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Abstract 

Direct overwrite in magneto-optical recording is necessary to overcome the la

tency incurred by conventional erase before write recording on magneto-optical 

disks. In t.his work wei theoretically analyze the thermomagnetic recording pro

cess on optical disks using a domain wall motion model. The wall motion model 

developed in this work can be used to examine overwrite schemes on both bilayer 

and single layer disks, that either rotate beneath an optical head or remain statioIl

ary. The model is directly compared with experiment for a GdTbFe direct overwrite 

sample, and is shown to produce results that arc in agreement with experimental 

observations. We show that variations in the domain wall saturation velocity can 

mean the difference between writing or erasing a bit on the disk, and hence is a 

critical parameter in the recording process. We also show that direct overwrite by 

means of interior nucleation is highly unlikely. Rather, we show that the recording 

process involves a dynamic balance between those pressures which act to move the 

domain wall and those which act to freeze it into place. Finally we analyze the 

Nikon bilayer direct overwrite scheme, and then demonstrate an alternative bilayer 

overwrite scheme which avoids a major problem with the Nikon scheme. 
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As the performance of computer systems has increased, so has the need for data 

storage devices which: are general purpose, have high capacities, are high speed, are 

erasable, and have directly accessible data. Two types of storage technology have 

been proven to be useful in meeting this growing demand: conventional magnetic 

hard disks ( winchester ), and optical disks. Comparing the two technologies, one 

typically finds that winchester disks cost less per drive and have higher read/write 

rates, and that the optical drives cost less per megabyte, have highet· capacities, and 

are removable. Of the two, the winchester disk is used far more commonly than the 

optical disk primarily because of the cost per drive and performance issues. In spite 

of this optical disks are used, and one of the key reasons for this is their removability. 

Since the disks are removable, large software packages, data bases, encyclopedias, 

and visual information can all be distributed in this form. In addition the effective 

capacity of a drive can be multiplied by having extra disks on hand to be inserted 

into a single drive when needed. 

As with most new technologies, optical disks will become cheaper with time as 

manufacturers refine their processes and become more efficient in their production. 

Winchester disks on the other hand have already benefited from many years of 

such developments, and we can expect that the cost reductions resulting from new 

efficiencies to be less. Therefore, we should be able to expect that optical disk 

systems will be comparable in price in the near future. 

However, with respect to read/write performance, the optical disk will not benefit 

as much from evolutionary manufacturing improvements. The problem lies in the 

writing process where the old data must first be erased from a sector before the 

new (updated) informatio!l can be laid down. This step is required because, at 
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present, optical disks are unable to write an arbitrary bit pattern over the top of 

an existing arbitrary data pattern. After erasing a sector, the disk must make one 

complete revolution in order to position the optical head for writing. This extra 

revolution triples the latency of an optical disk compared with the winchester disk, 

and presents a fundamental limit to improving the write performance of optical 

disks. To overcome this limit, techniques must be developed to allow data to be 

written onto the optical disk independently of whatever data pattern was present 

on the disk before the write, thus avoiding the need for erase before writing and the 

corresponding extra latency. Such a process is called direct overwrite, and is the 

subject of this dissertation. 

1.1 Optical Disk System 

In this section we briefly describe the typical configuration of an optical disk system. 

It is comprised of two basic parts: the drive, and the disk. The drive contains all 

of the components necessary for reading information from and writing information 

to the optical disk, whereas, the disk is where the information is actually stored. 

Figure 1.1 shows a schematic diagram of an optical disk system. 

The disk itself is composed of three parts: a storage layer in which the data is 

stored, a protective overlayer, and a substrate which provides mechanical support 

for both the overlayer and storage layer. The overlayer is alternately referred to as 

the cover layer, and is on the order of 1/10J.Lm thick. The storage layer is often 

produced by a thin film manufacturing process and hence is often referred to as a 

"film". It too is on the order of 1/10J.Lm thick. The substrate is commonly made of 

glass or plastic and is on the order of 1.2 millimeters thick. 

The motor and spindle serve to support and rotate the optical disk (usually at 

3600 RPM). 
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The head assembly contains the optical components necessary for reading and 

writing information. These components are: a laser diode, all objective lens, a 

beam splitter, and a detector assembly. The laser diode creates light which serves 

two purposes: it serves as a heat source for use in the writing and erase processes, 

and it is used as a means of detecting the state of the storage layer. The objective 

lens directs and focuses the laser light onto the surface of the storage layer. The 

beam splitter then directs the light reflected from the storage layer into the detector 

assembly, which senses the state of the reflected laser light. This light contains 

information about the state of the storage media, as well as information about 

tracking and focusing. 

1.2 Survey of Magneto-Optical Direct Overwrite 

In this section we present a brief survey of direct overwrite schemes used in magneto

optical recording. 

1.2.1 Single Layer Schemes 

The most straightforward way to achieve direct overwrite in magneto-optical record

ing is to use magnetic field modulation. Here, an applied magnetic field is modulated 

between the up and down direction. When a small region of the media is heated 

by a focussed laser beam, it aligns itself with the applied field. Therefore, the data 

pattern is determined by the field modulation. Tanaka et al. l reported that data 

rates of 500kHz were practical while still maintaining an acceptable signal to noise 

ratio. Tanaka's disk system used a magnetic head that did not contact the disk. 

More recently Takahashi et a1. 2 reported data rates of 25MHz using magnetic field 

modulation; however, the magnetic head which provided the bias field flew at a 

height of roughly 5f.lm above the surface of the disk. This can cause the head to 
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make contact with the disk, necessitating special protective coatings3 to prevent 

damage of the magnetic layer, or the use of active control systems" to prevent the 

contact. 

In order to reduce the power required to change the field direction, Rugal's 

proposed the use of a resonant bias coil to provide a sinusoidally modulated field 

at the disk. The advantage of this technique is that it requires much less power 

than does straight magnetic field modulation. However, bits can only be written (or 

erased) during the half period in which the field is pointing in the desired direction. 

This places undesirable restrictions on the data pattern written to the disk. 

In 1986, Shieh and Kryder6 discovered that they could achieve direct overwrite 

by modulating the laser power instead of the applied magnetic field. The discovery 

created a great deal of interest, as the laser power can be modulated at rates milch 

higher than the magnetic fields used in optical recording, so that the data rate is 

correspondingly higher. The explanation originally proposed by Shieh and Kryder 

involved the nucleation of a small domain inside of the written bit during the erase 

process. Hence, the scheme became known as the "interior nucleation" scheme. 

Later in this work we examine this scheme, and find that it is unlikely for the 

erasure to occur due to interior nucleation. Nonetheless, the discovery of direct 

overwrite without magnetic field modulation was significant. 

Rugar et al. 7 later reported another scheme in which direct overwrite without 

modulated magnetic fields was achieved. This scheme relies on thermal gradients, 

which lead to wall energy gradients in the recording media, to erase written bits. 

The erase process in this scheme leaves behind small remnant domains which, if not 

properly handled, lead to media noise. 
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1.2.2 Bilayer Schemes 

The single layer schemes (without field modulation) suffer from poor signal to noise 

ratios. Saito et al.B proposed an ingenious scheme using two exchange coupled 

magnetic layers to achieve direct overwrite while maintaining an acceptable signal 

to noise ratio. It is commonly referred to as the "Nikon" scheme. This scheme 

requires a strong magnetic field to reset one of the layers during each revolution of 

the disk; the other layer, which stores the data, also experiences this field. Hence, 

there i8 concern that the signal to noise ratio may decrease over time. In order to 

reduce the required field strength, thus reducing the possibility of signal to noise 

degradation, Aratani et al. 9 proposed the use of an intermediate magnetic layer to 

reduce the exchange coupling. 

In order to eliminate the need for a reset field, Fukami et al. 10 (and latcr Ohtsuki 

et al. ll ) proposed a scheme which relies on through-thickness thermal gradients to 

achieve direct overwrite. Watson and Meystre12,13 proposed an alternative scheme 

which does not require the use of reset field. This scheme uses a preformatted layer 

to assist in the recording of the storage layer. 

1.3 Overview 

In this work, we develop a theoretical model for the motion of magnetic domain walls 

during the thermomagnetic recording process, and then use chis to study various 

direct overwrite schemes. 

In Chapter 2 we discuss the properties of typical magneto-optic recording media, 

relevant to the development of the wall motion model. 

In Chapter 3 we briefly describe a thermal model, due to Holtslag,14 which we 

use to calculate the response of optical disks to laser heating during the recording 

process. 



19 

In Chapters 4 & 5 we summarize the results of Landau Gnd Lifshitz, 15 as well 

as those of Huth 16, which form the basis of our wall motion model. 

In Chapter 6 we derive an equation of motion for radially symmetric domain 

walls in magneto-optic media, following the approach of Callen and JosephsY We 

then remove the restriction on radial symmetry, and allow domain walls to take on 

shapes other than circles. We do this to examine affects associated with recording 

on moving disks. 

In Chapter 7 we examine the direct overwrite process in single layer magneto

optical disks. 'vVe begin by analyzing the "interior nucleation" scheme, which we 

show to be highly unlikely. 'vVe then show how direct overwrite is actually achieved, 

followed by a direct comparison between this wall motion model and experiment. 

In Chapter 8 we extend the wall motion model to handle disks with more than 

one layer. Here we show that the "switching field," derived by Kobayashi et al.,18 

due to exchange coupling between layers at uniform temperature applies equally well 

to the thermomagnetic recording case (nonuniform temperature). We also introduce 

and discuss the concepts of favorable vs. unfavorable exchange coupling between 

magneto-optic layers. 

In Chapter 9 we use the multilayer wall motion model to study the direct over

write process in bilayer magneto-optical disks. We begin by examining the Nikon 

scheme. Finally we propose an alternative scheme that does not require an initial

ization step, at the expense of preformatting one of the magnetic layers. 
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CHAPTER 2 

MAGNETO-OPTIC MEDIA 

A crucial part of any magneto-optic recording system is the media used to store 

the data. In this chapter we examine the basic properties of magneto-optic record

ing materials. By far the most common class of materials in use are the rare earth

transition metal (RE-TM) alloys. These alloys are amorphous, and have the prop

erty that their magnetization is perpendicular to the plane of the disk. 

Data is stored in the direction of the magnetization. Regions of up magneti

zation may represent a logical 1, while down may represent a logical O. Linearly 

polarized laser light reflected off the storage layer becomes elliptically polarized due 

to the magneto-optical Kerr effect. 19,2o The sense of ellipticity depends on the mag

netization direction, thus, by examining the polarization state of the reflected light, 

one can read the data stored on the disk. 

The RE-TM alloys are Jerrimagnetic. 21 This means that some of the atomic 

constituants of the alloy are antiferromagnetically coupled, as shown in Figure 2.1. 

Because of this coupling, the magnetization may become zero at a temperature below 

the Curie temperature Te. The temperature at which this happens is called the 

compensation temperature Teomp. Figure 2.2 shows the magnetization and coercivity 

vs temperature for a TbFeCo film. The magnetization of the alloy is the difference 

between the Tb and Fe magnetic subnetworks·, and the compensation temperature 

is reached when the magnitude of the Tb moments matches that of the Fe moments. 

In this film Teomp = 360K and Te = 500K. 

The coercivity in Figure 2.2 is typical of ferrimagnetic films used in optical 

recording. The coercivity is large (> 3 x 105 Aim) below Teomp. This means that 

·The word subnetwork is used instead of sublattice, since the latter implies a periodicity that 
is nonexistant in amorphous media. 
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Figure 2.1: Antiferromagnetic coupling. The terbium moments are always aligned 
anti parallel to the iron moments, hence, the net magnetization }v[s is the difference 
between the two . 
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Figure 2.2: Magnetization vs. temperature for a TbFeCo alloy22. This sample ex
hibits the high coercivity below T comp , associated with the rapid decrease in coer
civity beyond T comp , typical of RE-TM alloys. 
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Figure 2.3: Domain wall energy vs. temperature calculated for a Tb21 Fe,!) sample. 
Note that the curve is roughly a straight line for T > 300K. 

data writen and stored at this temperature have a long lifetime. The coercivity falls 

off steeply just beyond Teomp and goes to zero near Te. This means that data call 

be written or erased by raising the media temperature by a relatively small amount. 

There is another material property that plays an important role in the recording 

process: the domain wall energy. Figure 2.3 shows the calculated temperattlJ'e2:J 

dependence of the domain wall energy O"w. Note that above 300K, the curve is 

roughly linear. Hence, in the models we will discuss later, (J" w is approxi mated by a 

linear function which goes to zero at T c' 

When dissimilar alloys are layered together, it is possible to form an interface 

domain wall. When considering this situation, we will use a curve similar to Figure 

2.3. where Te is taken to be the lower Curie temperature of the two alloys. 



