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ABSTRACT

This dissertation contains studies on some aspects of the media and system in the
optical data storage. The main subjects that have been examined are the magneto-optical
(MO) media, phase-change (PC) media, and the effect of substrate birefringence on the
optical system used in recording and readout.

In the studies of the MO media, we concentrate on the magnetic properties of the
groove edge (sidewall) and compute the coercivity caused by the edge of a terrace.
Comparing the computer-simulation results with data obtained from the Kerr-loop
measurement, we realize the distribution of the easy axis for films with oblique deposition.
Concerning the material characterization, we employ the micro-Hall effect measurements
to trace the domain-size variation during the thermomagnetic recording process. In the
investigations of phase-change media, a new technique to determine the specific heats,
thermal conductivities, and phase-transition temperature for non-erasable media is
developed. On the subject of substrate birefringence, we describe a novel method to
measure the substrate’s vertical birefringence. We also examine the effects of birefringence
on the signal obtained in an MO readout system as well as the image contrast in magnetic

domain observations through the substrate.
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CHAPTER 1

INTRODUCTION

L.1. Basic principles of erasable optical disk technology: In optical disk technology, a
laser beam is focused on a recording medium for writing/reading data. The mark size is
determined by the diffraction-limited focused spot, which is essentially the physical
limitation on the data density in optical recording. The storage layer and associated
dielectric layers (undercoat/overcoat) are grown on a transparent substrate through which
light must travel to reach the storage layer. The advantage of sending the light through the
substrate is that the front facet of the disk stays out of focus during operation. In this way
small dust particles, fingerprints, and scratches will not block the passage of light [Ref. 1-
1]

Two main technologies are used for today’s erasable optical recording: magneto-
optical (MO) and phase-change (PC) techniques. In the MO-technology, a focused laser
beam creates a hot spot in a thin perpendicularly magnetized film, thus allowing an
external magnetic field (several hundred Qe) to reverse the direction of local
magnetization. Erasure is similar to recording, except for a reversing of the external field,
which enables the magnetization within the heated region to return to its original state.
The information recorded on a perpendicularly magnetized medium can be read with the

aid of the polar Kerr magneto-optical effect. When linearly polarized light is normally
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incident on a perpendicular magnetic medium, its plane of polarization undergoes a slight
rotation upon reflection. This rotation, whose sense depends on the direction of
magnetization in the medium, can be used as the readodt signals.

In the second technique, phase-change optical recording, a laser beam is focused
on the active layer of the storage medium to raise the local temperature until the heated
material changes its phase. In the case of erasable recording, the native state of the active
layer is crystalline, which, upon recording, changes to amorphous, The written marks are
erased by recrystallizing these amorphous regions through heating with the same laser but
at a lower power level. In the read scheme, a relatively weak laser beam is focused on the
storage medium. Since the amplitude of the reflected light is dependent on the nature of
the local area from which the light is reflected from, the variations of the reflected intensity
provide the readout signal.

The obvious differences between MO and PC optical recording are as follows:

(1) MO drives are complex because they need polarization-sensitive optics and an
electromagnet. In contrast, PC drives use a simple optical head, and utilize the available
laser power more efficiently. Furthermore, it is easier to design a compatible drive which
handles the phase-change disk as well as the read-only type disks such as compact disks
(CD) and write-once disks (WORM).

(2) PC media exhibit a large contrast between mark and space. Note that for PC

recording, the origin of the read signal is the reflectivity change. On the other hand MO
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uses the very small Kerr rotation angle of the reflected light, which results in a very small
signal amplitude.

(3) For MO writing/erasure process, a second-order phase transition (switching the
direction of magnetization) is involved. This mechanism requires only a fraction of a
nanosecond to finish the domain reversal. However, the writing/erasure process for PC
recording is a first-order phase transition (switching the phases between crystalline and
amorphous states). Usually, this process takes the order of several nanoseconds to move
the atoms to their proper positions. This intrinsic difference of recording/erasure process
in principle gives MO a potentially higher data transfer rate and better repeatability than
PC.

(4) PC materials have a sufficient absorption and reflectivity change over a wide range of
wavelengths including short wavelengths down to 400 nm. The MO readout signal (i.e.,
the Kerr effect signal) from typically TbFeCo media, however, decreases at short

wavelengths.

1.2. Outline of this dissertation: An important issue for the information storage industry
is to enhance the data density. As mentioned before, in principle, the data density in optical
recording is limited by the size of the focused laser spot. However, we have found that in
MO recording, it is possible to record a magnetic mark smaller than the optical limit if
special patterns are created on the substrate before the deposition of the magnetic film.

Experimentally, we have observed that, instead of being determined by the focused laser
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beam, the magnetic domains can be defined by the border (sidewall) of the patterns on the
substrate. This is a useful concept which may be employed to enhance the storage density
for future generations of MO disk. |

The reasons why the domain walls are pinned by the sidewalls are not quite clear.
In chapter 2 we propose several possible mechanisms and then calculate the wall motion
coercivity caused by these various factors. The results show that the sidewall can, in
principle, provide several KOe of domain-wall-motion coercivity. Chapter 3 is devoted to
the experimental studies of obliquely-deposited magnetic thin films, which are considered
to be equivalent to the sidewall regions, at least as far as the deposition process is
concerned. By examining these obliquely deposited films, we try to verify whether the
proposed mechanisms in chapter 2 are true or not. Through these investigations in
chapters 2 and 3, we now believe that the magnetic properties of the sidewall are
somewhat easier to comprehend.

In the regular thermomagnetic recording (that is, without patterned substrate), in
order to enhance the recording density, one must write domains as small as possible under
the constraint of an acceptable signal-to-noise ratio in readout. To achieve this goal, using
a given laser beam and an objective lens, one might strive to develop a technique that
allows writing of small domains even when the focused light spot is not so small. In this
case, the mechanism of domain formation will have to be better understood, and the most
suitable combination of material properties and recording conditions must be adopted. In

chapter 4, we describe a micro-Hall effect measurement scheme for the study of domain
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formation mechanism. With this technique, one can observe the process of domain
formation in real time. We have used the micro-Hall measurement technique to reveal
certain aspects of the mechanism of domain formation and to characterize the recording
media.

In chapter 5, we focus on the thermal properties of the phase-change recording
material. An important issue for PC recording is how to control the laser power and pulse
width in order to achieve optimum performance. Optimizing the recording process
requires an understanding of the thermal properties of the recording medium and of the
associated dielectric layers. In particular, one must know the phase-transition temperature
for the active layer as well as the thermal conductivity, the specific heat, and the latent
heat for the various layers that comprise the storage medium. Chapter 5 describes a
method of determining the thermal parameters of non-erasable phase-change recording
media based on a set of experimental data and related numerical calculations.

In the last two chapters, substrate birefringence is studied. We mentioned that
substrate provides a protection to the storage medium, which is one of the benefits of
optical disk, as compared with the magnetic disk. However, substrate birefringence ( if the
substrate is plastic) also causes problems in both writing and reading processes as well as
in mark observations using polarized-light microscopy. Chapter 6 presents a novel method
to measure disk vertical birefringence of optical disk substrates. With this method, one can
obtain the value of vertical birefringence over the entire disk in a few minutes. This

technique may prone useful as a quality-control tool in disk manufacture. In the final
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chapter, chapter 7, we study both experimentally and theoretically the effect of substrate
birefringence on the MO readout signal and on the image contrast in polarization
microscopy. We also propose a method to correct the undesirable effects of the substrate

in the latter case.
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CHAPTER 2

COERCIVITY OF MAGNETIC DOMAIN WALL MOTION NEAR THE

EDGE OF A TERRACE

2.1. Introduction: In magneto-optical disks a thin magnetic film (typically an amorphous
TbFeCo alloy) is deposited on a grooved substrate. The grooves are usually V-shaped
depressions on the otherwise flat surface of the substrate, having a depth of approximately 70
nm and a width of about 0.5 um. The grooves are separated from each other by the so-called
"land" regions, which have a width of about 1 um. The magnetic film is sputter-deposited on
the grooved surface of the substrate, and has a thickness of approximately 30 nm. Observations
using polarized light microscopy have revealed that magnetic domains recorded on the land
regions of the disk have a tendency to "stick" to the edges of the grooves and not propagate
beyond these edges, unless a magnetic field with a relatively large amplitude is applied [Ref. 2-
1]. It appears as though the groove edge is acting as a pinning site for the magnetic domain
wall.

