to be 7 nm. We find that the write head generates a peak field of 11 kOe 

along with peak gradients of 257 Oe/nm at the trailing edge. We considered a seed 
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layer of 4 nm between the recording media and the SUL. Both conventional media 

and ECC media are evaluated with an SUL, as well as an AF-SUL, for the 

transition noise analysis. The thickness of the SUL was set to 44 nm and the 

thickness of the AF-SUL was set to 20 nm and 24 nm for the top and bottom layers, 

respectively. 

The inter-granular exchange coupling energy density [6.9] can be expressed 

as 

     

 
     (  ̂    ̂)

   

     
                                                    

where     is the boundary length between adjacent grains i and j and       is the 

average length. A typical inter-granular exchange coupling constant of 0.5 has been 

chosen to compensate for the excessive bit decay due to the demagnetization field. 

For ECC media, the optimal interlayer exchange coupling energy density between 

soft and hard region, Jex is 9×10
6
 erg/cm

3
 and V is the total volume of the two 

regions [6.6]. 

The magnetic recording simulation, including the recording head, recording 

media, and SUL has been carried out micromagnetically using a Landau-Lifshitz-

Gilbert (LLG) equation. The LLG equation describes the dynamic motion for the 

magnetization vector of each magnetic element. The effective field combines the 

applied field, the uniaxial anisotropy field, the magnetostatic field and the exchange 

field. A 4
th

-order Runge-Kutta method was used to solve the LLG equation for the 

time integration. In order to reduce the lengthy computational time for the 

magnetostatic interaction fields, the fast Fourier transform (FFT) based technique 

[6.7], [6.12] and graphics processing unit (GPU) computing have been used. GPU 
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computing uses parallel processing to accelerate the computationally intensive 

calculation, such as the magnetostatic tensor calculation for the media grains and 

the soft materials from the soft underlayer. The damping constant, α has been 

assumed [6.8] to be 0.2 to reduce switching times and a time step of 5×10
-13

 s was 

employed in our simulation. For the purpose of the read-back voltage calculations, 

a read head combined with shields has been modeled. The shielded 

magnetoresistive (MR) head has shield-to-shield spacing of 30 nm, and the reader 

width and free layer thickness are 32 nm and 6 nm respectively. 

 

 

Figure 6.2: Schematic diagram of the head field from the main pole-tip (red), the induced 

SUL magnetization (green), and the corresponding field is generated by the SUL (blue). 

(The SUL easy axis is in the cross-track direction) [6.13]. 
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6.3 Jitter at Various Reader Off-Centers 

In perpendicular magnetic recording systems, the soft underlayer allows 

increased field efficiency of the write head. The SUL augments not only the writing 

field in the middle of the track but also the fringing field from the recording head. 

Unfortunately, there is a potential for noise if the SUL amplifies some parts of the 

head field more than others. Fig. 6.2 shows a schematic diagram of the head fields, 

the imaging magnetizations in the SUL, and the resulting fields from those SUL 

magnetizations. The easy axes of the SUL are in the cross-track direction. It can be 

seen that the SUL is unable to properly image the head field to the left of the main 

pole. This implies that the fringing field on the left side is weakened relative to that 

on the right side. Of course, the argument reverses when bits of the opposite 

polarity are written. This increased stray field may result in the erasure of the 

neighboring bits or lead to increased jitter if the read sensor is slightly off-track, as 

is common. 

 

 

 



Chapter 6 Transition Noise Analysis of Recording Media                                                   86 

 

Figure 6.3: Jitter at various reader off-centers with a linear density of 1270 kfci having (a) 

a SUL and (b) an AF-SUL on AC-erased ECC media and (c) a SUL and (d) an AF-SUL on 

AC-erased conventional media respectively [6.13] 

 

 

Figure 6.4: Jitter at various reader off-centers with a linear density of 635 kfci having (a) a 

SUL and an AF-SUL on AC-erased ECC media and (b) a SUL and an AF-SUL on AC-

erased conventional media respectively [6.13] 

 