CHAPTER 3 

THERMAL MODEL 

Heat provided by a laser plays several key roles in the opticai recording process. 

The principal role is to raise the temperature of a small region of the disk, thereby 

causing the recording media to become magnetically "soft", and allow the heated 

region to be written or erased. The heated region produced by a tightly focused 

diode laser is roughly the wavelength of light (.\) in diameter. Written bits on a 

magneto-optical disk are also of that size, thus allowing bit packing densities on the 

order of 1/.\2. 

The heat is generated by absorption of the focllsed laser light by the magneto

optic layer of the disk as shown in Figure 3.1. Therefore the distribution of heat 

generated is proportional to the laser irradiance, 

p(t)e-
r2

/
r

'5 
J ( r, t) = --'-7r-r--;2:--

o 
(3.1 ) 

where P( t) is the laser power vs time, and ro is the laser spot size defined by the point 

where J falls to 1/ e of its peak value. The magneto-optic layer is t hi n (rv 1 aaaA) 

and its thermal conductivity is relatively high (since it is metallic); therefore, it 

is reasonable to assume that the temperature is uniformly distributed through the 

thickness of the magneto-optic layer. Ohtsuki el al. l1 present experimental evidence 

showing that the thermal diffusion time through the thickness of the film is about 

Ins. Therefore, our assumption is valid as long as we don't change the laser power 

faster than this. Consequently, the heat generated by the laser per unit time is, 

Q( ) 
= J(r,t) 

r, t h' (3.2) 
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Figure 3.1: Laser heating of the optical disk. Light passes through the transparent 
overlayer (or substrate), and is absorbed by the magneto-optic layer. 
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Figure 3.2: An optical disk rotating beneath a tracking laser is equivalent to a 
laser linearly scanning along a stationary disk, as long as the track radius is large 
compared to the beam width. 

where h is the layer thickness. 

In an operational disk system, the surface of the disk rotates beneath the optical 

head as shown in Figure 3.2. As long as the track radius is much greater than the 

laser spot size and the distance over which the disk moves is small, the rotation of a 

disk beneath an optical head is equivalent to a scanning laser beam whose velocity 

IS, 

Vlascr = WdiskT'track 

relative to the surface of a stationary disk. 

To calculate the temperature in the recording medium, we must solve the three 

dimensional heat equation, 

ct = \7 . (J(\7T) + Q, (3.3) 



within each layer of the disk, were f( is the thermal conductivity, and C is the heat 

capacity. In addition, the solution to Equation (3.3), must satisfy the continuity 

equations: 

To(x,y,z = h) = T 1(x,y,z = h), f(0 8zT o(x,y,h) = /{lff:T1(;r,y,h), 

To(x,y,z = 0) = T 2(x,y,z = 0), f(08zT o(x,y,z = 0) = !\'28/l'2(X,y,z = 0) 

where the numeric subscripts indicate the layer number ( 0 = magneto-optical layer, 

1 = overlayer, 2 = substrate). 

Equation (3.3) must be solved numerically. Mansuripur et a1. 24 and Shin25 show 

how this can be done using finite difference techniques. However, such techniques 

are often computationally expensive. In this work we use an approximatc techniquc 

developed by Holtslag14 which provides us with an analytic form for the impulse 

response of the optical disk to a delta function (in time) heat input. 

A key observation in Holtslag's development is that most of the transverse 

heat diffusion occurs in the magneto-optic layer because its thermal conductivity 

is greater than those of both the substrate and the overlayer. Hence, he ignores 

transverse diffusion in both the overlayer and substrate. Instead, he treats these 

layers one-dimensionally. Assuming a solution of the form 

where 

-z2/4Dt 

T(z, t) = _To_e __ 
4Dt 

D=f( 
C 

(3.4) 

is the diffusivity, and To is the temperature at z = 0, he integrates Equation (3.'1) 

times the heat capacity in the z direction, to obtain the heat energy stored in the z 



direction: 

00 

E J T(z,t)dz 
o 

CToV7rDt, 

which is equivalent to the heat contained in a layer with heat capacity C, tempera

ture To, and thickness V 7r Dt. I-Ioltslag then uses this ansatz for the z-depcndence 

of the temperature distribution to reduce the three-dimensional heat equation (3.:3), 

to the two dimensional equation 

where 

and 

aF = (K181 + Koh + f(2 82) \1 2 F 
at (C181 + Coh + C2 82 ) xy' 

are the effective thicknesses of the overlayer and the substrate. From this, he obtains 

the temperature profile in the magneto-optic layer 

_ [<"'-'<0 _"1)2+ y 2] 
t '5+ 4T(I-I') 

T( ) Jd l p(t')e 
xyt= t-:------------'---------:-:,-----------:" 

o , , [C181(t - t') + Coh + C282 (t - t')]7r [1'6 + 4r(t - t')]' 
o 

(3.5 ) 

where v is the laser velocity, xo is the x coordinate of the laser spot at t = 0, and 

the function r is given by 

Do - D 
r(t) = Doot + 2 00 In -Jil- In(1 + .Jil), 

I 



with 

Do 

and 

Ao 
Co' 
A t v:;rI5; + A 2 ..;:;rIJ; 
Ct V7r D t + C2 V7r D2 ' 

28 



CHAPTER 4 

MAGNETIC DOMAINS 

An analysis of the thermomagnetic recording process must begin with some dis

cussion of the magnetic domain. For very small magnetic particles below the Curie 

temperature T e , almost all magnetic moments in the material are pointed in the 

same direction. The direction of magnetization within the particle is determined 

by internal magnetic forces which tend to minimize the particle's magnetostatic 

energy.2G However, larger particles (including the thin magnetic films used in opti

cal data storage) are characterized by regions, or "domains," each having a different 

direction of magnetization. The transition region between domains, where the mag

netization changes from one direction to the other, is called a domain "wall". The 

change in magnetization M across the domain wall is not instantaneous. Rather, 

the transition of M as it crosses the boundary is a smooth function over a distance 

referred to as the domain wall width. In this chapter we review some micromag

netic calculations which result in: the structure of the domain wall, and the energy 

it contains. 

4.1 Domain Wall Structure 

The domain wall structure was first calculated by Landau and Lifshitz.15 What 

follows is a short summary of this calculation, as given by O'DellY Consider two 

semi-infinite oppositely magnetized domains, as shown in Figure 4.1, and Impose 

the condition that the system be in magnetostatic equilibrium, that is: 

M(r) x Bejj(r) = 0, (4.1 ) 
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Figure 4.1: The system considered In the domain wall structure calculation by 
Landau and Lifshitz. 

where T is the position vector, M the saturation magnetization, and Be!! is the 

effective magnetic induction. In general, the effective field has three component 

parts: one due to crystalline anisotropy, one due to magnetic dipole exchange, and 

another due to the demagnetizing field and the magnetization. The anisotropy 

component of the effective field is 

where the x and y components are 



with J(u being the anisotropy constant. The component due to dipole exchange is 

( 2A) 2 
Bex = A12 \7 M, 

where A is the exchange energy constant. The component of the effective induction 

due to the magnetic field H and the magnetization M, is given by one of the 

constitutive relations for Maxwell's equations, 

B = Jlo(H + M), 

where the magnetic field H is given by 

H = _1 \7 ( r \7. M dV + r M . n dS) , 
411' Jv r Js r 

where r is the distance between the source point surrounded by the volume element 

dV and the field point, and n is the normal to the surface of integration S. l3y 

choosing semiinfinite domains, Landau and Lifshitz avoided the need for a compli

cated calculation of the magnetic field H. Because the sample they considered was 

infinite, the second integral vanished. Further, by considering the case were the 

y component of M was zero, and the magnitude of M was a function of y only 

(constant in x and z), \7 . M is zero, and the first integral also vanishes leaving: 

B = flaM. 

By substituting the component expressions for the effective induction into Equation 

(4.1) it follows that 

(4.2) 
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Figure 4.2: The z component of AI as a function of y. 
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Expressing the components of M as AJ'x = lvJ sin 0 and lvJz = 1\1 cos 0, and substi

tuting them into Equation ( 4.2) gives the sine-Gordon equation28 

A solution to this equation, consistent with the conditions that 0 = ±7r /2 at y = 

±oo, is 

sin 0 = tanh(y / 8), 

where fJ is the wall width parameter 

= (~) 1/2 
fJ Ie (4..1) 

A domain wall with the structure given by Eq.( 4.3) is called a "Bloch" domain wall. 

Figure 4.2 shows the z component of M as it transits the domain wall. As can 



:n 

be seen from the figure, the magnetization essentially completes the transition from 

up to down within the distance o. 

4.2 Domain Wall Energy 

An important consequence of the domain wall structure calculated by Landau and 

Lifshitz is that associated with the domain wall is an energy commonly referred to 

as the domain wall energy. This energy comes from a balance between of exchange 

and anisotropy energy. If there were no exchange energy, the wall would be a 

discontinuous transition of M from up to down (in the case of perpendicular media), 

since the lowest energy state occurs when M is perpendicular to the plane of the 

film. However, the exchange energy density would be a maximum in this case, since 

the coupling 5 i · 5 j between dipoles would be maximum at the boundary. The Bloch 

wall structure results from a trade off between the two energies, where neither onc 

IS a mll1lmum. Therefore there is a certain amount of energy associated with thc 

domain wall. 

Mathematically, the integral 29 

+00 { (aO)2 } III = 100 11 ay + [(,. cos
2 

0 dy 

represents the free energy of the system per unit area of thc x-z plane. The first 

term in the integral is the exchange energy density, and the second term is the 

anisotropy energy density. For a Bloch domain wall these two energies are equal, 

and the integral becomes 

]
+00 ]7r/2 

III = 21(,. cos2 0dy = (11[(,.)1/2 cos OdO 
-00 -7r/2 

2(11/(,.)1/2 (4 .. 5 ) 



where i7w is commonly referred to as the domain wall energy density. 



CHAPTER 5 

DOMAIN STABILITY ANALYSIS 

In the late 60's Bobeck 30 and Thiele 31,32 studied the stability of cylindrical 

(bubble) domains for use in bubble memory devices. Their work forms the founda

tion for almost all later work involving cylindrical domains in thin magnet.ic films. 

Later, in 1974, Huth 16 examined the stability of thermomagnctically writtcn do

mains in magneto-optical disks. The essential difference between BuLh's work and 

those of Bobeck and of Thiele is that Huth considered the effect of having a nOIlllni

form magnetic distribution arising from the presence of heating due to a laser beam. 

In this chapter we review the most important aspects of these early works. 

The system considered is shown in Figure 5.l. The magneto-optical disk is 

represented by a single magnetic layer of thickness h in which a single radially 

symmetric magnetic domain has been nucleated. Because the system is radially 

symmetric, it is convenient to use a cylindrical coordinate syst.em (1",0, =). The 

parameter n is used to designate the radius of the magnetic domain. The magnetic 

film is assumed to have infinite extent in the 1'-0 plane. The domain wall is assumed 

to have no width ( 8 = 0 ) and the magnetization M is assumed to lic in the = 
direction only. In order to assume that AI is in the z direction, it is necessary that 

the magnetic self-energy of the film be less than the anisotropy encrgy, /(" » IloM2. 

For the typical films used in magneto-optic recording /(" rv 1 06erg/ em and M rv 

105 A/m this requirement will be met. The assumption of zero domain wall width is 

appropriate as long as the most important result of Section 4 is kept in mind: that 

associated with the domain wall is an energy O"w. It is the wall energy which is a 

major factor in calculating the pressure acting to move domain walls. Taking the 

wall width explicitly into account requires integrating the magnetic field over the 

width of the wall. This greatly increases the time required to run the modcl, and 
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Figure 5.1: Disk configuration considered for domain stability analysis. The param
eter n represents domain radius, and h is the film thickness. The domain wall is 
shown as a solid vertical line, and indicates where M rotates from up to down. In 
this model M is assumed to be perpendicular to the plane of the film, hence its :: 
component is NIs • 

has been avoided. In Chapter 7 we examine the possible consequences of assuming 

a zero width domain wall. 

Domain stability analysis asks the question: "for what values of n is the domain 

stable?" The domain wall is stable if the forces acting to move the domain wall 

are equal to or less than the coercive force of the material. Otherwise the domain 

wall expands or contracts depending on the direction of the force acting to move 

the wall. 