Several mechanisms can be conceived for the pinning effect at the groove edge. One
possibility is that the direction of magnetic anisotropy (i.e., the easy axis of magnetization for
the TbFeCo film) on the land is different from that on the walls of the V-shaped groove. This
might seem a reasonable assumption in light of the fact that the direction of film deposition on

average is perpendicular to the land regions, but has a certain obliquity relative to the groove
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walls. Another possibility is that the film on the groove might be somewhat thinner than that on
the land, causing the surface area of magnetic domain walls in the groove region to be smaller
and, thereby, providing a low energy environment (i.e., a potential well) for the domain walls.
Yet a third possibility exists that the film composition (namely, the percentages of the rare earth
and the transition metal in the alloy) may be different for the land and the groove regions. This
seems plausible considering the fact that the resputtering rate of Terbium during film growth is
known to be a function of the sputtering direction. If the composition happens to be close to
the compensation composition at room temperature, then even a slight change of composition
can cause a drastic change of coercivity, thereby creating a pinning effect at the edge of the
groove. This effect, however, would be small when the average composition is far from the
compensation point and, moreover, its effect will depend on which side of the compensation
composition the film happens to be: On one side of the compensation point, domains will stop
when expanding from the land to the groove, while on the other side, having originated within
the groove, they will stop when crossing over into the land. Based on numerous observations,
however, we believe that the change of composition is not a determining factor of the pinning
mechanism. We therefore consider the first two possibilities mentioned above as the likely
causes of pinning, and set out to analyze them in this chapter.

Let us also mention that, in addition to explaining an observed phenomenon, our work in this
area has been motivated by the possibility of utilizing the pinning effect to advantage in a
somewhat different context. Suppose that the land regions on a magneto-optical disk substrate

were embossed with regular depressions only a fraction of a micrometer across and a few
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nanometers deep. Then the writing and readout processes could be modified to take advantage
of this "patterned" track by confining the domains within the depressions and by utilizing
detection schemes (such as partial response) that are best suited to a jitter-free environment.
We have recently demonstrated effective pinning of domains within square-shaped depressions
that are only 20nm deep, and are produced by ion-beam milling on a glass substrate [Ref. 2-2].
This observation can potentially lead to higher-density data storage systems and, therefore,

merits closer examination.

2.1.1. Scope of this chapter: The theoretical analysis presented in the following sections
confirms that either one of the postulated mechanisms, namely, the change of the easy axis or
the change of film thickness on the side-walls (side-walls are the slanted regions of the
grooves), can result in domain wall pinning, provided that the width of the side-wall is greater
than the width of the magnetic domain wall. (In TbFeCo films, typical domain walls have a
width of approximately 10 nm). The consequences of the change of direction of the anisotropy
axis will be discussed in section 2.2, and the effects of a reduced film thickness at the sidewall
will be considered in section 2.3. In addition to dynamic simulations described in section 2.3.2,
we consider the effects of a reduced film thickness from the view point of the minimum energy
prnciple in section 2.3.3, and derive a relationship between thickness variations and the
coercivity of wall motion. We do not yet know which one of the two mechanisms is at work in
real films, but the results of analysis and simulation are certainly consistent with our

observations of numerous samples deposited on variously patterned substrates.
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The simulations are based on the Landau-Lifshitz-Gilbert equation of magnetization
dynamics. A system of one hundred dipoles in a one-dimensional lattice has been considered.
Each dipole responds to an external magnetic field, intefacts with its two nearest neighbors
through exchange coupling, and also reacts to deviations from a local easy axis. For simplicity,
the demagnetizing effects, which originate from classical, long-range dipole-dipole interactions,

have been ignored.

2.2. Tilt of the anisotropy axis in the region of the sidewall: The simulation is based on the
methods described in [Ref. 2-3]. The following set of parameters was used throughout:
saturation magnetization M,=100 emu/cm’, anisotropy constant K,=10° erg/cm®, macroscopic
exchange stiffness coefficient A,=10" erg/cm, gyromagnetic ratio g=-10" Hz/Qe, dipole
spacing or lattice constant @=10 A, and viscous damping parameter a=3. The wall width
parameter is thus given by =(A/K,)**=31.6 A.

A one-dimensional array of magnetic dipoles containing a finite number of elements is
shown in Fig. 2-1. We constrained the first dipole to have its moment oriented in the "up"
direction, and the last dipole to have its moment in the "down" direction. In regions A and C,
the anisotropy axis is parallel to the Z-axis. Region B, located on lattice sites s=40 to s=60, has
an easy axis tilted away from the Z-axis by an angle 6. A domain wall placed in region A moves

to region B under a small magnetic field, Heq, applied in the positive Z-direction.
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Figure 2-1: (a) Schematic diagram showing magnetic dipoles in a one dimensional lattice. A
domain wall is shown centered in region A. In region B, the dipoles are not in the Z-direction,
but are tilted towards the easy axis. (b) Region B which contains lattice sites 40 to 60 has an
easy axis tilted at angle 8 from the Z-axis. Regions A and C have easy directions along the Z-

axis.
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Upon increasing the externai field gradually, we observe that the wall stays in the region B
until the field reaches some critical value, at which point the wall leaves region B and enters
region C. Figure 2-2(a) shows the dependence of the wall center position on the external field

as obtained in one of our simulations for the case of 6 =70°.
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Figure 2-2(a): Computed position of the wall center versus the magnitude of the external field.
The assumed deviation angle 6 of the anisotropy axis from the Z-axis on the sidewall is 70°.
The wall center, originally placed at s=14, moves to s=43 with a 0.1 kQe field and stays in this
vicinity until the field reaches 8.8 kOe. It then jump to s=96 and remains there afterwards.

In the beginning, the wall center is at s=14, but under an applied field of only 100 Oe, it
moves to s=44. Afterwards, the field increases, but the wall does not move substantially,

staying in the vicinity of s=50. When the applied field reaches 8.8 kOe, the wall suddenly jumps

to s=96. Figure 2-2(b) shows the wall shapes corresponding to several points in Fig. 2-2(a).
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The bump in the center region(s=40 to 60) for the curves corresponding to H=0 and H=8.8

kOe arises from the tilt of the anisotropy axis (6 =70°).
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Figure 2-2(b): Distribution of the Z-component of magnetization M,=M,cos over the lattice,
corresponding to several values of the external field. At H=0 and H=8.8 kQOe, the orientation of
dipoles within region B shows a clear tilt away from the Z-axis.

The physical reason for the observed behavior is as follows. The Landau-Lifshitz-
Gilbert equation always pushes the system to a state of minimum energy. In our simulations,
the total energy of the system consists of two parts: the magnetic domain wall energy and the
external field energy, the wall energy being the sum of the anisotropy and exchange energies.

Without an external field, the wall energy in regions A and C is equal to 4(AK,)*=1.26

erg/cmz. The external field energy density is equal to -MHcos, where ¢ is the angle between
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magnetization and the direction of magnetic field. Therefore, with reference to Fig. 2-1, the
external field exerts a driving force to move the wall to the right. Consider a situation where
the anisotropy is uniform, with its axis pointing in the same direction everywhere. The wall
energy is then independent of the wall position, but the external field energy decreases as the
wall moves to the right. Therefore a fairly small field is all that is needed to move the wall. On
the other hand, when region B has its easy axis tilted away from the Z-axis, the anisotropy
energy will be smaller if the wall stays in B rather than go to C. This is due to the fact that the
average direction of the dipoles within the wall will be closer to the easy axis if the wall stays in
B. Thus if the domain wall moves from B to C, its energy will increase. Only when the
reduction in the external field energy is stronger than the rise in the wall energy, will the wall
leave region B and enter C. Figure 2-2(c) shows plots of the anisotropy and exchange energies
versus the iteration time for the simulation whose results were depicted in parts (a) and (b) of
the same figure. The wall energy drops upon entering region B and stays low until the rising
external field forces the wall out of the trap (Note: The exchange and anisotropy energies
plotted in Fig.2-2(c) belong to the entire lattice and not just the domain wall. This is the reason
why the exchange and anisotropy energies of the system, when the wall is located in either
region A or C, add up to something greater than the 1.26 erg/cm’ value mentioned earlier. The
extra energy is contained in region B and its borders with A and C.). Figure 2-3 shows the
computed dependence of the critical field H. on the angle 0 of the easy axis within region B of

the lattice. When 8 is close to zero, the critical field (i.e., the wall motion coercivity) is very
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nearly zero. The maximum value of the coercivity does not occur at =90°, as might perhaps

have been expected, but at 74°.
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Figure 2-2(c): Anisotropy and exchange energies of the lattice versus time during the
movement of the domain wall from region A to region C. The bottom curve shows the
corresponding variation of the extemal field. As long as the wall resides in region A, its
anisotropy and exchange energies are fairly constant and nearly identical. Both energies are
lowered when the wall arrives in region B. With the wall approaching the boundary between B
and C, the anisotropy energy reaches a maximum. As the wall moves into region C, the
energies revert to their original values.
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Figure 2-3: Computed coercivity versus the deviation angle 6 of the easy axis in region B. The
largest coercivity is seen to occur at 6 =74°.
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2.3. Change of film thickness in the region of the sidewall