Square-wave magnetization patterns have been recorded on AC-erased 

conventional media and ECC media in order to investigate the optimal anisotropies 
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of each media at a linear density of 1270 kfci. We calculated the read-back voltages 

at various different track positions from the center of the track to the left and right 

track edges up to 15 nm off-center for a linear density of both 1270 kfci and 635 

kfci. The transition jitter, σjitter is calculated as the standard deviation of each zero-

crossing point of the read-back voltage [6.5]. In order to obtain reasonable statistics 

of the transition jitter, over 60 square-wave magnetization patterns have been 

recorded at each linear density. Fig. 6.3 (a linear density of 1270 kfci) shows the 

jitter (for three different values of the anisotropies of each layer) at various reader 

off-centers. “BL” in each figure indicates “Bit Length”. From the jitter at track 

center, we were able to find the optimal anisotropies of each media. The optimal 

anisotropy of each layer is found to be 1.95×10
6
 ergs/cm

3
 and 5.85×10

6
 ergs/cm

3
 

for soft and hard regions of ECC media, respectively, and 3.9×10
6
 ergs/cm

3
 for 

conventional media [6.13]. Also, fig. 6.4 (a linear density of 635 kfci) shows the 

jitter at various reader off-centers. These calculations used the optimum value of 

the anisotropy as calculated for the higher densities. 

 Interestingly, the jitter at reader off-centers increases less rapidly 

with the AF-SUL. It is most clearly seen in fig. 6.4 (linear density of 635 kfci) 

where the jitter with AF-SUL at the optimized anisotropy is smaller at 15 nm 

reader off-center for both ECC media and conventional media. The jitter at a linear 

density of 1270 kfci with a SUL and an AF-SUL at the optimized anisotropy for 

ECC media shows 2.73 nm and 2.56 nm at reader center and 8.5 nm and 7.43 nm at 

15 nm reader off-center respectively [6.13]. The error bar for each case is about 13 % 

of the average jitter observed in each simulation, assuming uncorrelated noise 

[6.13]. The relative error bar, e.g., between AF-SUL and conventional SUL, is 

almost certainly smaller because each media sample uses the same grain structure. 
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Also, some of the same grains contribute to the noise regardless of whether the 

reader is on-track or off-center.  Similarly, the jitter with a SUL and an AF-SUL at 

the optimized anisotropy for conventional media is 2.85 nm and 2.55 nm at reader 

center and 10.15 nm and 9.6 nm at 15 nm reader off-center respectively [6.13]. 

Incidentally, we also observe that the jitter with small anisotropy is usually lower at 

high reader off-centers than the jitter with optimum anisotropy: this is caused by 

the low anisotropy recording layer being written about 4 nm wider, i.e., 2 nm on 

each side, as determined by off-track signal dependence.  Interestingly, the SUL 

writes about 1nm wider than the AF-SUL: thus, differing track widths cannot 

account for the SUL showing more off-track jitter. 

One of the critical problems for conventional media is the high sensitivity 

of easy axis orientation to switching field. One consequence of this angular 

dependence can be seen in the results predicted for jitter as shown in fig. 6.3. For 

optimized anisotropy, the overall values of jitter for conventional media with both a 

SUL and an AF-SUL are approximately 2 nm larger than that of ECC media at 15 

nm reader off-center. This is a direct consequence of ECC media only depending 

on the perpendicular field that is unaffected by the imaging problem of the SUL, 

while the conventional media is much more poorly written on one side of the track 

that has less transverse applied field. (The written track widths of the ECC and 

conventional media are identical to within 1 nm, i.e., 1/2 nm on each side. Thus, 

differing track width cannot account for the jitter differences.) 
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Figure 6.5: Jitter at various reader off-centers with a linear density of 1270 kfci on AC-

erased recording media having (a) a SUL and (b) an AF-SUL and (c) with a linear density 

of 635 kfci having an AF-SUL respectively 
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As a check, we have also calculated the jitter for conventional media using 

only planar Voronoi cells without discretizing into the array of cubic cells. The 

optimized anisotropy field was found to be 3.6×10
6
 ergs/cm

3
.The simulation results 

shown in figure 6.5 corroborate the results using FFT based technique and GPU 

computing. The figure shows the jitter at various reader off-centers on AC-erased 

conventional media having SUL and AF-SUL with a linear density of 1270 kfci 

and 635 kfci. It can be seen that the jitter at the optimized anisotropy is always 

lower with the AF-SUL. In particular, the jitter with a SUL and an AF-SUL at 0 nm, 

10 nm and 20 nm off-centers for a linear density of 1270 kfci is 3.6 nm, 5.7 nm and 

11 nm and 3.3 nm, 4.4 nm and 7.2 nm respectively [6.13]. The overall values of 

jitter are slightly different compared to those found with the cubic discretization: 

this may be attributed to discretization error. 