The analysis begins with an expression for the potential energy of the system, 

where Ud is the energy due to the magnetostatic interactions within the film, Uw is 

the energy due to the domain wall, and Uo is the energy due to externally applied 

magnetic fields. 

The energy of an infinitesimally small volume dV of magnetic material III an 



external field dUo is, 

dUo = /loM . H odV, 

so that 

r= Uo = 27rh J
o 

dr r/loHoA'/.,(r), (5.1 ) 

where lIo is the z component of the applied magnetic field and is assumed to be 

constant in rand z, and 1\;ls is the saturation magnetization which is also assumed 

to be constant in the z direction. 

The energy per unit area of an infinitesimally small area dA of the domain wall 

IS, 

and the total energy due to the domain wall is, 

where O"w is a constant in the z direction. 

Finally, the magnetostatic energy of a small volume of magnetic material is, 

where H d is the magnetostatic field produced by all of the other volume elements 

of the film, 

H ( )
=_1 r d3 ,d(d. M) - M 

d r 47r Jv r d3 ' (5.3 ) 

where d = r - r' is the direction vector pointing from the source point 1" to the 

field point r. I-Ience, the total magnetostatic energy is, 

(.5.'1) 



where Hd is the z component of the magnetostatic field. This field IS commonly 

referred to as the demagnetizing field. 

The domain wall experiences a force which is the negative gradient of the poten-

tial energy 

where the subscript 1l serves to remind us that this force is derived from a potential 

energy function, and hence is conservative. The differentiation with respect to n 
is carried out beneath the integrals of Equations (.5.1 )-( 5.4) and yields the total 

force 16 , 

(.5 .. 5 ) 

where fid is the average of z component of the magnetostatic field over the thickness 

of the film. It is more convenient to express Fu in terms of the pressure acting to 

move any given segment of the domain wall, 

where 

is the wall energy pressure, 

Fu 
27fn 

Pw + p,\? + Pd + Po, 

p __ a w 
w- n 

p,\? = _ aaw 

an 
is the wall energy gradient pressure, 

(.5.6 ) 

(5.i) 

( 5.8) 

( 5.9) 



is the applied field pressure, and 

(5.10) 

is the demagnetizing pressure. Given the temperature distribution on t he disk, 

most of the pressures are straightforward to evaluate. However, the demagnetizing 

pressure involves some form of integration (see Appendix A.l). 

Acting to prevent domain wall motion is the coercive pressure Pc, 

(.5.11) 

where He is the media's coercivity. Thus, the condition for stability of the domain 

wall is that the coercive pressure be greater than or equal to the pressure acting to 

move the domain wall, 

(5.12 ) 

If Eq.(5.12) holds then the domain wall is unable to move and the domain is stable. 

Otherwise the domain expands (Pu > 0) or contracts (PH < 0). 

Eq. (5.12) can be solved graphically by plotting Equations (5.11) & (.5.6) as 

functions of R and looking for regions where the stability condition is met. Figure 

5.2 shows such a solution for a hypothetical film at a uniform temperature. The two 

horizontal lines represent the coercive pressure. The curve labeled Pu is the pressure 

acting to move the domain walls as a function of R. The shaded region from point 

a to point b is where the domain is stable. For R less than Ra the domain collapses, 

and for R greater than Rb the domain expands. 
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Figure 5.2: Graphical solution of Eq. (5.12). The horizontal lines represent the 
coercive pressure as a function of R, and the curve labeled Pu represents the force 
acting to move the domain wall as a function of R. The shaded region is where the 
domain wall is stable. 



CHAPTER 6 

WALL MOTION MODEL 

wall-mot ion-model. tex 
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In the last chapter we discussed the forces acting on a magnetic domain in a 

magneto-optical disk, and showed how one can use their knowledge to determine 

whether or not a written domain will be stable. In this chapter we present a model 

that can be used to calculate the motion of a domain wall during the recording 

process. 

6.1 Radially Symmetric Model 

In the early 70's Callen and Josephs l ; developed a model to analyze the motion of 

magnetic bubble domains in bubble memory devices. There are three significant 

differences between their work and what is presented in this section. First, we 

have to consider nonuniform magnetic distributions arising from laser heating. This 

consideration simply leads to the aalan term in the wall pressure Equation UJ.6). 

Second, the wall motion model developed here incorporates a maximum wall velocity. 

And third, we do not use an approximate calculation for the demagnetizing field. 

Otherwise the development is essentially the same. 

The total pressure acting to move a domain wall, Equation (5.6), was derived 

from a potential energy function U. Consequently, it is a conservative pressure. To 

account for the change in the potential energy function U, we consider the work done 

by dissipative pressures. One dissipative pressure that we have already encountered 

is the coercive pressure Pc, Equation (5.11). The work done by the coercive pressure 
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Figure 6.1: The dependence of domain wall velocity on applied magnetic field for 
a bubble material as measured by Hagedorn33

. The domain wall mobility flw is 
obtained from the initial slope of the curve. The velocity reached at the plateau is 
called the saturation velocity Vsat. 

when moving the wall from Rl to R2 is, 

hence, the power dissipated per unit area of the domain wall due to the coercivity 

IS, 

(6.1) 

where We = aWe/at, and n = aR/at. 
Figure 6.1 shows the results of a wall velocity vs. applied magnetic field exper

iment by Hagedorn.33 Such measurements show that for low fields the velocity is 



linear with the field strength minus the coercivity, 

where flO is the domain wall mobility. As Ho is further increased, the velocity 

saturates due to the presence of a velocity dependent friction pressure PIL 3,\ 

where v is the domain wall velocity (v = R). This pressure is called the wall mobility 

pressure. The power dissipated by the wall mobility pressure is 

(6.2) 

where WJL = aVVJL/ at. Because typical magneto-optical materials have high coer

civities, simply creating a linear Bloch wall is nearly impossible, let alone trying 

to measure its velocity as a function of applied field. In practice, wall mobility is 

measured using thermomagnetically written circular domains. 35 The analysis in that 

case becomes somewhat more involved,17 but the concept of domain wall mobility 

is nonetheless valid for magneto-optic materials. 

The equation of motion for the domain wall is obtained by equating the power 

spent by the conservative pressure Pu , Equation ( .5.6 ), with the power dissipated 

by the coercivity and wall mobility pressures, 
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and solving for R. The calculations are straightforward, and the result is: 

R (6.:3) 

where the function sgn(x) gives the sign of x. The wall motion model also limits 

the wall velocity, Inl ~ Vsat, to be consistent with experimental observations. 

6.2 Domain Nucleation 

The processes of nucleation and domain wall creation depend on inhomogeneities 

in the media or pre-existing nucleation cites. Otherwise, as Brown3G points out, 

the fields required to reverse the magnetization (create a domain) would be much 

higher than those actually observed (the coercivity). Experimental evidence for this 

has been provided by Hartmann37
, who showed that the apparently low coercivity 

in "perfect" iron whiskers was due to microdomains located at the corners of the 

crystal. These microdomains resisted saturation due to the presence of high demag

netizing fields at the crystal corners. When the applied magnetic field was rcverscd, 

the magnetization in the whisker reversed by means of microdomain growth, rather 

than coherent rotation. 

rvlore recently, Mansuripur et a1.38 and Giles and l'vlansuripur39 have theoretically 

shown that nucleation in thin magnetic films occurs at "weak" cites in the magnetic 

lattice where the (nonuniform) local field is able to rotate the magnetization over 

a small cluster of lattice cites. In addition, Mansuripur's work indicates that nu

cleation near the Curie region of the material does not occur uniformly arollnd the 

boundary of that region. Rather, domains nucleate at several cites around the Curie 

boundary. As these cites grow, they eventually coalesce, forming a single domain 

surrounding the Curie region. 

In this work we use a nucleation model that tries to incorporate as milch of 



the "spirit" of the results mentioned earlier as possible, without having to perform 

lattice dynamic calculations such as those done by IVlansuripur. \\Then the media 

is above the Curie temperature, we assume that there exists a domain wall a small 

« lOOA) distance away from the Curie boundary, an assumption motivated by 

the fact that the media is magnetically soft when it is near Te. When the media 

is not above Te we perform a calculation to see what would happen if a domain 

wall existed at a given radius. The domain can do one of three things: expand, 

contract, or remain stationary. If the domain is found to expand, then \,,·c assume 

that a domain had nucleated at that radius, the argument being that the system is 

minimizing its energy sufficiently to overcome the cocrcivity and wall energy forces. 

Otherwise we assume that no domain is nucleated. 

6.3 General Wall Motion in Two Dimensions 

The radially symmetric model discussed so far is useful for examm1l1g the wall 

motion on a stationary disk, where all domains are concentric and the laser beam 

is centered on the domains. In an operational optical disk system, however, the 

media moves beneath the optical head at several meters per second, domains may 

not be concentric (or even circular)' and the laser will not always be centered on the 

domains. Hence, the radially symmetric model is unable to analyze this situation. 

In this chapter, we develop a model for domain wall motion that does not depend 

on radial symmetry. The basic approach to the general two-dimensional model is to 

discretize the coordinates of the domain wall, and to compute the dynamics of each 

point individually. 

The physics affecting domain wall motion in the general two-dimensional case 

IS essentially the same as in the symmetric case. What changes is that the do

main waH is now allowed to assume shapes other than simple circles. There are 



however, nontrivial issues associated with the mechanics of modeling domain wall 

motion without cylindrical symmetry. These issues fall into two general categories: 

collective motion of domain walls, and evaluation of pressures. 

6.3.1 Collective Motion 

Domain walls move as a whole to minimize the overall system energy. In the radially 

symmetric model this happens trivially, as the entire wall is assumed to be at radius 

n. However in the asymmetric model, the coordinates of the domain wall arc 

discret.~zed, and each point on the wall experiences its own individual dynamics. 

The concept of collective motion must somehow be "built in" to the model. 

In this work we use the same technique for building collective motion into the 

model as Savage.'tO We do this by using physical intuition gained from the radially 

symmetric model. In that model, the effect of collective motion appears as a pressure 

inversely proportional to the domain wall radius: the domain wall energy pressure. 

In a domain with arbitrary shape, any portion of the wall has a local curvature, and 

can be viewed as a small section of a circular domain. Such a wall section experiences 

a pressure inversely proportional to the local domain wall radius. Therefore, the 

assymetric model treats the issue of collective motion by including a wall energy 

pressure proportional to l/n/oca /' Figure 6.2 shows the technique used to calculate 

the local wall curvature (lin). 

The accuracy of the wall pressure calculated in this fashion is sensitive to the 

linear density of points along the domain wall. To see why this is so, consider the 

situation illustrated in Figure 6.3. The domain on the left hand side of the figure 

has a vertex angle identical to the domain on the right hand side. Yet the wall 

energy pressure is half that of the right hand wall, since the circle inscribed through 

the right hand trio of points is twice as small as that through the left hand trio. 
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Figure 6.2: The local curvature of the domain wall is determined by the circle 
inscribed through the point at which the curvature is to be evaluated and its nearest 
neighbors. The resultant pressure is directed toward the center of the inscribed 
circle. 

+ 

~R~ 
Figure 6.3: The effect of wall point sampling density on the wall energy pressure. 
The left hand domain has lower wall energy pressure in spite of the fact that it has 
the same vertex angle as the right hand domain. 
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This has the effect of under-representing the effect of the domain wall energy when 

"sharp" features appear in the walls with low point densities. 

6.3.2 Evaluation of Pressures 

Computational cost is an issue that becomes critically important in the asymmetric 

model, the reason being that the number of computations required for a single 

integration scales as N2
, where N is the number of grid points in one dimension. If 

N were on the order of 10 this would not be an issue, however, in order to achieve 

reasonable accuracies in calculating the temperature or demagnetizing field, N must 

be on the order of 100 to 1000. 

In the case of the temperature distribution, there is little that can be done 

to improve the efficiency of the temperature integral (Chapter 3). Fortunately, 

the temperature is only calculated once at each grid point during each time step, 

and the accuracy of the temperature at any grid point is independent of the grid 

spacing. Therefore, a r<::latively course grid is acceptable, the only constraint being 

that the linearly interpolated temperatures between grid points be close to the true 

temperatures. 

The same can not be said for the demagnetizing field, since the accuracy of the 

field integral is heavily dependent on the grid spacing. In addition, each integration 

scales as N 2
, and must be repeated at each point along the domain wall. This 

makes the total C)Jculation scale as N 3
, if order N points are required to accurately 

represent the wall energy pressure. This last fact could make the problem impractical 

to solve even on supercomputers. 