2.3.1. Effective exchange field: Consider two adjacent cells of the lattice in the region of the
magnetic film where the thickness is varying. These cells have volumes d’# and d°h,, and
magnetic moments m and mq, as shown in Fig. 2-4. The exchange energy Exs,g for this pair of

dipoles in the discrete approximation is

Eww = [ 4: [(Aa ' + (BB ) + (By ) Jdv

_ 24 m - m, (ho*'h) 2
= Il - d (1)
& [ I'"il'"olJ 2

= A (l - m- ';Io)(ho + h)

where a, B, v, are the direction cosines of the magnetization and "~" denotes the unit vector.
To derive an expression for the effective exchange field exerted on mg by m, we keep m fixed
and rotate mo by a small angle. Then the exchange energy of the system has a varation
corresponding to the change of the angle between m and mo. The energy difference can be

expressed in terms of either the effective field H.4; or the exchange stiffness coefficient:
AE.,, =~Hg -Am, = -H - Afy (Mh,d?) = ~A, (i - &, )Ch + hy).

The effective exchange field may thus be written as follows:

A h+h ).
H = x o 2
, Msdz( ,,o )m @

This equation gives the exchange field in terms of the saturation magnetization, M, local film

thicknesses, Ao, A, and the lattice constant, 4.
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Figure 2-4: Cross-section of a film having variable thickness that changes from A; to h; with a
slope given by tan o. Schematic diagram showing the simulated lattices of dipoles, with a
linear dependence of the magnitude of the magnetic moments on the film thickness. The
magnetic dipoles mo and m correspond to two adjacent cells which have thicknesses 4 and A.
The X-axis denotes the direction along which the one-dimensional lattice of dipoles is defined
with lattice constant d; s denote the lattice sites. The 35th lattice corresponds to x=0, and the
film length 2L is equal to 100d.
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Figure 2-5(a): Computed position of the wall center as a function of the magnitude of the
external field. The wall, initially placed at s=12, moves to s=29 under an applied field of 0.1
kOe and stays around the corner at s=35 until the field reaches 3.2 kOe. At this point, the wall
overcomes sticking at the comer and moves on to the thick region of the film. Note that an
applied field of 0.1 kOe cannot push the wall to the comer at s=35, but keeps it away at a
distance of about half the wall-width. Thus, when the wall has such a distance to the comer, it
begins to feel the kink in the film thickness.

2.3.2. Simulation results: Consider a magnetic film whose thickness changes smoothly from
h; to h; over a finite distance /, with a thickness gradient that we will denote by tan a . Figure
2-4 shows schematically the cross-section of such a film, and a typical distribution of magnetic
dipole moments within this cross-section. In our simulation, the thickness changes gradually

from A,=150 A at s=35 to h7=450 A at s=65. Before s=35 and after s=65, the thickness is

uniform. The angle o is equal to 45° . When a domain wall is placed at s=12, it moves towards
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the corner at s=35 under an applied field of 0.1 kOe. Upon increasing the strength of the field,
the wall refuses to move by any significant amount until the field reaches a critical value, at

which point the wall passes through the corner and moves all the way to s=95.
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Figure 2-5(b): Distribution of the Z-component of magnetization, M;=M,cos over the lattice
of dipoles, corresponding to several values of the external field. Under different magnetic fields
and in different thickness regions, the wall is seen to essentially retain its original shape.

Figure 2-5(a) shows the computed position of the wall center as a function of the magnitude of
the applied field. The critical field (i.e., the wall motion coercivity) is H.=3.2 kOe in this case.
Figure 2-5(b) shows the shapes of the wall at several points during this simulation. The wall

basically maintains its shape, even when it is pinned down at the comner of the sidewall. The

above results can be understood by energy considerations. When the wall resides far from the
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corner, it is easy to make it move to the right. However, close to the kink, any slight movement
to the right will increase the wall energy because of an increase in the surface area of the wall.
Thus, unless the applied field is strong enough, wall motion will not occur and the domain wall

will remain pinned around the corer.
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Figure 2-5(c): Exchange and anisotropy energies of the system as functions of the wall
position. Also shown is the corresponding value of the external field for each position of the
wall. When the wall is in a region of uniform thickness, its anisotropy and exchange energies
are constant, but when it enters the gradient part of the film, these energies rise linearly with the
film thickness.

Figure 2-5(c) shows the exchange and anisotropy energies of the lattice at various wall

positions. Both energies are seen to be constant when the wall is in regions with uniform
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thickness. In the region of varying thickness, the energies increase almost linearly with the wall

position, but the two remain very close to each other at all times.
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Figure 2-6(a): Computed coercivity versus the initial film thickness &, for a corner angle of 45°.
Note that 4,= h; + [ where / = 300 A. The solid circles are the points obtained by simulation,
while the continuous curve is based on theory.

Figure 2-6(a) shows the critical field versus the initial film thickness 4, with the value of a fixed
at 45°. Figure 2-6(b) shows the critical field versus the angle o with the initial film thickness 4,
fixed at 150 A.(In both cases h7=h; + I tan o.. Based on these simulation results, we conclude
that smaller initial thickness 4, and/or larger angle a, will be associated with larger values of
coercivity. Roughly speaking, the initial film thickness 4, is proportional to the height of a

"platform" from which the wall will have to jump over the energy barrier, and the gradient of
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the film thickness, tan a, is proportional to the height of the energy barrier itself. Therefore, it

will be easier to release the wall from the pinning site when A; is large or when a is small.
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Figure 2-6(b): Computed coercivity versus the corner angle o for an initial film thickness
hi=150 A. In general, h7=h,+ tan o. where /=300 A. The solid circles are the points obtained
by simulation, while the continuous curve is based on theory.

Using theoretical arguments, we derive an expression for the coercivity of wall motion in
terms of 4; and « in the following subsection. In Fig. 2-6, the solid circles are the data points
obtained by computer simulation, and the continuous curves are the theoretical estimates.

When the applied field is well below the anisotropy field Hi=2K/M,, we found that the analytic

results and the computer simulations agree quite well.
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2.3.3. Analytic derivation of coercivity: The cross-section of a magnetic film in the vicinity of
a sidewall may resemble that shown in Fig. 2-4. Its length 2L is much greater than the width of
the magnetic domain wall, 45. The thickness of the film is a function of x, say, A(x). In this
section, the zero point of the coordinate x is defined at the lower comer of the sidewall (in Fig.
2-4 this comer is located at lattice site s=35). In the interval [0,/] (corresponding to s&[35,65]
in Fig. 2-4), thickness varies continuously with a gradient of tanct. hfx)=<h; for x<0; and
h(x)=h; for x>/. For simplicity, we will assume that the width of the film in the Y-direction
(perpendicular to the plane of the figure) is unity. We calculate the total energy of the lattice in
terms of the domain wall position a and the applied magnetic field Hee. Under the condition of
the applied field being much weaker than the anisotropy field H, we can safely assume that the
shape of the domain wall will remain intact as the wall assumes different positions under the
influence of a varying applied magnetic field. In our simulations, the applied field is always less
than the anisotropy field and also much less than the exchange field. As before, K. and A«
denote the anisotropy constant and the exchange stiffness coefficient, respectively. Without an

applied field, the angle ¢ of a domain wall centered at x = a can be expressed as

ox -a) = 2 tan” [exp(x ;a)]’ (3)

where §=(AJ/K,)"? is the wall width parameter; the actual wall width being around 43.
Assuming that the exchange and anisotropy energies are equal, the wall energy is going to be

twice the anisotropy energy, namely,
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Ewa = 2K. [ sin*[ofx - @)]h(x)ds @
=2K, J‘t: sin’@(x)h(x + a)dx
The external field energy will be
Ex = -Hea M. j't cos/ p(x - a)]h(x)dx )

- Hee M ﬁ cos p(x)h(x + a)dx
The total energy of the system is the sum of the above energies, namely, Ewu=EvantEca.
Clearly Ey is a function of the wall center position a and of the applied field He.