 

6.4 Transition Center Deviation 

Owing to the relative ease in writing one edge compared to the other, it is 

expected that the bits move alternately in the cross-track direction as their polarity 

varies. Figure 6 shows the transition center deviation along the cross-track direction 

at different anisotropies on AC-erased conventional media.  

A square-wave magnetization pattern indexed with the dot on each 

transition center is shown in figure 6.6(d). The standard deviation of the track 

center for cases (a), (b), and (c) (defined in figure 6.6) is calculated to be 4.01 nm, 

3.37 nm and 4.93 nm, respectively [6.13]. The results suggest that transition noise 

is reduced for conventional media with an AF-SUL compared to that with a SUL. 
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Figure 6.6: Transition center distribution along the down-track direction with a linear 

density of 1270 kfci on AC-erased conventional media having (a) a SUL and (b) an AF-

SUL and (c) with a linear density of 635 kfci having an AF-SUL respectively. Each figure 

shows three separate recordings, each marked in a different color. Panel (d) shows a 

magnetization pattern indexed with center dots on the AC-erased conventional media 

having a SUL [6.13]. 

 

Figure 6.7 shows the transition center deviation with error bars at various 

anisotropies using the FFT based technique and GPU computing [6.13]. The 

transition center deviations for ECC and conventional media at a linear density of 

635 kfci are calculated only at the optimized anisotropy. The standard deviation of 

the transition center at the optimized anisotropy for ECC media is found to be 3.44 

nm with an AF-SUL and 3.77 nm with a SUL at a linear density of 1270 kfci.  It is 

3.81 nm with an AF-SUL and 4.31 nm with a SUL at a linear density of 635 kfci 

respectively. Meanwhile, the standard deviation of the transition center at the 

optimized anisotropy for conventional media is found to be 3.5 nm with an AF-

SUL and 3.6 nm with a SUL at a linear density of 1270 kfci and 4.26 nm with an 

AF-SUL and 4.42 nm with a SUL at a linear density of 635 kfci respectively. 

According to the simulation results, the transition center deviation at the optimal 

anisotropy for ECC media and conventional media is always lower with the AF-

SUL. We find that the transition center deviation at a linear density of 635 kfci is 

much higher than that at a linear density of 1270 kfci. This is probably related to 

the increased magnetostatic field produced by the larger previously written bits. A 

similar result was also observed from the standard deviation of the track center for 

conventional media using only planar Voronoi cells without discretizing into the 

array of cubic cells. We further find that the track center moves alternately with 
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direction of fringing field as expected from magnetostatic considerations. As can be 

seen in fig. 6.7 (a) and (b), the effect is minimized by an AF-SUL, but still remains 

detectable. 
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Figure 6.7: Transition center deviation at various anisotropies with a linear density of 1270 

kfci and 635 kfci having a SUL and an AF-SUL (a) on AC-erased ECC media and (b) on 

AC-erased conventional media respectively [6.13] 

 

6.5 Summary 

In our study, the transition jitter of currently feasible magnetic recording 

systems including ECC media with moderate anisotropy ratio between soft and 

hard layers, and conventional media combined with SUL or AF-SUL has been 

computed using micromagnetics. The anisotropies of both ECC media and 

conventional media at a linear density of 1270 kfci have been optimized using 

square-wave magnetization patterns before beginning the transition noise analysis. 

In order to reduce the computation time for magnetostatic interaction fields, the fast 

Fourier transform (FFT) technique and graphics processing unit (GPU) based 

computing have been used. The transition noise of ECC media and conventional 

media was investigated using a micromagnetic SUL and AF-SUL for better 

accuracy compared to using a perfect imaging method. The results demonstrate that 

the edge of the bit is affected by whether the fringing field from the head aligns 

parallel or anti-parallel with the magnetization of the SUL. Therefore, both ECC 

media and conventional media with AF-SUL have better immunity to transition 

noise at the edge of the bit compared to recording media with SUL. The overall 

significance of this effect depends sensitively on side read and track misregistration.  