Mansuri pur and Giles41 ,42,43 present us with a solution to this seemingly m-



tractable problem. The mathematical form of the demagnetizing field integral 

(G.·1 ) 

is a convolution. From the convolution theorem, we have 

(G .. 1 ) 

where a tilde above a symbol indicates the Fourier transform, and k is the spatial 

frequency variable conjugate to r. Therefore, the demagnetizing field can be calcu

lated by inverse Fourier transforming Equation( G.5 ). This may at first seem to be 

more work than Equation( 6.4 ), since it takes three Fourier transforms to get lId. 

However, by using FFTs (Fast Fourier Transforms) one can win in a big way. The 

reason for this is as follows. The result of a single two-dimensional FFT is a matrix 

representing the value of the Fourier transform of the original function evaluated at 

each point on the grid. Thus the final result of the three FFTs is the demagnetizing 

field evaluated at all points on the grid. Therefore, it is only necessary to make 

the calculation once to get the demagnetizing field at all points along the domain 

wall. A single FFT is order N 2 in computational cost, thus the total cost of the 

demagnetizing field calculation becomes order N 2
, a clear advantage compared to 

the integral method. 

Appendix A.2 describes the FFT method of calculating the demagnetizing field 

in detail. 
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CHAPTER 7 

SINGLE LAYER DIRECT OVERWRITE 

Direct overwrite in magneto-optical materials was first demonstrated by Shieh 

and Kryder6 using RE-TM films with compensation temperatures above room tem

perature. The tentative explanation Shieh and Kryder originally gave for their 

results relied on demagnetizing fields in the media to aid in both the write and erase 

processes, erasure was assumed to be accomplished through the nucleation of a small 

domain inside of the original domain, so that subsequently, both domain walls were 

to move together and annihilate each other. Later theoretical work by Hansen44 

seemed to support Shieh and Kryder's explanation. The goal of this chapter is to 

discuss this problem, and to show why such a mechanism is highly unlikely. We 

then explain how direct overwrite in single layer media actually takes place. 

7.1 The Interior Nucleation Model 

The interior nucleation model proposed by Shieh and Kryder IS summarized In 

Figure 7.1. 

The writing process begins with a uniformly magnetized film having a compen

sation temperature above ambient temperature, see Figure 7.1 (state a). When the 

film is heated by a gaussian laser beam, the magnetization takes on a nonuniform 

distribution (state b). The demagnetizing field then nucleates a domain at the cen

ter of the heated region (state c). This domain grows and freezes in place after the 

laser pulse ends (state d). 

The erase process is similar to writing;. The media is heated with the gaussian 

laser beam to produce the nonuniform magnetization distri bu tion (state e), and the 

demagnetizing field nucleates a second domain insicle the original one (state f). The 
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Figure 7.1: The various magnetization states of direct overwrite by interior nucle
ation. States (a) through (d) show the writing process. States (e) through (h) 
show the erase process. Solid arrows represent the magnetization. Dotted arrows 
represent the demagnetizing field. Circles represent the domain walls. 
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domain walls then move toward and annihilate each other (state g), leaving the film 

in an erased state upon cooling (state h). 

In his calculations, HansenH approximated the nonuniform magnetization distri

bution by a uniform distribution. This allowed him to avoid numerically integrating 

Equation (A.4), using instead simpler approximate formulas for the demagnetizing 

field derived by Thiele 31. Unfortunately, this led him to wrongly conclude that 

domain walls a"tract each other. 

7.1.1 Force Between Walls 

A crucial part of the interior nucleation scheme is the motion and annihilation of 

the inner and outer domain walls. For this motion to happen, there must exist 

attractive forces that drive the two walls into each other. To see if that is the case, 

let us examine the forces which cause domain wall motion one by one. 

Consider first the effect of the wall energy force, -aw/R, which always tries to 

drive R to zero. This is the desired direction with respect to the outer wall, however, 

it is the wrong direction with respect to the inner wall. In addition, the force pulling 

the inner wall away from the outer wall is greater than the force pulling the outer 

wall toward the inner wall, since Rout> Rin. Clearly this force will not cause the 

domain walls to collide. 

The next force to consider is the wall energy gl'adient force, -(Ja / (JR. Again, 

this force will try to shrink R as long as the center of the laser beam is inside of the 

domains, which it must be in order to nucleate the inner domain in the first place. 

Consequently, we are lead to the conclusion that neither will this force calise the 

domain walls to collide. 

The applied bias field pressure, 2PoJ\1s Ho, cannot drive the walls together, since 

both walls see the sarno. field and will move in the same direction. 



The only force left to consider i& that due to the demagnetizing field, 2JIoM.J1d. 

Unfortunately, it is not possible to state exactly how this force will behave since ild 

depends on the magnetization distribution /vfs(r). \Ve can, however, numerically 

evaluate Ed under conditions likely to be present during the erase process, and 

from that determine if the demagnetizing force can drive the domain walls together. 

But before doing that, we present a simple physical argument showing that the 

demagnetizing field causes domain walls to repel each other when they become 

close. 

Analysis using Equivalent Currents 

In this section we use the equivalent currents model of magnetization to provide 

a simple explanation as to why domain walls repel each other instead of moving 

together to annihilate one another. 

Mathematically, equivalent currents anse from the dependence of the vector 

potential A on the magnetization M, 

A = JIo J M x ndS + po J \7 x M dV, 
47f 411' 

S V 

where S is the surface bounding the volume V which contains the magnetic material. 

This integral has exactly the same form as the integral for the vector potential due 

to free currents, 

po J Po J . A = - A jdS + - J jdV, 
411' 47f 

S V 

where Aj and j j are the free surface and volume current densities. We can therefore 

identify Ae = M x nand j e = \7 x M as the equivalent surface and volume current 

densities. 

The physical nature of these currents can be understood from a model going 
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Figure 7.2: Ampere's model for the equivalent currents. The cross section of a 
uniformly magnetized rod. The magneti7,ation points into the page. 

back to Ampere:ls Consider a rod uniformly magnetized along its length as shown 

in Figure 7.2. Each infinitesimal piece of the material is equivalent to a small 

current loop perpendicular to the direction of the magnetization. If the material is 

uniformly magnetized, then the current loops on the inside of the material cancel, 

leaving only the currents at the surface. The equivalent volume currents arise in 

a similar fashion when the material is not uniformly magnetized. In this case the 

interior current loops do not exactly cancel each other, resulting in a volume current 

density. 

Using this model, we can represent two concentric domains in a uniformly mag

netized thin film by two equivalent surface currents as shown in Figure 7.3. Each of 



Figure 7.3: The equivalent current representation of concentric domains. 

the current loops will generate a magnetic field given by the Biot-Savart law, 

dB = Ie X r dl 
,2 

5.5 

where Ie = hAe is the equivalent current, h is the film thickness, l' is the vector 

pointing from the source point to the field point, and dl is a differential length along 

the loop. 

Each loop then experiences a Lorentz force due to the magnetic field created by 

the other loop, 

Fm=ImxBmn , 

where F m is the force per unit length acting on loop m, 1m is the current in loop 

m, and Bm,n is the magnetic induction at loop m due to loop n. 

Figure 7.4 shows the force acting on the first wall due to the magnetic field 

produced by the second wall. It is clear from the figure that the current 12 produces 

a magnetic field that points down the first wall. This field crossed with the current, 

II, produces a force F 1 on the first wall, that points away from the second wall. In 
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Figure 7.4: The equivalent currents force acting acting on wall one due to the field 
produced by wall two. The circles with crosses represent II (illto the page), and 
those with dots represent 12 (out of the page). 

the same way, the force on the second wall due to the magnetic field produced by 

the first wall points away from that wall. Therefore, the two walls will repel each 

other. This is in direct contradiction of the interior nucleation model for domain 

erasure. 

Calculation of the Force Between Walls 

We now turn to an analysis of dependence of the demagnetizing force between walls 

on wall spacing. Consider the situation where there is an outer wall fixed at some 

typical radius, say Rl = O.5j-tm, and an inner wall whose radius R2 can vary. Let 

us then calculate the demagnetizing pressure acting on both walls as the inner wall 

radius changes. 

In order to perform concrete calculations it is necessary to choose a set of material 

parameters to work with. The coercivity vs temperature data published in Shieh 

and Kryder's46 paper will be used. Unfortunately, the magnetization vs temperature 

for the Shieh and Kryder overwrite film was never measured. Therefore, reasonable 

guesses must be made. Here reasonable means: i'vfs passes through zero at the 

compensation temperature T comp , and 1\1s has the typical bell stape between Tcomp 
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Figure 7.5: Film data for the interior nucleation analysis. The four magnetization 
curves represent the range within which the actual Shieh and Kryder film is likely 
to fall. 

and Te. The maximum values of 1\--[3 between Teomp and Te represent a range within 

which the actual Shieh and Kryder film is likely to fall. All numerical calculations 

presented in this section (Interior Nucleation) use the film "data" shown in Figure 

7.5. 

Table 7.1 shows the results of numerically evaluating the domain wall pressure, 

Equation (5.6), with a uniform temperature distribution and fixed outer wall radius 

'R.I , while varying the inner wall radius 'R.2 • A pressure greater than zero acts to 

expand the domain wall, while a pressure less than zero acts to contract the wall. 

When the walls are relatively far apart the demagnetizing pressure is attractive, but 

when the walls get close, the pressure becomes repulsive. 

Table 7.2 shows an example of the pressures acting on both walls as the inner 
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Uniform Temperature 
R! (ttm) R2 (ttm) Pd.! (103 N/m<!) Pd.2 (103 N Im<!) 

0.50 0.10 1.64 -11.9 
0.50 0.20 1.17 -7.30 
0.50 0.30 -1.03 -2.79 
0 .. 50 OAO -4A1 .5 .. 53 
0.50 OA9 -35.0 36,4 

Table 7.1: The demagnetizing pressure between two domain walls when the film is 
at ambient temperature. Note that the pressures become repulsive (Pd.! > 0 and 
Pd.2 < 0 ) as the walls get close together. 

Nonuniform Temperature 
R! (ttm) R2 (ILm) Pd.! (103 N/m 2

) Pd•2 (103 N 1m2
) 

0.50 0.10 .800 -4.8.5 
0.50 0.20 .749 -1.12 
0.50 0.30 .641 .063 
0.50 OAO .369 .60.5 
0.50 OA9 -.923 1.20 

Table 7.2: The demagnetizing pressure between two domain walls when the film is 
heated by a laser beam. Note that the pressures become repulsive (Pd.! > a and 
Pd.2 < 0 ) as the walls get close together. 

wall radius is varied when the film is heated by a laser beam. Here the film was 

heated for 50ns with 8.5mW of power. The radius where T = Tcomp was r = 1ttm. 

Again, if the walls are relatively far apart the demagnetizing pressure is attractive, 

but it becomes repulsive when the walls get close. 

The results show that both at ambient temperature and for heated media, the 

demagnetizing field became increasingly repulsive as the domain walls moved closer, 

and became increasingly attractive when the domain walls moved well apart. This 

indicates that the demagnetizing field favors a stable "doughnut" configuration, as 

opposed to the annihilation called for in the interior nucleation scheme. 
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film Run Results 
#1 Inner walls collapse into Curie radius 

#2 Inner walls collapse into Curie radius 

#3 Inner wall at R2 = O.lfllYt expanded rv O.O,S/Lm 
and then collapsed into Curie radius 

#4 Inner wall at R2 = O.lflm expanded rv 0.2pm 
and then collapsed into Curie radius 

Table 7.3: A summary of results for interior nucleation experiments. 

7.1.2 Modeling The Interior Nucleation Scheme 

So far we have shown that domain walls will not attract each other in two partic

ular temperature configurations. However, during the erase process, the disk goes 

through a continuum of temperature/radius states. In this section we use the do

main wall motion model to investigate the dynamics of paired domain walls uncler 

typical erase conditions. 

A series of runs was made for each of the magnetization vs. temperature curves 

shown in Figure 7.5. Each series consisted of four runs, each having a different 

initial inner wall radius (R2 = {0.1, 0.2, 0.3, O.4}pm). The motivation for this series 

of computer experiments is to see how the system behaves when the inner wall 

nucleates over a range of positions. Table 7.3 summarizes the results. 

An examination of Table 7.3 indicates that only for films with large magnetiza

tions can we expect nucleated domains to expand due to the demagnetizing field. 

However, even in these cases, the inner wall eventually looses the drive provided by 

the demagnetizing field, and then collapses into the Curie radius. 