In accordance with the minimum energy principle, the wall will move to 2 new position if its
total energy can be lowered relative to the current position. Therefore, the sign of the
derivative of Ew With respect to the wall position a will carry information about the direction

of wall motion:

Lost - 2k, [sinfp(-L - a)h(-L) - sin’[p(L - )]

da
xh(L) + j_LL’_"asinzq;(x)(ih%—Q)dx]

~H M [ coslp(-L ~ a)h(-L) - coslp(L - a)
xh(L) + I_LL__aa cos ¢(x)(-d—h%-—‘2)dx]

(6)

For the sample thickness profile shown in Fig. 2-4, the derivative of A(x) is readily obtained as

follows:
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dh(x) [ tan(a)x e [0, /] )
x |0 otherwise.

When the wall center is far from the boundaries of the film, we have

L>a, o-L-0=0, oL-a)=n h-L)="h ., hL)=h. (@)

Equation (6) may now be written

dEoa _ , K.tan(a) LN sin® p(x)dx

da , ©)
 Hea Mu[ Iy + by * 1a0(a) [[355 ot |
Setting the derivative equal to zero, yields the critical field as
follows:
H,(a)= 2K, tan(a )Eg + sin? @(x)dx
c - —
Mg [h1 + h2 + tan(a )Lf,’ + cosqo(x)abc]
“ 1
_ 2K, | 26 tan(a) (10)
M s I_h1 +h2 + tan(a )Eg+lcos ¢(x)a§:J
1

| 1 1
" i. 1+ exp(-_—;g) ) 1+ ex;{ 2(15_ a)]J

Equation(10) gives the required field for moving the wall to the right in terms of the film's

geometric and magnetic parameters. When q is far from the corner, H. is close to zero (that is,

the wall has not yet begun to feel the thickness variation). The maximum value of the critical
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field in Eq. (10) is the coercivity of this system. The point where Hi(a) in Eq. (10) has its

maximum always appears near the kink. Below, we consider two cases.

Case 1: The length of the gradient region / is much larger than 8. Since the position a at which
H. attains its maximum will be of the order of 8, the second exponential term in Eq. (10) can be

ignored , and the term containing cos ¢ can be approximated as follows:

tan()[ " cos p(x)dr = tan(@)(! - 2a) coslp(-a + )]

(11)
= tan(a)(/ — 2a) cos(r) = 2a tan(a) — (h, — h,)
The critical field is thus written
. = 2\ 4. K. tan(a) ! 12)

M. [h+atan(@))] |, exp(;z_a)
o

Figure 2-7 shows the dependence of H, on the wall center position a ,as given be Eq. (12).

This is also the equation that is used to obtain the continuous curves in Figs. 2-6(a) and 2-6(b).
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Figure 2-7: Theoretical plots showing the critical field H. as a function of position of the wall

center, which is shown in Eq. (12) with initial film thickness 4/=5d, 10d and 20d. The angle a
is assumed to be 45°, and the width of the transition region from 4; to A; is assumed to be much
larger than the domain wall width. When the wall is far from the corner (i.e., @<<0), the critical
field is essentially zero. However, as the wall center approaches the comer to within half of the
wall width, 26, it begins to feel the presence of the thicker region; the critical field then rises
rapidly. The maximum field always appears close to this corner, but its exact location and
magnitude depend on the initial film thickness /#,. With smaller &;, the coercivity ( the
maximum value of the critical field) is larger and the point at which the maximum value occurs

is closer to the corner. Theoretically, when 4; < 8, the maximum value of the critical field will
appear exactly at the corner.
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Case 2: Consider a 90° comner. In this case the length / approaches zero, and tan o goes to

infinity, but the product of these terms remains constant.

Il >0, a—->n/2,1tan(a) = (hy - h1)

Under these circumstances, Eq. (10) can be written as follows:

o
[

c = [limit

1 50,a>r/2

[ 2K, tan(a) ] exp(:;—gj [CXP(%{ _ 1)] (25)

Ms(h1 + hz) ':exp(:g‘_] . ljlz -
1)

2K
M, - limit [! tan(@)] (13)
S 1+ COSh(%) 150,a—>x/2

2K, (h, - h) 2
Ms(h, = 1) 1+ cosh(gj
o

Thus, when the wall is far from the corner, the hyperbolic term approaches zero, and a small
field can push the wall to the right. The largest field is required when the wall center is at the
kink itself; i.e., when a=0. To push the wall through the kink, Hex must be greater than or equal
to [2Ku(h-h;))/[My(h>+h;)], which is proportional to the fractional step height, and is also less

than the anisotropy field H,=2K,/M,,.

2.4. Summary: Domain wall motion near the edges of terraces (e.g., grooves, pits, plateaus,

etc.) is studied using analytical techniques based on the minimum energy principle and
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computer simulations based on the dynamic Landau-Lifshitz-Gilbert equation. One-dimensional
lattices of magnetic dipoles with variations either of the easy axis direction (corresponding to a
tit of the anisotropy axis at the edge) or of thé nearest-neighbor exchange force
(corresponding to a changing film thickness) are considered. We show that the coercivity

caused by the terrace edge could be as large as several kilo Oersteds
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CHAPTER 3

OBLIQUE SPUTTERING OF AMORPHOUS TbFeCo THIN FILMS ON GLASS
SUBSTRATES AND THE EFFECT OF DEPOSITION ANGLE ON

PERPENDICULAR MAGNETIC ANISOTROPY

3.1. Introduction: In magneto-optical (MO) disks, a thin magnetic film is deposited on a
substrate patterned with grooves, lands, and preformat marks. In the land region, the average
direction of magnetic anisotropy is along the disk’s surface normal due to the fact that the
direction of film deposition, on average, is perpendicular to the land surface. However, on the
sidewalls of grooves and pits, the average direction of sputtering and the wall’s normal
direction make an angle 8 with each other; this might cause the distribution of the easy axes on
these sidewalls to develop a certain degree of asymmetry with respect to the normal direction.
In chapter 2 [Ref. 3-1], we showed that variations of the anisotropy direction and/or the
magnetic film thickness on the sidewalls could contribute to the pinning of the magnetic
domain walls in these regions. This pinning phenomenon has also been exploited as a possible
mechanism for enhancing data storage density in MO recording [Ref. 3-2,3-3]. Further
progress in the application of this technique requires a better understanding of the magnetic
properties of the films in the side wall region.
In this chapter, we concentrate on studying the effect of oblique deposition on the

distribution of the magnetic anisotropy axis, which is directly related to the magnetic



46

properties of patterned MO disks [Ref. 3-3). A few papers on this subject have been
published previously. Hong et al measured the distribution of easy axes of a dc getter
sputtered amorphous Gd-Co film using a torque curve method [Ref. 3-4]. Togami et al
pointed out that there is considerable dispersion in the orientation of the easy axes of
magnetization in sputtered amorphous Gd-Tb-Fe alloy films, and that their dispersion
brings about the decrease of the Kerr rotation angle [Ref. 3-5]. They also concluded that
the dispersion depends on the bias voltage applied to the substrate during deposition.
Hellman et al investigated the source of unidirectional anisotropy by employing the
exchange-coupling between amorphous TbFe film and a permalloy film, and showed that
the direction of easy axis in an obliquely deposited sample makes a small angle to the film
normal [Ref. 3-6]. They proposed that the origin of the tilt of the easy axis is related to the
direction of incidence of the Tb and Fe atoms during deposition. In their later work [Ref.
3-7], the dependence of the effective easy axis direction on deposition temperature, the
incidence angles of Tb and Fe atoms, the film’s composition and thickness, etc. were
studied based on torque magnetometry ( In these experiments, the incident angles of Tb
and Fe were on opposite sides of the film normal. ). They concluded that the magnetic
anisotropy energy for obliquely-deposited Fe-rich material grown at room temperature
requires, instead of a simple uniaxial form, a more complex form containing two different
angles.

Comparing our work reported here with that of earlier authors [Ref. 3-4 to 3-7], there

are, at least, the following differences: (1) The incident angle of deposition in our samples
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can be as large as 80 degrees, and both Tb and Fe are deposited from the same direction.
(2) Instead of measuring torque curves, we measured the hysteresis loops using a Kerr
loop-tracer. Several complementary pieces of information are obtained by applying the
magnetic field in different directions. (3) Explanation of the torque data in the past has been
based on the Stoner-Wohlfarth coherent rotation model, which ignores the effects of patchiness
of the thin-film media [Ref. 1-1]. In our analysis, we have assumed that our amorphous films
consist of islands or patches of material, coupled to each other via exchange forces at the
patch-boundaries. Based on computer simulations, we have found it impossible to explain all
the experimental data without introducing the concept of patches.