However, it is clear that this edge effect will become increasingly important as 

track widths narrow relative to the predicted cross-track deviation of 3-5 nm, and 

thus sampling of the edges becomes more common. 
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Chapter 7 

Conclusions 

In this dissertation, micromagnetic modeling using the Landau-Lifshitz 

formalism with Gilbert damping constant has been used to study micromagnetic 

processes. Fundamental magnetism and overview of magnetic recording were 

introduced in chapter 1. Chapter 2 introduced the stochastic LLG formalism and the 

definition of the energies related to magnetic nanoparticles in medical application 

or magnetic grains in recording system. The study of this dissertation can be 

categorized largely by two different magnetic applications: biomedical application 

(hyperthermia cancer therapy) and magnetic information storage (hard disk drive). 

Chapter 3 and chapter 4 mainly described magnetic processes of nanocrystalline 

particles for hyperthermia. Chapter 5 and chapter 6 introduced and explored the 

recording performance of the conventional perpendicular media and ECC media 

with respect to jitter, transition shape, transition center deviation, and so on. 

Biocompatible particles such as magnetite and maghemite are great 

candidates for hyperthermia: however, their low magnetic moments may not be 

very attractive. Superparamagnetic Fe70Co30 particles, which have a 12 nm mean 

size with a narrow size distribution, were simulated micromagnetically. Predictions 

were made for hysteresis loops at different experimentally measured sweep 

frequencies. Simulation results suggested that the cubic particles had 8nm edge 

length, which is consistent with the experiment considering the oxide layer. The 
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optimized anisotropy appears to be dominated by a uniaxial term. It is suspected to 

come from non-uniform oxidation which introduces a shape contribution.  

Dissipation mechanism of heat energy is based on Néel (hysteresis loss) and 

Brownian relaxation. Superparamagnetic nanoparticles subject to an oscillating 

field were explored with a micromagnetic model. We calculated the optimized 

anisotropy energy of the simulated nanocrystalline iron cobalt particles to be 

13
3.142 10


 ergs which corresponds to an energy barrier of 7.6kBT at room 

temperature. We find that application of a small field enhances the loss without the 

necessity for enhanced radiation. The expressions for the advantageous effects of 

an oscillating field as well as a static field have been derived. The calculated results 

suggest that the addition of a static field perpendicular to the sinusoidal oscillating 

applied field would be required for experimental measurement of the heating power. 

The frequency of magnetization attempts to surmount the energy barrier is shown 

to be about two orders of magnitude smaller than previously estimated.  In addition, 

we established upper limits for the applied field magnitude, beyond which the 

normal linear theory will fail. 

Conventional perpendicular magnetic recording also confronts the 

superparamagnetic limit and low write-ability despite the superior recording fields 

from the assistance of a soft underlayer. Currently feasible ECC media with 

moderate anisotropy ratio between soft and hard layers, and conventional media 

were generated for jitter and transition shape comparisons using micromagnetic 

simulations. The anisotropies of the media were optimized to investigate the 

transition jitter characteristics of ECC and conventional media. The results show 

that ECC media has a flatter response to linear recording density and higher 

amplitude signal for short bit lengths. 
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The transition jitter of currently feasible magnetic recording systems 

including ECC media with moderate anisotropy ratio between soft and hard layers, 

and conventional media combined with SUL or AF-SUL has been computed using 

micromagnetics. The anisotropies of both ECC media and conventional media at a 

linear density of 1270 kfci have been optimized using square-wave magnetization 

patterns before beginning the transition noise analysis. In order to reduce the 

computation time for magnetostatic interaction fields, the fast Fourier transform 

(FFT) technique and graphics processing unit (GPU) based computing have been 

used. The transition noise of ECC media and conventional media was investigated 

using a micromagnetic SUL and AF-SUL for better accuracy compared to using a 

perfect imaging method. The results demonstrate that the edge of the bit is affected 

by whether the fringing field from the head aligns parallel or anti-parallel with the 

magnetization of the SUL. Therefore, both ECC media and conventional media 

with AF-SUL have better immunity to transition noise at the edge of the bit 

compared to recording media with an SUL. The overall significance of this effect 

depends sensitively on side read and track misregistration.  However, it is clear that 

this edge effect will become increasingly important as track widths narrow relative 

to the predicted cross-track deviation of 3-5 nm, and thus sampling of the edges 

becomes more common. 
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