Finally let us look at the results of a run where we apply the nucleation condition: 

At each time step, PT(r) is evaluated for increasing r, and a domain IS said to 
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Figure 7.6: Attempted erasure via interior nucleation. Rl is the outer (original) 
domain wall radius, R2 is the inner (nucleated) domain wall radius, and Re is the 
Curie radius (dashed line). The nucleated inner wall collapses into the Curie radius. 
Later, when another inner wall nucleates, this wall collapses slightly and does not 
approach the outer wall. 

nucleate at r when the condition is met. 

Figure 7.6 shows the results of a run using film #4. An inner wall nucleates and 

expands, but stops short of reaching the outer domain wall. Instead, the outer wall 

actually expands due to the demagnetizing pressure. After the laser is turned off, 

and the region begins to cool, an interior domain nucleates. Again the interior wall 

does not expand to anihillate the outer wall. Instead it collapses somewha.t due to 

the combined pressures of wall energy and demagnetizing field. 

The results obtained from modeling the interior nucleation scheme indicate that 

this mechanism is not what caused the erasure observed by Shieh a.nd Kryder. 

Experimental evidence to support this theoretical finding has been provided by 
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dynamic observations of the recording process by Shultz and Kryder.4i By examining 

a domain under a polarization microscope while irradiating it by laser diode, they 

saw no evidence of any interior domains being formed. 

7.2 Single Layer Direct Overwrite 

In the last section we determined that overwrite by means of interior nucleation is 

unlikely. How then is direct overwrite in single layered media achieved? The goal of 

this section is to answer that question. 'vVe follow closely, two papers which address 

this issue: one by Savage et al.'18, which examines the effects of the demagnetizing 

field and the wall energy pressure, and another by Rugar et al.,i which examines 

the role of the thermally induced wall energy gradient pressure. 

Consider a single layer magneto-optical disk heated with a well focussed laser 

beam long enough to create a reasonably sized Curie radius. Since the material is 

magnetically soft near the Curie temperature, this leads to the creation of a domain 

wall near the Curie radius. When the laser is turned off, the Curie radius shrinks, 

and the domain wall moves according to Equation (6.3). Initially the domain wall 

is near the Curie temperature, and most of the pressures that affect its motion are 

nearly zero. However the wall energy gradient pressure, Equation (.5.8), 

may be large due to the thermal gradients produced by the laser heating. In most 

films, the wall energy gradient pressure is sufficient to cause the domain to begin 

collapsing after the laser is turned off. If the Curie radius shrinks at a velocity Vcurie 

that is less than the maximum domain wall velocity Vsat, then the domain wall will 

follows the Curie radius. However, if Vcurie is greater than Vsat, then the domain 

wall begins to separate from the Curie radius. As this happens, the wall starts to 
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Figure 7.7: An example of thermomagnetic writing in single layer media. The 
Curie radius (dashed line) shrinks faster than Vsat, and the domain wall (solid line) 
"freezes" in place. 

cool, and the other pressures increase in magnitude. Of these, the coercive pressure 

may increase most rapidly, and can "freeze" the domain wall in place. If this is 

the case, then a bit has been successfully written on the disk. An example of such 

thermomagnetic writing is shown in Figure 7.7. 

The erase process is quite similar to the write process just described. However, 

in this case a lower power laser is used and consequently a smaller Curie radius is 

created. The previously written domain will collapse into the Curie radius due to 

wall energy forces sometime close to the end of the laser pulse. Once this happens 

the situation is nearly the same as it was in the write case, with one significant 

exception: the radius is smaller. When the laser beam is turned off, the domain 

may follow the decreasing Curie radius for some time and then begin to separate. 
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Figure 7.S: An example of thermomagnetic erasure in single layer media. The 
domain wall radius (solid line) collapses due to the wall energy gradient pressure 
from t = 50ns to t = 70ns, at which point it runs into the Curie radius (dashed 
line). \Nhen the laser turns off (t = 76ns) the domain wall again collapses. This time 
however, it halts due to an increasing demagnetizing pressure (t = SOns). Finally it 
collapses completely as the wall energy pressure dominates. 

But this time, instead of the coercivity freezing the domain wall in place, the wall 

may continue to collapse due to the dominance of the l/R-dependent wall energy 

pressure. If this happens, then a bit has been successfully erased. An example of 

such thermomagnetic erasure is shown in Figure 7.S. 

In the example, the erasure happened in three phases. During the first phase, 

the domain was destabilized by the wall energy gradient pressure, and collapsed 

into the increasing Curie radius. The second phase began with the end of the laser 

pulse, and the subsequent decrease in the Curie radius. During the this period the 

wall began to collapse again due to the wall energy gradient pressure. This phase 
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Figure 7.9: Magnetization and coercivity data vs. temperature for the GdTbFe film 
used in the comparison. 

ended with a marked increase in the demagnetizing field which temporarily halted 

the collapse (t = SOns). The third phase began at t = Stins, when the increasing 

wall energy pressure (due to the decreasing wall temperature) began to dominate. 

This phase ended with the collapse of the domain. 

7.3 Comparison with Experiment 

In this section we present the results of a direct comparison between the model used 

in this dissertation and experimental observations. 

For the comparison we used a GdTbFe film provided by Schultz for which write 

and erase data had been taken. In addition, the thermal behavior of this sample 

had been measured in real time:19 The sample was then magnetically characterized, 

with the results shown in Figure 7.9. The wall energy was measured using the 

expansion/contraction field technique proposed by Mansuripur,so and found to be 



G5 
Parameter Experiment l\Iodel 
Vdisk 0 0 mls 
laser power 11.0 11.0 mW 
pulse length 500 500 ns 
bias field 1600 1600 Aim 
wall energy 2.9 2.5 ergs/cm2 

wall velocity ? 2 .. 5 m/s 
final domain radius 0.9 1.0 pm 

Table 7.4: Parameters used in the comparison between the model and experiment. 
The final domain radius calculated by the model was virtually the same as the 
experimental result. 

2.9 ergs/cm2 at 60°C. 

This value for the wall energy actully represents an upper bound; the reason for 

this is as follows. The expansion field is that field which is just strong enough to 

cause a written domain to expand. It was measured by writing a domain on the 

film, and then slowly increasing the applied magnetic field until the domain began 

to expand. The determination of when the domain began to move was made by 

viewing a video image of the domain produced by a polarization microscope. The 

image was poor, and it was necessary to wait until enough wall motion had taken 

place so that it was clearly visible on the video screen. Consequently, the measured 

val ue of the field was larger than it would have been had a more sensi ti ve (to wall 

motion) instrument been used. 51 Likewise, the measured contraction field was larger 

than the "actual" value. Hence, the calculated wall energy was also larger than it 

would have been had more accurate field measurements been available. 

Table 7.4 lists several of the relevant parameters used in both the experimellt 

and the computer model. The only adjustable parameter in the modeling run was 

the domain wall velocity, which we discuss later. Note too, that the value of O"w used 

in the modeling run was slightly less than the measured value. This is consistant 

with the fact that the measured value is actually an upper bound. 
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Figure 7.10: Modeling results using measured data. The domain radius vs. time 
(solid line) is plotted. The final domain size is virtually the same as the experimental 
result. The calculated Curie radius (dashed line) closely follows the experimentally 
measured Curie radius vs. time. 

The results of the modeling run are shown in Figure 7.10. Note that the final 

domain radius calculated by the model was virtually the same as that observed ill 

the experment. A particular feature of this film is the fact that the domain wall did 

not stabilize until it was well below the Curie temperature. This has the effect of 

limiting the wall velocity that results in a written domain. We discuss this ill more 

detail later in this section. 

A demonstration of writing and erasing on a moving disk using the asymmetric 

wall motion model is shown in Figures 7.11 & Figure 7.12. The disk velocity is 

2.5 mis, and the wall velocity is 3.0 m/s. The isotherms are roughly circular at 

this disk velocity, however at a velocity 6 mls the isotherms assume the expected 

teardrop shape.52 •53 Note that we use a disk velocity which is less than that of the 

wall. vVe do this in order to prevent the automatic "nucleation" of a domain at the 

trailing edge of the moving Curie region. 
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Figure 7.11: Dynamic writing in the single layer model. The domain wall is rep· 
resented by the solid line marked with cirles. The laser pulse ends at 500ns. At 
t = 680ns the Curie region (inside of the dashed line) is beginning to separate from 
the domain wall. The final domain state is shown at 800ns. The chain dashed lines 
follow temperature isotherms. 
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Figure 7.12: Dynamic erasure in the single layer model. The domain wall is repre
sented by the solid line marked with circles. The Curie region (inside of the dashed 
line) approaches from the left, and consumes the domain. The chain dashed lines 
follow temperature isotherms. 

Consider a laser beam with constant power scanning along the surface of the 

disk, and assume that it has been on long enough for the disk to have reached a 

steady state temperature distribution. If the laser power is high enough to create 

a Curie region, then this region will move along the disk at a velocity V/ aser . Next, 

consider the nucleation condition (Chapter 5) where we assume the existence of a 

domain wall near the Curie boundary. If the wall collapses into the Curie region, 

then we assume that no nucleation took place. However, if V/aser exceeds Usa/ then 

it is impossible for the domain wall to move into the trailing edge of Curie region. 

Consequently, a domain wall is automatically nucleated no matter how strong the 

forces trying to collapse the domain into the Curie region may be. 



7.3.1 The Significance of Zero Wall Width 

A key part of the recording process is the sepaT."ation of the domain wall from the 

Curie radius when VcILrie exceeds Vsat. 

By assuming a zero wall \vidth, the entire wall may be placed arbitrarily close 

to the Curie radius, where the wall pressure is dominated by the wall energy gra

dient pressure. However, a real domain wall has width, and necessarily experiences 

fields and pressures where the media is cooler. This may be significant, as it could 

result in the ~'Jabilization of the domain wall. To infer the effect of a nonzero widl 

width, we will examine the variation of the net wall pressure, which is the difference 

between the conservative pressure acting to move domain walls (Equation .5.6) and 

the coercive pressure (Equation .5.11), 

as we move away from the Curie radius. If Pnct goes to zero (at which point a wall 

would "freeze") within a distance comparable to the real domain wall width, then 

we can infer that wall width is significant. If this is the case, then we must resort 

to explicitly assuming some shape for the domain wall and modify our procedures 

accordingly, as was done by Mansuripur. 501 

Figure 7.13 shows the results of varying the initial domain wall-Curie radius 

spacing for the film used in the comparison between the model and experiment. 

Three spacings were used: lOA, lOoA, and 2ooA. As the figure clearly demonstrates, 

in this case the domain wall motion is practically independent of the spacing. Hence, 

we are lead to conclude that wall width is not an important factor in this case. 
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Figure 7.13: The effect of domain wall-Curie radius spacing. Three spacings are used 
(ordered from bottom to top in the figure): 1OA, 100A, and 200A. The domain wall 
radii are indicated with solid lines, and the Curie radius is indicated by the dashed 
line. The wall motion is practically independent of the spacing. 
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7.3.2 The Significance of Wall Velocity 

Consider the distance ~ between the Curie radius and the domain wall required to 

freeze the domain wall (Pnct = 0). Roughly speaking then, it takes 

tJ=---
Ucurie - Usat 

seconds for the domain wall to freeze in place. During this period of time the domain 

wall moves a distance 

If Ucurie is much larger than Usat, then the wall moves only a short distance before 

freezing into place, but, if Usat is comparable to Ucurie, then wall will move further 

before freezing. In fact, the wall may move far enougil for the l/n-dependent wall 

energy force to dominate, thus preventing the wall from freezing at all. Hence, we 

should expect that the final wall position depends in a significant way on the wall 

velocity. 

Figure 7.14 shows the results of varying the wall velocity Usat for the film used 

in the comparison between the model and experiment. Two velocities were used: 

3m/s, and 4m/s. The run using a velocity of 3m/s stabilizes at a diameter close to 

what was experimentally observed, whereas the run with U.mt = 4m/s leads to wall 

collapse. Thus, we are lead to conclude that the wall velocity is a critical parameter 

in this case. 
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Figure 7.14: The effect of domain wall saturation velocity on the final domain 
radius. Two velocities were used: 3m/s, and 'lm/s. The 3m/s run stabilizes at a 
radius close to what was experimentally observed, whereas the 'lm/s run results in 
domain collapse. The domain radii are indicated by the solid lines, and the Curie 
radius is indicated by the dashed line. 