The scope of this chapter is as follows. In section 3-2 we present the experimental hysteresis
loops obtained by applying the magnetic field either parallel or perpendicular to the film’s
surface, and discuss the possible modes of magnetization-reversal behind the data. Section 3-3
gives results of computer simulations in which we have assumed that the film consists of
several patches and that the anisotropy axes have an asymmetric distribution around the surface
normal of the film. It will be seen that very good qualitative agreement is obtained between

theory and experiment in all cases considered.

3.2. Experimental results and discussion: In this study, we used a Kerr loop tracer to
measure the Kerr-rotation angles, hysteresis loops, and magnetic anisotropy curves of the
obliquely-deposited magnetic films. The experimental set-up is shown in Fig.3-1. In our

studies, four sets of samples were measured. Each set included five samples which are
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deposited at normal incident (8 = 0° ) and at the oblique angles of 6 = 20°, 40°, 60° and 80°.
Different sets of samples had different thicknesses; for instance, the films deposited at normal
incidence had thicknesses of 25 nm, 30 nm, 50 nm and 66 nm in the four sets. Within each set,
the thickness of the magnetic film decreased with the increasing angle of deposition. The
reduced thickness was visible to the naked eye as the transparency of the samples increased at
larger angles of deposition. However, we did not make a quantitative measurement of the
various films’ thicknesses. All samples were coated in-situ with a protective layer of SiN. Since
the magnetic measurement results for the four sets are qualitatively the same, we discuss here
the results obtained from one of the sets only. ( This is the set in which the sample deposited at
normal incidence was 50 nm -thick.)

We define +Z as the direction of film’s normal, and H,, H,, and H, as the components of the
magnetic field applied along +X, +Y, and +Z directions. As shown in Fig.3-2, the sputtering
direction is in the YZ plane, making an angle 6 with Z. Before each measurement, the

magnetization of the film was saturated along +Z and then allowed to relax in zero field.

3.2.1. Magnetic field applied along the Z direction: Figure 3-3 shows several hysteresis
loops obtained by applying the magnetic field along Z for samples deposited at different angles
8. We observe that, as 0 increases from 0° to 80°, the films, which originally are Tb-rich, show
an enhanced coercivity because their composition approaches the compensation composition,
and eventually become Fe-rich somewhere between 8 = 60° and 6 = 80 °. We also note in

Figs.3-3 that the slope of all the curves in the vicinity of H, = 0 is fairly close to zero. This
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indicates that the average direction of magnetization after relaxation from the saturated state
remains along +Z, even for samples that are obliquely deposited. We conclude that the
anisotropy directions cannot have coherently deviated from the film’s normal direction by a

significant value.
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Figure 3-1: Schematic diagram showing the loop tracer used in our study. A linearly
polarized laser beam is incident on the sample whose normal is along the Z axis. With
the help of differential detector, one can measure the Kerr-rotation angle of the
reflected light, which carries information about the sample’s state of magnetization.
Note that the magnetic field is perpendicular to the sample’s surface in Fig.3-1. In
addition, we can rotate the electromagnet by 90° to apply an in-plane field.
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Figure 3-2: Schematic diagram showing the geometry of oblique-deposition by_ sputtering. The
film’s normal is along the Z-axis and the average direction of sputtering is in the YZ plane
toward -Y, making angle 0 with the Z axis.
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Figure 3-3: Hysteresis loops obtained by applying the magnetic field along Z for samples
deposited at different angles 6 . When 0 increases from 0° to 80°, the films, which originally
are Tb-rich, become Fe-rich somewhere between 6 = 60° and 80° . The coercivity of the
samples increases when their composition approaches the compensation composition. In all the
figures, the slope of the curves in the vicinity of H, = 0 is fairly small, indicating that the
average direction of the magnetization remains along Z after relaxation from the saturated
state.
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Figure 3-4: Hysteresis loops obtained by applying the magnetic field along X for samples
deposited at different angles. When H; increases gradually, the various magnetic patches rotate
coherently in the early stage, thus causing the slow decrease of the Kerr signal. After Hy
exceeds a critical value ( 7 kOe in Fig.3-4(a)), some of the patches reverse to form magnetic
domains; the curvatures of the curves change sign at this point. Because the distribution of easy
axes is symmetric with respect to the YZ plane, half of the patches are reversed when Hy is
strong enough (20 kOe in our case). This causes the Kerr signal to become zero. At the same
field, all the magnetic moments are pushed close to +X direction. When H is reduced from its
maximum value, patches within the up domains increase their +Z-component, while patches
within the down domains increase their -Z-component. The Kerr signal, therefore, remains
2ero.
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3.2.2. Magnetic field applied along the X direction: Figure 3-4 shows plots of Kerr signal
versus H, for samples deposited at 6 = 0°, 20°, 40° and 60°.(The curve for the sample deposited
at 6 = 80° is not shown because it is similar to those for 6 = 40° and 60°). Note in Fig.3-4(a)
that the initial Kerr signal at H, = O is the same as that in Fig.3-3(a). Upon increasing H,

gradually, it is observed that, up to the point where H, = 7 kOe, the curvature of the curve in
Fig.3-4(a) is negative, but it becomes positive beyond that point. The phenomenon can be
understood as follows. A small in-plane field can only bend the magnetization away from +Z
coherently. Thus , the curve is an arc of an ellipse centered at the origin and having a negative
curvature. When H, reaches a critical value (Hq; = 7 kOe in this case), some of the magnetic
patches within the sample switch direction, so that the magnetization loses some of its +Z
component and gains some -Z component. This causes the Kerr signal to exhibit a sharp drop
at Hy = Hai. Beyond Hei:, more and more regions break into domains , but now the magnetic
moments are forced to approach the +X direction. At H = 15 kOe, two possibilities exist. One
is that the area of the reversed domains (magnetization along -Z) within the film is equal to that
of the non-reversed regions (magnetization along +Z), which causes the Kerr signal to go to
zero. Beyond this point, no more reversals occur. Increasing the field only pushes the magnetic
moments closer to the +X direction, but the signal remains zero. When Hy is reduced from its
maximum value, dipoles within the up domains increase their +Z-component, but dipoles
within the down domains also increase their -Z-component. The total magnetization, therefore,
continues to be zero. Another possible situation which might occur at H = 15 kOe is that the

field has already been strong enough to push all the magnetic patches to the +X direction. In
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this case the Z-component of magnetization is equal to zero. Once H, begins to decrease from
its maximum value, the number of patches returning to +Z would be the same as that switching
to -Z. This is because the distribution of the anisotropy axes among the patches is symmetric
with respect to the Z axis. Up to this point, all we can say is that at normal deposition the
average anisotropy direction is coincident with the Z-axis. Thus, when a strong in-plane field is
applied, the film is demagnetized by breaking into equal areas of up and down magnetization.
Figures 3-4(b), (c), and (d) show the corresponding curves for 6 = 20°, 40° and 60°. The
behavior of these loops is similar to that shown in Fig.3-4(a). To explain these observations we
must remember that the direction of sputtering and, consequently, the distribution of the
anisotropy axes are symmetric with respect to the YZ plane; therefore one cannot tell the
difference between films deposited at different angles by applying the magnetic field along the

X-direction.

3.2.3. Magnetic field applied along the Y direction: Figures 3-5(a), 5(b) and 5(c) show the
loops obtained by applying the magnetic field along the Y direction for samples deposited at 6
=20°, 40° and 60 °, respectively. In Fig.3-5(a), the curve has the same behavior as in Fig.3-
4(b). However, Figs.3-5(b) and 3-5(c) show a different behavior when compared to the

corresponding curves in Figs.3-4(c) and 3-4(d).
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Figure 3-5: Hysteresis loops obtained by applying the magnetic field along Y for samples
deposited at different angles 6. (a) At 6 = 20° the sample does not show significant difference
when its behavior is compared with that shown in Fig.3-4(b). This indicates that the average
direction of easy axis is still very close to Z, so that applying the field along X and Y does not
make much difference. (b) At © = 40° the magnetization rotates coherently when the field is
below 12 kOe. Beyond that point, some of the magnetic patches begin to reverse. At H, = 20
kOe, the Kerr signal is negative because the area of the down domains is larger than that of the
up domains. When H, changes from 20 kOe to -20 kOe, all the patches flip and, therefore, the
Kerr signal switches sign. (c) At 6 =60°, one observes the same qualitative behavior as (b).
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In these figures, after H, reaches its maximum, the Kerr signals begin to show
hysteretic behavior with the sweeping of the magnetic field. This behavior indicates that the
average direction of magnetic anisotropy is no longer aligned with the Z axis but that it is along
some other direction in the YZ plane.