CHAPTER 8 

MULTILAYER MODEL 

So far, we have only treated single layer magneto-optical disks. In this section we 

extend the wall motion model to treat disks with more than one layer. The primary 

motivation for this extension is to analyze bilayer direct overwrite schemes. 

Consider the multilayer disk shown in Figure S.l. The disk consists of a Sll bstratc. 

an overlayer, and a stack of magneto-optic layers. The bottom layer is labeled layer 

1, and the top layer is labeled layer N, where N is the number of magneto-optic 

layers in the disk. In a bilayer disk (as shown in the figure), one of the layers contains 

the stored data bits. This layer is referred to as the "memory" or "storage" layer 

depending on the overwrite scheme being discussed. The other layer performs some 

auxiliary function associated with recording data in the "memory" layer. This layer 

is referred to as ei ther the "reference" or "format" layer. 

A domain in a multilayer disk experiences the pressures of a domain in a single 

layer disk, as well as pressures due to interactions with domains in other layers. The 

interactions take place via stray magnetostatic fields· produced by each layer, and 

exchange coupling between layers. 

8.1 Magnetostatic Pressure 

In the context of modeling the thermomagnetic recording process, the distinction 

between "stray" and "demagnetizing" fields is irrelevant, since the dynamics of the 

magnetostatic field is complicated enough to prohibit any meaningful interpretation 

of the effects of the "demagnetizing" vs "stray" fields in any given layer. Hence, the 

-The term "stray magnetostatic field" refers to the magnetic field existing outside of the layer 
that produced it. This is in contrast to the "demagnetizing field" which refers to the field that 
exists within the layer which produced the field. 
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Figure 8.1: Diagram of a bilayer optical disk. The small arrows within the layers 
indicate the magnetization. 

term "demagnetizing field" will be used in reference to the total magnetostatic field 

produced by all layers in all layers. 

With this in mind, the demagnetizing pressure in the single layer model, Equa

tion (5.10), now becomes 

where j is the layer number and fid,j is the demagnetizing field in layer j, 

k- ~II 
-Iaycu 

(8.1 ) 

Fid,j,k being the demagnetizing field produced by layer k acting on layer j (see 

Appendix A.1 for the integral used to calculate this field). 
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8.2 Exchange Coupling Between Layers 

As neighboring atoms within a layer experience exchange interactions, so too do 

atoms at the interface between two magneto-optic layers. If the magnetization in 

one layer is anti parallel to the magnetization in the adjacent layer, a domain wall 

structure in the plane of the film will develop. The wall reduces the energy density 

cost of anti parallel spins at the interface, at the expense of anisotropy energy in the 

bulk of the layer, thereby minimizing the system's energy. This is precisely the same 

mechanism that leads to the creation of a Bloch domain wall structure as discussed 

in Chapter 4. The wall between two layers may have some structllre other than a 

Bloch wall structure, if for no other reason than the media above and below the 

interface have different anisotropies as well as different exchange energies. In any 

case, however, a wall energy density can be associated with this wall. Kobayashi et 

al. 18 used such a wall model (area-dependent energy) to explain the observation of 

anomalous hysteresis 100ps55 in double layered ferrimagnetic films. 

8.2.1 Derivation of the Exchange Coupling Pressure Tern1 

Kobayashi et al. I8 derive an expression for the "switching field" required to reverse 

the magnetization in one layer coupled to another layer for the case of uniformly 

magnetized films. In terms of the wall motion model (Chapter 6), the presslll'e due 

to exchange coupling Pex that is equivalent to Kobayashi's "switching" field is, 

U Ok 
P .-~ 

ex,) - h ° 
) 

(8.2) 

where j is the layer number, k is the number of the adjacent layer, Uex,j,k is the 

interface wall energy per unit area between layers j and k, and hj is the thickness 

of layer j. 
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Figure S.2: The interface wall between two exchange-coupled layers. The upper 
cylinder is the domain wall in layer2, and the lower cylinder is the domain wall in 
layert. The interface between layers is indicated by the square (shown in perspec
tive), and the interface domain wall is indicated by the dark grey annulus. 

In spite of the fact that Equation (S.2) was derived for films with uniform tem-

perature distributions, it is also valid when the temperature is nonuniform, as is the 

case for thermomagnetic recording. In this section we derive the same expression, 

the pressure acting on a domain wall due to exchange coupling between layers, ill 

the presence of nonuniform temperature distributions. 

Consider the disk shown in Figure S.l. The interface wall between layers one 

and two exists when the spins in layer one are anti parallel to the spins in layer two, 

as is the case for R2 ::; R t . This wall is indicated by the dark grey region in Figure 

S.2, and forms an annulus in the radially symmetric configuration. Therefore, we 

can write the potential energy associated with the interface wall Uex as, 

(S.:3 ) 



where f( r )j,k is the "interface wall annulus" function defined by 

{

IRk ::; r ::; R j 
f(r)j,k = 

o otherwise 

77 

and Rj and Rk are the domain radii in the j and k layers. The dependence of this 

expression on the temperature distribution lies in the wall energy density 

O"ex(r) = O"cx(T(r)), 

where T(r) is any function which obeys the heat equation. Therefore, it is not 

obvious a priori that the force derived from Equation (S.3) depends only on the 

temperature at the domain wall. 

To see why this is so, let us differentiate Equation (8.3) with respect to Rj, thus 

obtaining the force acting on that wall as 

auex j k roo d a f () } 
Fex,j = - aR',' = -271' Jo r l' aR ' lO"ex r j,k.f( 7' )j,k , 

J J 

(SA) 

where 

since the temperature distribution T(r) does not depend on the domain wall radius 

Rj. Thus Equation (S.4) becomes: 

Evaluating the integral and dividing by the area of the domain wall in the ph layer, 
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27rRj hj , gives us the pressure due to exchange coupling between the layers, 

p . _ O'ex,j,k(Rj ) 
ex,] - h. ' 

] 

(s .. j) 

which is the same as Equation (8.2). 

8.2.2 Favorable and Unfavorable Exchange 

There are two important details that we have glossed over up to now: ferrimagnetic 

materials are composed of at least two components with opposite spins, and ma

terials in different layers may have different. compensation temperatures. I3ecause 

of this, bilayer disks can be prepared in one of two different states having clr·asti

cally different domain wall behaviors. Specifically, in one state the domain walls in 

adjacent layers attract each other, whereas in the other state the domain wa.lls in 

adjacent layers repel each other. This difference plays a key role in the dynamics of 

direct overwrite schemes. 

To see how these different states can come about, consider the situation illus

trated in Figure 8.3. The film in the upper half of the figure is made up of two 

layers whose compensation temperatures are above ambient temperature. Since the 

Tb moments in each layer are parallel, as are the Fe moments, the film is in a 

lower, favorable exchange energy state. The film in the lower half of the figure is 

made up of films whose compensation temperatures are on opposite sides of ambi

ent temperature. Since the Tb moments in each layer are anti parallel, as are the Fe 

moments, the film is in a higher, unfavorable, exchange energy state. If it were lip 

to exchange energy alone, this configuration would not occur. However, if a strong 

bias field is applied, the magnetization in each layer will align itself with the field, 

thus overcoming the exchange energy. Once the bias field is removed, the moments 

will remain aligned due to the material coercivity. 
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Favorable Exchange 

~ ke A !vIs T < Tcomp Tb 

t Tb t Fe A Ms T < Tcomp 

Unfavorable Exchange 

T < Tcomp 

t Tb t Fe A Ms T > Tcomp 

Figure 8.3: Two different between layer exchange configurations. The film at the 
top of the figure is in a lower exchange energy state, since the spins are parallel. 
The film at the bottom of the figure is in a higher exchange energy state, since the 
spins are anti parallel. 



so 
Pressure Name 

Pw,j - Uw,j 
Wall Energy -

R· } 

Py,j - {Jaw,j 
Wall Energy Gradient ---

{J'T?-' 
} 

Po' - 2Po kfs,Jf o Bias Field ,} -

Pcx,j - a cx,j,j-l + a ex,j,j+l 
Exchange -

h· } 

Pd . - 2J1oA:f . Hd . Demagnetizing ,} - S,} ,} 

Pe,j - 12J1oNfs,j He,j I Coercive -

Table S.l: The various pressures formulas used in Equation( 8.6), and the formula 
for the coercive pressure. 

For a bilayer disk made from a pair of films with favorable exchange coupling, 

the region between Rl and R2 is where the spins are anti parallel, and represents 

a higher energy state. Therefore, there will be a pressure that tries to bring the 

walls together in order to reduce the system energy. On the other hand, if the disk 

is made with unfavorable exchange coupling between layers, then the walls would 

see pressures driving them apart, since the region between Rl and R2 is where tIle 

energy is lower. 

8.3 Multilayer Equation of Motion 

The total pressure acting to move a layer within the multilayer disk is obtained by 

adding the interface wall pressure to Equation (5.6), resulting in 

PU,j = Pw,j + Py,j + Pd,j + PO,j + Pcx,j, (8.6) 

where the formulas for each of the pressures are given in Table (8.1). 
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The equation of motion (6.3) becomes then 

-ri . - /-lw,i [ D P (P)] /\.-) - rU,i - c,isgn U,j , 
2/-loA,[s,i 

(S.7) 

where sgn(x) is the sign of x, and Pc,i is the r.oercive pressure, 

(8.8) 
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Single layer direct overwrite schemes tend to have problems with signal to noise 

ratios. This is widely attributed to small remnant domains left behind during the 

erase process. These domains are too small to be resolved by optical microscopy, 

but do show up as noise in the read signal. To overcome this problem, researchers 

at Nikon came up with an ingenious scheme8 to achieve direct overwrite while main

taining a high signal to noise ratio. In this chapter we use the multilayer model to 

analyze this scheme. Then we demonstrate an alternative scheme, which avoids a 

problem associated with the Nikon scheme. 

9.1 Nikon Scheme 

The Nikon scheme uses a bilayer disk. One of the two layers is used to store the 

data, and is called the memory layer. The other layer is called the reference layer, 

and is used to assist both writing and erasure of the memory layer domain. 

Prior to either writing or erasing, all domains in the reference layer are erased by 

a strong bias field applied in a region away from the optical head where the film is 

at ambient temperature. This process is called initialization, and is a crucial part of 

the Nikon scheme. During this stage, the memory layer must be able to withstand 

the applied field in order to retain the data. This is accomplished by choosing 

media as shown in Figure 9.1. At room temperature the coercivity of the reference 

layer film is much lower than that of the memory layer film, so that an applied bias 

field greater than the reference lcqer coercivity, but lower than the memory layer 

coercivity, will erase the reference layer while leaving the memory layer untouched. 

This bias field is called the initialization field, H ini . In the case of the media shown 
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Figure 9.1: Nikon scheme media properties. Magnetization and coercivity vs. tem
perature are plotted for each layer. the curves labeled "Ref." correspond to the 
reference layer, and the curves labeled "Mem." are for the memory layer. Ambient 
temperature is near 300K. 

in Figure 9.1, Hini would be somewhere between 300 kA/m and 400 kA/m. 

The data pattern is then controlled by modulating the laser between a high 

"write" power and a low "erase" power. Since lasers can easily be modulated at 

frequencies in the tens of megahertz, this scheme can achieve data rates comparable 

to winchester disk systems. To explain the write and erase processes, we present 

results from the domain wall motion model of Chapter 8 using the film data shown 

in Figure 9.1. Since the layers are thin and metallic (high thermal conductivities), 

they are treated as a s~ngle layer in the thermal model described in Chapter 3. 

An example of writing is shown in Figure 9.2. A high power laser pulse (12mW) 

heats the magneto-optic layers in the disk for 150ns. During this time, a Curie 

radius rcuric is created in each layer. After the laser is turned off, t > 1.50ns, the 

media cools and the Curie radii decrease. Both domain walls experience a pressure 

which causes them to begin collapsing. The reference layer domain then "freezes" 
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Figure 9.2: The write process in the Nikon scheme. The solid lines represent domain 
radii and the dashed lines represent the Curie radii. The domain wall in the reference 
layer "pulls" the wall in the memory layer to its final location. 

in place because its saturation velocity is less than the velocity at which Tcurie in 

this layer is decreasing. Meanwhile, the memory layer domain continues to collapse. 

However, it too eventually begins to cool when it can no longer travel as fast as 

the memory layer Curie radius. When this happens, the interface wall energy O"ex 

increases, and the memory layer domain "sees" a strong expansive force due to the 

interface exchange pressure Pex. If the expansive pressure is strong enough, the 

domain wall ceases to collapse and moves toward the reference layer domain. The 

written domain finally stabilizes at the same position as the reference layer domain. 