One of the possible scenarios that might explain the above results is as follows. Let us
separate the various magnetic patches of the sample into two groups: a symmetric group S,
where for each given patch belonging to S , there exists a corresponding patch, also belonging
to S, such that the anisotropy directions of the two patches are symmetric with respect to the
Z-axis. Those patches that are not in S comprise the second group called A. Note that the
average anisotropy direction of the patches in S is along Z, but the average easy axis for
patches in A is somewhere in the YZ plane toward -Y, making an angle with the Z-axis whose
value depends on 6. It is also reasonable to expect that the fractional area of patches in A is
proportional to the ratio of the Kerr signal at Hy = 0 to that in the saturated state. According to
the data shown in Fig.3-5, the majority of the patches belong to S until the deposition angle 6
reaches 40°. When the average easy axis for all the patches is not too far away from Z, the
strong exchange-coupling among adjacent patches forces the direction of magnetization after
relaxation from the saturated state to remain very close to the Z axis. Upon increasing Hy, the
magnetic moments of the various patches begin to rotate coherently in the beginning.
Afterwards, magnetization reversal occurs in some of the patches once Hy exceeds Hey. In
Fig.3-5(b), the Kerr signal is zero at Hy = 18 kOe, presumably because the areas of up and

down domains are equal. At H, = 20 kOe, we speculate that all patches having an easy axis
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toward -Y are reversed. This means that roughly half the elements of S and all the elements of
A have reversed. Therefore, the negative signal level at Hy = 20 kOe arises from the patches in
group A alone. After this point, the patches in S do not contribute to the Kerr signal; changing

Hy from +20 to -20 kOe causes all patches to flip and, therefore, switch the sign of the Kerr

signal.

3.3. Computer simulation results: In this section, we show computer simulation results
obtained by assuming that the directions of easy axes have an asymmetric distribution. We use
a one-dimensional lattice of 100 dipoles having uniaxial magnetic anisotropy and nearest
neighbor exchange to simulate the effects of titled easy axis. The simulation is based on the
Landau-Lifshitz-Gilbert equation of magnetization dynamics as elaborated in chapter 2. The
following set of parameters were used throughout: saturation magnetization M,=100 emuw/cm’,
anisotropy constant K,=10° erg/cm®, exchange stiffness coefficient A=5x10* erg/cm,
gyromagnetic ratio y = -10’ H/Qe, dipole spacing or lattice constant d = 10 A, and viscous

damping coefficient o = 3.
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Figure 3-6: (a) Distribution of local easy axes for the dipoles in simulation. (b) Schematic
diagram showing magnetic dipoles in a one-dimensional lattice upon relaxation from the
saturated state along +Z.
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In this simulation, the dipoles are grouped into five patches and the assumed directions
of the local easy axes within each patch are shown in Fig3-6(a). Each patch contained 20
dipoles, and the exchange stiffness coefficient at the patch boundaries was set to only 20% of
that between adjacent dipoles within the patches. The first and the fourth patch have their easy
axes away from the Z-axis by 5° toward +Y;, the second and the fifth patch have their easy axes
away from the Z-axis by 5° toward -Y. The third patch is 30 ® away from Z toward -Y. We
assume that the large deviation of the third patch is caused by the oblique deposition. As
discussed in section 3.2.3, the third patch belongs to group A, while the other patches belong
to group S. Fig.3-6(b) shows the angular distribution of dipoles after relaxation from the
saturated state. Due to strong exchange coupling, all the dipoles in Fig3-6(b) point more or less
in the +Z direction, even though the easy axis of the third patch has a significant deviation from
Z
Figure 3-7(a) shows the computed loop for the case where the applied magnetic field was
along Z. The vertical axis shows the normalized magnetization M, which has unity value when
all the dipoles are along Z. At H, = 0, the state corresponding to Fig.3-6(b), M has the
normalized value of 0.976. When the magnetic field reaches 20 kQOe, the value of M is equal to
0.994. This small increase of M with the external field agrees with the experimental data shown

in Fig.3-3.
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Figure 3-7: Computed loops obtained by applying the magnetic field either perpendicular or
parallel to the film’s surface normal. (a) When the filed is along the Z direction, magnetization
remains more or less almost constant with the increasing of the magnetic field. This is in
agreement with the measurement results shown in Fig.3-3. (b) When the applied filed is along
the Y direction, the asymmetric behavior of the magnetization is similar to that shown in
Figs.3-5(b) and 3-5(c).
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Figure 3-8: Diagram showing the status of magnetization vector within each patch,
corresponding to several values of the external field in Fig.3-7(b). The arrows only show the
directions of the Z-component of the magnetic dipoles within each patch. At Hy =0, all the
patches are magnetized parallel to +Z. When H, = 12 kOQe, patch 3 reverses, and so on. Note
that, after the magnetic field reaches 16 kOe, the net magnetization depends on patch 3 alone.



Figure 3-7(b) shows the computed loop for the case where the magnetic field was applied
along +Y. This behavior is similar to that shown in Figs.3-5(b) and 3-5(c). The diagram in
Fig.3-8 shows the status of the magnetic moments within each patch, corresponding to several
values of the external field described in Fig.3-7(b). The arrows only indicate whether the
directions of dipoles within each patch are parallel or antiparallel to the Z-axis. As the value of
H, rises from 0 to 10 kQe, the magnetization coherently rotates towards +Y, causing the value
of M to drop slowly. Because patch 3 has a larger deviation from Z than the others, it is the
first one to reverse at H, = 12 kOe. At H, = 14 kOe and 16 kOe, patches 2 and S reverse,
respectively. The reason that patch 2 reverses before patches 5 is that patch 2 is pulled by the
exchange force from patch 3. When the field is reduced from +20 kQe to -6 kOe, no patches
reverse. Afterwards, patch 3 flips to point in the +Z direction at Hy = -8 kOe. This causes M to
switch sign and acquire a positive value. At H, = -14 kOe, it is interesting that patch 2 and 4
switch to opposite directions without changing the net magnetization of the lattice. Note, by
comparing Fig.3-7(b) and Fig.3-8, that the net value of M in the hysteresis loop depends only
on the status of patch 3, since the magnetizations of all the other patches cancel each other out

at all values of H, .

3.4. Summary: We measured the magnetic hysteresis loops for several obliquely-deposited
amorphous TbFeCo films. The experimental results show that the direction of the average
magnetic anisotropy (i.e., the easy axis of magnetization) is no longer along the surface normal.

With the help of computer simulations, we have quantified the effects of oblique deposition in
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terms of the deviations of local anisotropy directions from the surface normal. We also found
that, with the increasing of the deposition angle, the compensation point shifts toward the Fe-

rich side and the films become thinner.
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CHAPTER 4

A DYNAMIC STUDY OF DOMAIN FORMATION MECHANISM
DURING THERMOMAGNETIC RECORDING BASED ON

MICRO-HALL EFFECT MEASUREMENTS

4.1. Introduction: In thermomagnetic recording, a focused laser beam creates a hot spot
in a thin magnetic film, thus allowing an external magnetic field to reverse the direction of
local magnetization. This is a very complex dynamic phenomenon involving the nucleation
of one or more domains, followed by domain expansion and/or contraction. The details of
this process depend on the recording conditions and the composition of the recording
material. To enhance recording density, one must write domains as small as possible under
the constraint of an acceptable signal-to-noise ratio in readout. To achieve this goal, one
may reduce the laser wavelength and increase the numerical aperture of the objective lens
in order to attain a small, diffraction-limited focused spot. Alternatively, one might strive
to develop a technique that allows writing of small domains even when the focused light
spot is not so small. In the latter case, the mechanism of domain formation will have to be
better understood, and the most suitable combination of material properties and recording
conditions must be adopted. For example, we have observed that under certain conditions
the newly-formed domains shrink during the cooling cycle. In such cases, the small size of

the final domain might be misleading, since it may have damaged an adjacent domain while
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it was being recorded. Because the existing “static” methods of domain observation and
measurement monitor only the final state of a recorded domain, they are incapable of
providing insight into problems that are of a “dynamic” nature. On the other hand,
dynamic measurement techniques, such as the one described in this paper, are quite
attractive since they enable the sensing and monitoring of a domain while it is being
written.