After completion of this process, the reference layer domain is erased during the 

initialization process discussed previously. 

An example of erasure is shown in Figure 9.3. During the erase process, the 

disk is heated by a low power (10m W) laser pulse for 150ns. The erase power is 

chosen so as not create a Curie radius in the reference layer. This is to avoid any 
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Figure 9.3: The erase process in the Nikon scheme. The solid line represents domain 
radius and the dashed line represents the Curie radius. The domain collapses due 
to exchange pressure provided by the lack of a reference layer domain. 

chance of writing a domain in the reference layer, as such a domain could potentially 

stabilize a memory layer domain. In the memory layer, however, a Curie radius is 

created which is sufficiently large to wipe out any memory layer domain that may 

have been at that point. Afte:. the end of the laser pulse, 1'cur ie decreases as does 

the memory layer domain radius. Eventually rcILrie shrinks faster than the memory 

layer domain can collapse, and the domain wall begins to cool, causing the interface 

exchange energy to increase. This time, instead of seeing an expansive force due to 

the presence of a domain in the reference layer, the memory layer sees a compressive 

force due to the lack of such a domain. This compressive force causes the memory 

layer to collapse completely. 
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Figure 9.4: Preformatted layer scheme media properties. Magnetization and coerciv
ity vs temperature are plotted for each layer. the curves labeled "Fmt." correspond 
to the format layer, and the curves labeled "Sto." are for the storage layer. Ambient 
temperature is near 310K. 

9.2 Preformatted Layer Scheme 

The Nikon scheme is notable for its high signal to noise ratio. However, there is 

concern that the large field required to initialize the reference layer may cause do

mains in the storage layer to creep over long periods of time, thus degrading the 

signal to noise ratio. In this chapter I demonstrate an alternative bilayer scheme 

which accomplishes direct overwrite without an initialization step,12,13 thus elimi

nating the need for a large bias field. This scheme relies on a preformatted layer to 

help write and erase domains in the storage layer, hence it is called the preformallcd 

layer scheme. 

The preformatted layer scheme relies on preparing the format and storage layers 

in an "unfavorable" exchange state, as discussed in Section 8.2. Figure 9,4 shows 

the magnetization and coercivity vs temperature for a pair of films prepaired in 

this fashion. Note that at ambient temperature ( ,..",31OK ) both films have their 

magnetizations pointing in the same direction, yet the memory layer is above Tcomp 
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Parameter Storage Format Units 
Vsat 40 10 mls 
Jiw 0.01 0.01 m2 A -I S -2 

h 250 750 A 
Vla .. er 6.0 mls 

1'0 0.5 Jim 

Table 9.1: Parameters used to investigate the preformatted layer scheme. 

Parameter Substrate MO Layer Overlayer Units 
C 1.5 X 10° 3.6 X 10° 2.0 X 106 .Jm :JI\-l 

J( 0.15 80 1.5 .Jm- 1s- 1 

Table 9.2: Thermal parameters Ilsed in the preformatted layer scheme. 

while the storage layer is below Tcomp. This is characteristic of unfavorably coupled 

films. 

Because of the unfavorable exchange coupling, domain walls in the format layer 

will repel walls in the storage layer. This behavior can be used to our advantage in 

both the writing and erase processes. To see how this happens, let's go through the 

write and erase processes in detail. 

9.3 Static Writing and Erasure 

In this section we use the radially symmetric wall motion model to examine the 

preformatted layer scheme on a stationary disk. Tables 9.1 & 9.2 list the parameters 

common to all runs presented in this chapter. 

An example of writing in the preformatted layer scheme is shown in Figure 9.,). 

A laser pulse of 7m W for 150ns is used to heat both the storage and format layers. A 

Curie radius is created in the storage layer, but not in the format layer because the 

Curie temperature of that layer is much larger than that of the storage layer. After 

the laser is turned off, rcurie in the storage layer shrinks. The domain wall, which 

is nucleated near rcurie, also shrinks, initially at the same rate as rcurie; however, 
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Figure 9.5: The write process in the preformatted layer scheme. The solid lines 
represent domain radii and the dashed lines represent the Curie radii. The storage 
layer domain is prevented from collapsing due to the repulsive pressure provicled by 
the format layer domain. 

rctJ.rie eventually shrinks faster than the saturation velocity of the storage layer, 

and the domain wall begins to cool. Upon cooling, it sees a repulsive force due to 

the exchange coupling between layers. Since the storage layer domain cools while 

its radius is larger than that of the format layer domain, the repulsive pressure is 

expansive. This pressure stops the storage layer domain from collapsing, and then 

causes it to expand to its final (written) position. 

The erase process is shown in Figure 9.6. Here a 4.6m W laser pulse heats the 

disk for 150ns. Again a Curie radius is created in the storage layer, but this time, 

rctJ.rie is smaller than before. Because the storage layer's wall radius is smaller when 

it begins its collapse, its radius is less that that of the format layer domain when it 

begins to separate from the Curie radius. The storage layer begins to see a repulsive 

force due to the reference layer domain. This time the repulsive pressure due to 

the format layer domain is compressive. This pressure gives an extra "kick" to the 

storage layer domain, and causes it to collapse completely. 
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Figure 9.6: The erase process in the preformatted layer scheme. The solid line 
represents the domain radius, and the dashed line represents the Curie radius. The 
collapse of the storage layer is assisted by the contractive pressure provided by the 
format layer domain. 

9.4 Dynamics Studies 

In this section we use the asymmetric wall motion model to examine the preformat

ted layer scheme under dynamic (moving disk) conditions. 

We first examine writing using an on track laser beam. Figure 9.7 shows the 

modeling results in this case. A ,S.2m W laser is turned on, scans from left to right at 

a velocity of 6.0 mls for 150ns, and then turns off. Since the laser beam is on track, 

the temperature contours are vertically centered about the format layer domain 

(marked with square symbols). The first frame of the figure corresponds to the 

end of the laser pulse, with the storage layer domain (marked by circula.r symbols) 

coincident with the Curie boundary. The next frame shows the Curie boundary 

(indicated by a dashed line) beginning to separate from the storage layer wall, as 

it shrinks faster than Vsat. At this time the storage layer domain begins to see 

an expansive pressure due to the exchange coupling between layers. This pressure 

increases as the media cools, and helps the storage layer domain to stabilize in its 
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Figure 9.7: Writing a domain with an on-track laser beam. Domain walls are indi
cated with solid lines; the domain marked with circles is the storage layer domain, 
while the one marked with squares is the format layer domain. The dashed line 
indicates the Curie boundary. The laser beam travels from left to right and passes 
directly over the top of the format layer domain. At t = 150ns the storage layer 
domain is coincident with the Curie boundary. Later (t = 15.5ns) the Curie bound
ary begins to separate from the domain wall. Finally the storage layer domain is 
stabilized by the format layer domain. 
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final state, the last frame in the figure. The jagged shape is the result of local 

variations in the demagnetizing field, \vhich allowed small sections of the wall to 

continue collapsing while neighboring sections froze in place. 

The erase process for an on-track laser is shown in Figure 9.8. A 4 .. 5 m W laser 

turns on, scans from left to right at 6 mls for 150 ns, and then turns off. The 

first frame of the figure corresponds to t = 141 ns (prior to the end of t he laser 

pulse). By this time, the domain written in Figure 9.7 has already collapsed into 

the Curie region due to wall energy forces, thus making the erase independent of 

the initial state. The second frame shows the domain at 150ns (pulse end). Notice 

that the domain is smaller than in the write case. This causes the storage layer 

wall to cross over the format layer wall while it is still near T e , thus avoiding the 

expansive pressure due to exchange coupling between iayers. The wall separates 

from the Curie region while it is inside the format layer domain as shown in the 

third frame of the figure. Hence it now sees a contractive pressure due to the format 

layer domain, and continues its collapse in the final frame of the figure. 

Next we see what happens when the laser beam doesn't follow the track exactly. 

In Figure 9.9 we have a domain written with a beam that is 0.0.5jlm off trade The 

write process in this case essentially follows the same path as in the on-track case. 

The differences being that the final domain is (a) no longer symmetric about the 

horizontal axis, and (b) offset overall by an amount comparable to the beam offset. 

This domain is then erased using an on-track erase pulse, as shown in Figme 9.10. 

The significant part of the erase process occurs prior to the end of the laser pulse. 

During this period the Curie region "gathers in" the storage layer domain, as shown 

in the second and third frame of the figure. The result, in the final frame, is a 

situation identical to the erase process described earlier in Figure 9.8. 

When a domain is written with a O.lJlm off-track laser, the result is an off track 

domain, as shown in Figure 9.11. However, when an attempt is made to erase this 
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Figure 9.8: Erasure in the preformatted layer scheme. The symbols used are iden
tical to those in Figure 9.7. Prior to the end of the laser pulse (t = 141ns)' the 
storage layer domain has collapsed into the Curie region, and at the end of the laser 
pulse the storage layer wall is coincident with the Curie boundary. The storage layer 
domain wall crosses the format layer domain while it is still near the Curie temper
ature and begins to cool when it is inside the format layer domain( t = 155ns). The 
repulsive pressure that the storage layer wall sees in this case, due to the format 
layer domain, is contractive and the wall collapses completely. 



to-. to-. 
I I 

00 
t, - 150.0 ns 00 

t, - 156.0 ns ....... · ....... · ::K CD ::K CD 

(() 0 0 
(" .... : 

>-<0 >-<0 
-.. . 

0 0 · · CD CD 
I I 

-8.0 0.0 8.0 -8.0 0.0 8.0 
X xl0-7 

X xl0-7 

to-. to-. 
I I 

00 
t, - 157 .0 ns 00 

t, - 160.0 ns ....... · ....... · 
::K CD ::K CD 

0 0 (() >-<0 0 >-<0 -. .. .. ... ...... ~. 

0 0 · · CD CD 
I I 

-8.0 0.0 8.0 -8.0 0.0 8.0 
X xl0-7 

X xl0-7 

Figure 9.9: An example of writing with a laser thd is O.051lm off-track. In this case 
the final domain has an irregular shape, and is eccentric with respect to the format 
layer domain. The symbols used are identical to those in Figure 9.7. 
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Figure 9.10: The erase process of a domain written with a O.051lm laser. Prior to 
the end of the eraser pulse, the Curie region gathers in the domain wall via the wall 
energy gradient pressure. At 140ns the situation is identical to the previolls erase 
example (domain written with an on-track laser). The symbols used are identical 
to those in Figure 9.7. 
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Figure 9.11: An example of writing with a O.lj.lm off-track laser beam. The results 
are similar to the O.05j.lm case: the domain has an irregular shape, and the domain 
is eccentric with respect to the format layer domain. The symbols lIsed are identical 
to those in Figure 9.7. The result is an off-track domain. 
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domain with an on-track laser, the results are completely different. Figure 9.12 

shows this case. I-Iere the Curie region fails to gather in the entire written domain. 

Sections of the domaiil wall remain too cool, and hence have too much cf)('!'civity 

to yield to the collapsing wall energy pressures. The section of wall remaining at 

the end of the laser pulse ( third frame of the figure) acts to "pin" t.he rest of the 

domain, causing the erase to fail ( final frame of the figure ). 

These results demonstrate that direct overwrite can be achieved using the [)rc

formatted layer scheme. They also show that this scheme may be noisy clue the the 

irregular shapes of the written domains. 
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Figure 9.12: Attempting to erase a domain written with a O.10pm off-track laser 
Figure 9.11 results in failure. The gathering in process prior to the end of the laser 
pulse is incomplete, and the remaining domain wall pins the rest of the domain. 
The symbols used are identical to those in Figure 9.7. 
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CONCLUSIONS 

!)S 

In this dissertation we have used a domain wall motion model to tlH'orctically 

investigate direct overwrite in magneto-optical recording. During the investigation, 

we have extended the wall motion model to include moving disks, multilayer media, 

and wall velocities. vVe have shown that direct overwrite in single layer mcdia by 

interior nucleation is highly unlikely. Rather, direct overwrite is achieved through 

a dynamic interplay between wall pressures and wall velocity: during erasure we 

rely primarily on wall energy pressures to collapse domains, and on writing, we 

rely on a finite wall velocity, which allows domain walls to freeze in place. Upon 

comparing the domain wall motion model to experiment, we found that domain wall 

velocity is a critical parameter in the recording process. In addition, we noted the 

automatic "nucleation" problem associated with a Curie region that moves faster 

than the maximum wall velocity. We also demonstrated a bilayer direct ovcrwrite 

scheme, the preformatted layer scheme, which can achieve direct overwrite wit.hout 

an initialization step, at the expense of preformatting one of the layers. 