In this chapter, we describe a micro-Hall effect measurement scheme for the study of
domain formation mechanism. The Hall voltage is proportional to the instantaneous
average magnetic moment within the measured area of the sample. By monitoring the Hall
signal during thermomagnetic recording, we observe the process of domain formation in

real time.

4.2, Experimental set-up: A schematic diagram of the experimental set-up is shown in
Fig.4-1(a). The laser beam is focused at the center of the MO sample, and a perpendicular
magnetic field is applied by a small coil having a diameter of 2 mm. The maximum
available field is 750 Oe, which corresponds to a current of 2.5 ampere through the coil. In
order to monitor the variations of Hall voltage caused by the formation of a single domain,
a cross-shaped sample, shown in Fig.4-1(b), was prepared. The central part of the cross,
which has an area of 5x5 pm’, is made of TbFeCo film. Two different magnetic films were
used in our studies. Sample 1 had a thickness of & = 25 nm, coercivity He 2 25 kOe at

room temperature, and Curie and compensation point temperatures of T. = 230 °C and
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Teomp = =50 °C, respectively. Sample 2 had § = 100 nm, T, = 260 °C , Teomp = 190 °C and
H. = 5 kQe. The results presented in sections 4.3.1 and 4.3.2 were obtained using sample
1, while those in section 4.3.3 correspond to sample 2. In both samples, the magnetic film
was sandwiched between a 75 nm-thick SiN underlayer and a 200 nm-thick SiN overlayer.
The four aluminum electrodes having a thickness of 300 nm each, were connected to the
four sides of the MO film. The Hall signal was measured using the four-point probe
method. The magnitudes of the applied magnetic field H, the laser power P, and the laser
pulse duration T were all adjustable. Temporal relations among the magnetic field pulse,
the Hall current pulse, and the laser current pulse are shown in Fig.4-1(c). The Hall
current pulse has been delayed by 800 us in order to avoid perturbations caused by the

induced voltage from the magnetic field pulse.

4.3. Results and Discussion

4.3.1. Recording with a short laser pulse: Here the laser power P = 8 mw and its pulse
width T = 200 ns. One set of our measurement results is shown in Fig.4-2. In (a) the laser
pulse is turned on, but no domain is being formed. For this measurement, we saturate the
magnetic moment of the sample in the +Z direction, and maintain a +750 Oe field on the
sample in order to prevent domain formation during the experiment. The vertical dash-
lines in Fig.4-2 show the duration of the laser pulse. The laser creates a time-dependent
temperature profile in the film. We define the Curie disk as the region where at any given

instant of time the temperature is higher than the Curie temperature. In the early stages of
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heating, the radius of the Curie disk is zero, but once formed, it increases with time
rapidly. The Hall signal drops quickly during the heating cycle because the magnetization
decreases with the rising of temperature. Once the laser is turned off, the signal gradually
returns to its original level. In Fig.4-2(b) a domain is being written in the presence of a -
300 Oe field. The signal in this case also decreases when the laser is first turned on, but it
does not return to the original level since a domain is now formed in the region of the hot
spot. The voltage difference between the initial and final levels is proportional to the size
of the written domain. Figure 4-2(c) represents the case of domain re-writing. Following
the writing of a domain, we turn on the laser once again with the same power and pulse
duration, and without changing the magnetic field. Observe that the initial signal level in
Fig.4-2(c) is the same as the final level in Fig.4-2(b). During the heating period the signal
decreases, but it recovers to its original level after cool-down. This indicates that the size

of the domain remains the same after re-writing.
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Figure 4-1: (a) Schematic diagram showing the experimental set-up for micro-Hall effect
measurements. (b) Cross-shaped sample used in the experiments. (c) Temporal
relationship among the magnetic field pulse, the Hall current pulse, and the laser pulse.
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Figure 4-2: Hall signals for a Fe-rich sample obtained in several kinds of measurements
with a laser pulse having P = 8 mw and T = 200 ns. (a) In the presence of a +750 Oe field
along the direction of initial magnetization, no domain is being formed. (b) Domain-
writing signal in the presence of a -300 Qe field. (c) Domain-re-writing signal under H = -
300 Oe. (d) The difference between signals shown in (a) and (b), containing information
about magnetization reversal. (¢) The difference between signals shown in (a) and (c).
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Variations of the Hall voltage with time shown in Fig.4-2(b) are caused both by the
variations of the magnitude of magnetization due to the temperature change, and by the
formation of a reverse domain after a certain point in time. To obtain the signal caused by
magnetization reversal alone, we subtract the signal in Fig.4-2(a) from that in Fig.4-2(b)
and refer to the difference, shown in Fig.4-2(d), as the differential writing signal. This
differential Hall signal indicates that the signal arising from domain formation does not
have any significant value until after the laser has been turned off. Under these recording
conditions, therefore, domain formation must occur during the cooling period. The reason
for this behavior may be speculated to be as follows. The temperature of the region in
which the domain nucleates should be greater than some critical temperature, Teq , which
is a function of the strength of the applied magnetic field H, and is lower than the Curie
temperature. We define the region in which the temperature is higher than T as the
critical disk. By definition, the critical disk is always greater than the Curie disk. A domain
can form only in the annular region between the Curie disk and the critical disk. If the
temperature gradient is so large that this annular region is narrower than the width of a
magnetic domain wall, then no domains can form. In the cooling process, however,
temperature gradients are on the decline, and nucleation should occur more readily.

Figure 4-2(e) shows the difference between the signals in Fig.4-2(a) and Fig.4-2(c).
Observe that, in the re-writing process, the signal arising from the reversed domain

reaches a minimum and then retumns to its initial value. The non-zero value of the
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minimum signal in this case indicates that a certain part of the domain survives during the

heating period.

4.3.2. Recording with a long laser pulse: The pulse width T used in this case was 1 ps,
and the applied magnetic field H was -450 Qe. Figures 4-3(a), (b) and (c) show the
differential writing signals during recording experiments corresponding to laser power
levels of p = 1, 2, and 5 mw, respectively. In (a), we observe that a domain forms in the
beginning of the heating period and that it continues to grow afterwards. This result can
be explained as follows. Because of the low level of laser power being used, it takes the
magnetic film a long time to reach the Curie temperature. But, during this period, heat
diffusion broadens the temperature profile. The time duration in which the Hall signal
increases rapidly corresponds to a rapidly expanding critical disk. In (b), essentially the
same phenomena occur, but the signal during the heating cycle is smaller than that in (a).
This is due to the fact that the magnetization decreases with a rising temperature. In (c),
the domain differential writing signal does not have a significant value before the laser is
turned off. This is similar to the behavior described in section 4.3.1 in conjunction with a
short laser pulse. Note in Fig.4-3 that the final domain size is increasing with the increase
of the laser power. Figure 4-3(d) shows the Hall signal during writing under the same
conditions as in Fig.4-3(c) except for a slight defocusing of the laser beam. This figure
indicates that the domain has formed during the heating cycle. The reason for this behavior

is that, as a result of defocusing, the temperature profile has broadened.
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Figure 4-3: Hall signals for a Fe-rich sample obtained during recording with a T = 1 us
laser pulse and in the presence of a magnetic field H = -450 Qe. (a) P = 1 mw; the domain
is formed early in the heating cycle. (b) P = 2 mw; the domain signal during the heating
period is smaller than that in (a) due to the higher temperature levels. (c) P = 5 mw; the
domain no longer forms during the heating cycle. (d) P = 5 mw, but the laser is slightly out
of focus. In the first 300 ns, no region of the MO film reaches Tu. After that, the critical
disk is formed and expands rapidly.
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4.3.3. Domain size variations during the cooling period: In this and the next sections,
the Tb-rich samples is measured. As in the preceding experiments, the saturated state of
the magnetization is along the +Z direction. Figure 4-4 shows the differential writing and
rewriting signals for two different magnetic fields when the laser pulse width T = 530 ns
and the laser power P= 9.3 mw. The heavy curves show the differential writing signals,
while the light curves are the differential re-writing signals. In both cases, the level of the
re-writing signal immediately after heating is greater than its initial level. This indicates
that the written domain expands somewhat during re-writing. In (a), where H = +300 Oe,
the writing signal slowly decreases after reaching a maximum value. The fact that the
initial level of the re-writing signal is below the maximum value of the writing signal
indicates a shrinkage of the recorded domain during the cooling cycle. In case (b), where
H = +600 Oe, the domain does not shrink significantly during the cooling phase of the
writing process. This is due to the presence of a stronger magnetic field in this case
compared to case (a). The strong magnetic field in case (b) also causes the domain to

expand during re-writing.
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Figure 4-4: Differential writing (dark) and re-writing (light) signals for a Tb-rich sample in
the presence of two different magnetic fields. (a) With H = +300 Qe the domain shrinks
somewhat during cooling. (b) With H = +600 Oe, the domain does not shrink during

writing, but expands during re-writing .
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4.3.4. The dependence of the domain size on the recording conditions: Table 4-1

shows several measurement results for a Tb-rich sample in various recording

conditions.