Since we showed that the wall motion model agrees with experiment, we can have 

confidence in the results it produces. I-Ience, we can conclude that it is a useful tool 

for investigating the potential of new, and as yet untried, direct overwrite schemes, 

such as the preformatted layer scheme. In addition, it can be used to examine the 

effects of parameter variations on known direct overwrite schemes. vVhen applied 

in this way, it becomes a useful design and optimization tool. Furthermore, it can 

be used for examining writing anel erasing in general in magneto-optic media; direct 

over~vrite is mearly a special combination of these two processes. 

This work has focussed on the issue of achieving direct overwrite in magneto

optical recording. While this is important, it is not enough. Any useful direct 
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overwrite scheme must have acr:eptable nOIse properties. Therefore, future work 

should address the regularity of written domains amongst the various schemes con

sidered. A scheme that comes immediately to mind is the Nikon scheme, which is 

held in high regard for its low noise. Could it be that domain walls are more regular 

in this scheme? 

We learned that wall velocity is a critical parameter in the thermomagnetic 

recording process. Specifically, we showed that it can mean the difference betwccn 

writing or not writing, a domain. vVe can also speculate that wall velocity has a 

bearing on noise in optical recording. Films with low velocities should have domains 

shaped much like the Curie region, while films with high velocities should have more 

irregular domains due to the additional wall motion. Despite the importance of wall 

velocity, little is known about it in magneto-optic recording media. Future work 

should specifically address this problem. Studies should include the dependence of 

velocity on temperature and wall regularity vs. velocity. 

The problem we found with automatic "nucleation" of a domain wall behind a 

Curie region that moves faster than the maximum wall velocity brings into question 

the validity of the wall motion model when near the Curie temperature. Related to 

this is the issue of domain wall width, which can have a bearing on the creation of 

a written domain. These issues, along with nucleation in general, deserve further 

study. Micormagnetic models, such as the one used by Mansuripur,56 are ideal 

for this kind of investigation, as they makes no a priori assumptions about wall 

structure, thickness, or nucleation, these are simply the results of time evolution in 

a micromagnetic system. 

Finally, we must emphasize the importance of experimental collaboration in the 

development of a theory on the thermomagnetic recording process. l'vlany interesting 

(and satisfying) results came out of the single opportunity we had to verify the wall 

motion model, the reason for this being that we were able to get good numbers for 
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the basic parameters used in the model (1\13 , He, 0"111). Thus, when the model results 

differed from the experimental results, we had definite directions in which to attack 

the problem. The result in this case being the sensitivity to wall velocity. 
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APPENDIX A 

CALCULATING MAGNETOSTATIC FIELDS 

A.I DEMAGNETIZING FIELD INTEGRALS 

Given a magnetization distribution in space, the magnetostatic field is 

(A.l ) 

where l' = xx + yy + zz is the field point, 1" = x'x + y'y + z'z is the source point, 

d = l' - 1" is the verctor pointing from the source point 1" to the field point 1', and 

all hatted vectors are unit vectors. 

vVe assume that the magnetization is perpendicular to the plane of the disk, 

hence 

M(1") = M(1")z. (A.2) 

Since we are only concerned with the z component of the demagnetizing field, we 

project Eqation (A.I) onto the z axis. Then by using Equation(A.2) we get: 

(A.:3) 

where Hd is the z component of the demagnetizing field. 

Since M( 1") is independent of z, the field produced by a single magnetic layer 

of thickness h whose bottom is at z = 0 is, 
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where Til is the projection of T' into the plane of the disk. Using the relations, 

z - z' , [3( z - .:;') 2 1 1 
ry = --;p-- and dry = dz dS - d3 ' 

to carry out the integration over.:; results in: 

where lill is the magnitude of the projection of d into the plane of the disk. To get 

the z-average of Hd from point a to point b we must integrate this expression one 

more time: 

where Til is the projection of T into the plane of the disk. The integration results in: 

The expression for the z-averaged demagnetizing field can also be llsed if the 

bottom of the source layer is not located at z = O. In this case, a simple translation 

of coordinates gives the desired result. Specifically, the following maps are used: 

Z 1--+ Z - Zo, a 1--+ a - Zo, and b 1--+ b - Zo, 

where the z-coordinate of the bottom of the source layer is zoo 



A.I.1 Evaluation in Cartesian Coordinates 

In cartesian coordinates Equation (AA) cannot be evaluated analytically. In this 

case the integration must be carried out numerically. Later in this Appendix, we 

discuss an efficient method for doing the calculation using fast Fourrier transforms. 

A.I.2 Evaluation in Cylindrical Coordinates 

When the system has radial symmetry, Equation (A.4) can be integrated one more 

time analytically, thus reducing the two-dimensional integral to a one-dimensional 

integral. 

In cylindrical coordinates, the quantity d" is, 

d" = p2 + P'2 - 2pp' cos( 0), 

from the law of cosines. Hence Hd ( rll' a, b) becomes 

Hd(p,O,a,b) = (b
i 

) f= dp'p'!v!(p') f21r dO[G(b)-G(a)+G(a-h)-G(b-h)], 
471" - a Jo Jo 

where the function G is defined as 

1 

G(w) = [p2 + P'2 _ 2pp' cos(O) + w 2] -"2 • 

Integrating over 0 results in 

Hd(p, 0, a, b) = (b
i 

) foo dP'P'M(p')[I(b) - I(a) + I(a - h) - I(b - h)] 
471" - a Jo 
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Figure A.l: Coordinate system used for the FFT demagnetizing field calculation. 
The grid is periodic with a period of N (N=8 is shown). 

where the function I is defined as 

( 
4pp' ) [ , 2 2]- ~ 

I(w)=I< (p+p,)2+
W

2 (p+p) +w 

and I< is the complete elliptic integral of the first kind, 

I«x) = r¥dO 21 (0)' 10 1 - x cos 

A.2 CALCULATIONS USING FFTS 

The discrete Fourrier transform of a discretely sampled magnetization distribution 

IS, 

If-I 
L 

where N is the number of sample points, p and q are the x and y indices in x space, 

m and n are the x and y indices in frequency space, and 

(A .. 5 ) 
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since the media is perpendicular. 

rvlansuripur and Giles"1 derive an expression for the demagnetizing field uS1l1g 

Fourrier transfoms as 

(A.6) 

where =0 is the z coordinate of the center of the layer producing the magnetic field, It 

is the thickness of the layer producing the field. I-Iere, the transfer function F (=; zo) 

is defined as, 

F (z; =0) = 

where 

-211"!(z-=0) 'f h 
-(0-+0o-+)sinh(7rhf)e , 1 Z > Zo + 2" 

1 [( A A )e211"!(Z-ZO-~) (A A )e-211"!(Z-ZO+~)l 
2" 0'_00'_ + 0'+00'+ 

- (0-00-), if -~ < Z < ~ 

'f h 1 Z < Zo - 2" 

are spatial frequencies, and 

are direction vectors in frequency space. 

We are only interested in the z-component of the magnetic field, so we project 

Equation (A.6) onto the z axis. While making use of Equation (A.5), Equation 
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(A.6) becomes, 

(A.7) 

where the function F( Z; ZO)m,n is defined by 

F( ~' ~ ) -",...¥o 7n,n z· F (z; ZO)m,n • Z 
-2rrhf(z-zo) 

sinh(71'fh)e , 

1 [2r.f(Z-ZO-~) 21rf(Z-zo+~)l 
2 e + e 

27rhf(z-zo) 
sinh(7l' Jh)e 

if Z > Zo + ~ 

if ~ h < ~ < ~ + h (A.S) 
--0 - 2 '" --0 2' 

'f h I Z < Zo - 2' 

To get the z averaged demagnetizing field, ild , we must integrate Equation (A. 7) 

over the thickness of the layer where the field is evaluated, and divide by the layer 

thickness (note: this layer may be different from the one which produces the field). 

After performing the integration we get: 

(A.9) 

where a and b are the Z coordiantes of the bottom and top of the layer over which 

the field is averaged, and the function F(z; ZO)m,n is defined by 

F( a, b; ZO)m,n -b 1 rb 
dzF(z, zo) 

- a ia 
sinh(71'fh) [e-27rhf(a-zo) _ e-27rhf(b-Zo)] 
27rf(b-a) if a, b > Zo + ~ 

sinh(7rfh) [e27rhf(b-ZO) _ e21fhf(b-ZO)] 

27r feb-a) 

if {a = Zo - ~, (A.1 0) 
b - ~ + h - -0 2 

if a, b < Zo - ~ 
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APPENDIX B 

THE COMPUTER PROGRAMS 

This appendix provides a brief overview of the programs used to model the 

thermomagnetic recording process in this work. 

B.1 Radially Symmetric Model Program 

B.1.1 Description 

The radially symmetric model program is actually made up of three separate pro

grams which perform different parts of the calculation: the main program, the 

temperature program, and the demagnetizing field program. The reason for using 

three separate programs is (a) to test, debug, and use each one separately; and (b) 

to leave open the possibility of running each on a different machine. The main (par

ent) program communicates with the temperature and demagnetizing field (child) 

programs using UNIX pipes connected to the standard inputs and outputs of the 

child programs. Therefore, the temperature and demagnetizing field programs may 

also be run independently and interactively by a user sitting at a terminal. This is 

often useful for example, when one is interested in just getting a simple temperat.ure 

vs. radius plot at a particular time. Typical run times are shown in Table B.1. 

time steps 20 
RAM required 0.19 MB 
CPU time used 310 seconds 
real time used 343 seconds ( 5 min 43 sec) 

Table B.1: Run time for the radially symmetric model program on a Sun 3/160 
workstation. 
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B.1.2 Main Program Structure 

The outline below shows the basic structural componets of the radially symmetric 

program: 

o Start. 

o Initialize data arrays for each layer: Nfs(T), Hc(T), and O'w(T). 

e t = istart 

o for each time step: 

Get Ttr) from temperature program. 

for each layer: 

* If no domain present, then check for nucleation. 

* Get Hd(R) from demagnetizing field program. 
. . 

* Calculate Rand D..R = RD..t. 

t = t + D..t. 

Continue if t ~ tend 

B.2 Asymmetric Model Program 

B.2.1 Description 

This program consists of a single executable file which incorporates all aspects of the 

calculation, as opposed to the three separate codes used in the previous case. The 

choice not to break the assymetric code into parts was determined by a desire to 

avoid transmitting tens of megabytes of data between parts during each time step. 

The asymmetric code is considerably more complex than the radially symmetric 
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time steps 20 
magnetization grid points 2.57 x 257 
temperature grid points 101 x 101 

RAM required 17 MB 
CPU time used 4:310 seconds 
real time used 33,826 seconds (9 hI's 23 min 46 sec) 

Table B.2: Run time for the asymmetric model program on a Convex minisllpf'r
computer. This machine is at least 25 times more powerful (per CPU second) while 
running in scalar mode than the Sun 3 system. Some portions of the code vectorize; 
these will run an additional ten times faster on the Convex. Therefore, multiply the 
Convex run times by 25 to get the minimum time it would take to run on the Sun 
system (with extra RAM). 

code. Most of the additional complexity comes from considerations involving domain 

shape which are intuitive to humans, but which need to be "taught" to the computer. 

For example: I can look at. a domain plot and easily tell you exactly which points 

lie inside the domain, but a whole series of routines must be used to make this 

determination (efficiently) inside the code. In addition to being more complex, the 

asymmetric code also takes considerably longer to run. A typical example is shown 

in Table B.2. One of the longer runs took 125,5.5.5 CPU seconds on the Convex! 

One factor which drives up the computational time is numerical instability. 

Highly irregular domain shapes, which become regular by using smaller time steps, 

are an indication of numerical instability. Unfortunately, by using smaller time 

steps, the total number of steps must be increased to cover the same amollnt of 

simulation time. Hence the run time increases. 

B.2.2 Program Structure 

The outline below shows the basic structural components of the asymmetric pro-

gram: 

o Start. 
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o Initialize data arrays for each layer: Ms(T), Hc(T), and O"!u(T}. 

o t = tstart 

o for each time step: 

Calculate T(x, y). 

for each layer: 

* Set the magnetization grid M(x,y). 

* Move any portions of the domain wall out of the ClIfie region. 

* Calculate Hd(X, y). 

* for each point on the domain wall: 
. . 

. Calculate i and /)'i = i/).t. 

t = t + /).t. 

Continue if t :::; tend 
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