Power Width Hex AS

(mw) (ns) (Oe) (mv)
1 93 200 300 30
2 93 200 450 30
3 93 200 600 30
4 9.3 200 780 32
5 6.8 200 600 17
6 93 200 600 30
7 10.8 200 600 37
8 93 200 600 30
9 93 280 600 45
10 9.3 400 600 65
11 93 530 600 85

Table 4-1. The measured differential writing signals for various recording conditions.

The first column denotes the laser power, the second the width of the laser pulse, the
third the magnitude of the applied field during recording. The last column is the magnitude
of the Hall voltage, AS, that is obtained upon recording a domain; AS is proportional to
the domain size. Measurements 1 to 4 show the dependence of the domain size on the
magnitude of the applied field. The field changes from 300 Oe to 780 Oe, but the signal

AS remains essentially constant. This indicates that the domain size is insensitive to the
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magnetic field. Measurements S to 7 indicate the dependence of domain size on the laser
power. The data shows that with greater power larger domains are obtained. In our
experiment, if the laser power is less than 6 mw, no domains are written. Measurements 8
to 11 show the relationship between the domain size and the width of the laser pulse.

Once again, wide pulses yield larger domains.

4.4. Summary: A method for analyzing the dynamics of domain formation during the
thermomagnetic recording process has been developed based on the extraordinary Hall
effect. A magnetic domain is written at the center of a cross-shaped magneto-optical
sample having an area of 5x5 pm?, and the Hall voltage is monitored during the recording
process. As far as domain nucleation is concerned, we find that the temperature gradient
around the transition region (i.e., the region whose temperature is between the critical
temperature for magnetization reversal and the Curie point) is very important. Under the
conditions of high power and short pulse-width laser, a domain can form only during the
cooling period. However, it is possible for a domain to form during the heating cycle
under a low power, long pulse laser beam.

From the type of measurement described in this chapter in addition to the above
information, one can reconstruct the temperature profile within the sample by employing
the known dependence of magnetization on temperature. This is a helpful step in

furthering our understanding of the recording mechanism.
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CHAPTERSS

MEASUREMENT OF THE THERMAL COEFFICIENTS OF NON-REVERSIBLE

PHASE-CHANGE OPTICAL RECORDING FILMS

5.1. Introduction: In phase-change optical recording, a laser beam is focused on the
active layer of the storage medium to raise the local temperature until the heated material
changes its phase. In the case of erasable recording, the native state of the active layer is
crystalline, which, upon recording, changes to amorphous. The written marks are erased
by recrystallizing these amorphous regions through heating with the same laser but at a
lower power level. In contrast, in the case of non-erasable phase-change optical
recording, the heated material changes from amorphous to crystalline state during the
recording period. Because of the first order phase transition involved in both recording
and erasure processes, a period of time is needed for the atoms to rearrange their positions
in both cases. Thus, the data transfer rate is constrained by the time required for raising
the temperature to the critical point, as well as by the duration of phase transition[Ref. 5-1
to 5-3].

An important issue for phase-change recording is how to control the laser power and
pulse width in order to achieve optimum performance. Optimizing the recording process
requires an understanding of the thermal properties of the recording medium and of the

associated dielectric layers (e.g., overcoat and underlayer). In particular, one must know
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the phase-transition temperature for the active layer as well as the thermal conductivity,
the specific heat, and the latent heat for the various layers that comprise the storage
medium[Ref. 5-4].

In this chapter, we describe a method of determining the thermal parameters of the non-
erasable phase-change recording media based on a set of experimental data and related
numerical calculations [Ref. 1-1]. During these studies, we have assumed that heat loss
from the film’s surface is negligible. In addition, we have taken the various parameters to
be homogeneous, isotropic, and independent of both the thickness of the films and of the
temperature. For convenience, throughout this chapter, we will omit the units of the
thermal conductivity and the specific heat; unless stated otherwise, these units will be

fjoul- °C" - cm™ - sec™ ] and [joul- °C™" -cm™), respectively.

5.2. Experimental set-up: The experimental set-up used in this work is shown
schematically in Fig.5-1. A diode laser beam (A = 780 nm) is focused through a
microscope objective on a phase-change sample. The sample is in contact with a hot plate
whose temperature Ty is adjustable in the range of room temperature to 130 °C. The
light reflected from the film’s surface is detected by photodiode 1. (Photodiode 2 is for
polarized light microscopy, and is not used in this work.) With the help of a TV camera,
one can observe an area about 100umx 100um of the film’s surface. Whenever the focused
laser beam creates a crystallized region on the sample, a bright spot appears on the TV

monitor, and the photodiode output shows a sudden increase in the reflected light.
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Figure 5-1. Schematic diagram showing the experimental set-up. The laser beam is
focused on the phase-change sample which rests on a hot plate whose temperature
is adjustable. The reflected beam is detected by photodiode 1. By observing a
sudden change of the reflected signal in the scope during irradiation with a laser
pulse, we determine the threshold power for the onset of phase transition. In
addition, with the help of the TV camera, it is possible to observe a bright spot on
the monitor whenever a small region within the active layer is crystallized.
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Figure 5-2. Schematic diagram showing the incident laser beam and the
structure of the sample. The optical constants for the various layers of the
samples are listed in Table 5-1.
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In our experiments, several different microscope objective lenses were used to provide

different size spots at the focal plane.
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Layer N K Thickness
Overcoat (Si0O) 1.9 0 S
Recording layer(SbInSn) 4.16 - 3.32 S
Substrate (PET) 1.6 0 75 um

Table 5-1. Values of optical constants for samples studied in this work. N is the
refractive index and K is the absorption coefficient of the material in thin-film form.

Figure 5-2 shows a laser beam, propagating in the +Z direction and incident on the
sample from the overcoat side. The figure also shows the layered structure of the sample,
where PET denotes polyethyleneterephthalate. The associated optical constants for each
layer, namely, the refractive index N, and the absorption coefficient K are listed in Table
5-1. Several samples with different layer thickness were used in our experiments. We
denote the thickness of the active layer by 81, and that of the overcoating layer by 52.

Note that &, = 0 indicates a sample without overcoating.

5.3. Measurement of the critical temperature: We describe the technique used for
measuring the critical temperature of the recording layer in going from amorphous to
crystalline state. The objective lens used in these experiments had NA = 0.7,
corresponding to a focused beam radius r, of 440 nm at the 1/e intensity point. The layer

thicknesses of the sample that was investigated were 8; =90 nm and §; = 90 nm.
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Figure 5-3. Dependence of the measured threshold power on the base temperature under a
focused laser spot having r, = 440 nm. Extrapolating the data points to the horizontal axis
gives a critical temperature of ~ 200 °C.

We focused the laser beam on the film’s surface, and gradually raised the CW
power level until the reflected signal showed a sharp increase. At this point, the peak
temperature within the recording layer must have reached the critical temperature for
phase transition, Tei . The corresponding threshold power Puy(Twom), is the minimum
power that is capable of elevating the temperature at the center of the focused spot from
Troom to Terc. We then moved to a new spot on the sample, raised the temperature of the

hot plate to Thse = 40 °C, and repeated the experiments. In this way we obtained another

threshold power Py(40 °C), corresponding to Tws = 40 °C. Repeating the above
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procedure, we obtained the relationship between the CW threshold power for recording
and the base temperature. The results of these measurements are shown in Fig.5-3, which
indicates that the threshold power is a linearly decreasiﬁg function of the base temperature.
Stated somewhat differently, the threshold power Pu(Tes) is proportional to the
temperature differential Teri-Toase. The linear plot in Fig.5-3, when extrapolated, crosses
the horizontal axis at T = 200 °C. The interpretation is that, when the base temperature
reaches 200 °C, the recording material is crystallized without any laser power; thus, the

crystallization temperature must be about 200 °C.

5.4. Measurement of thermal parameters: Once the critical temperature is obtained, its
value may be used to find the other thermal parameters. Consider a multilayer structure
consisting of two layers on a substrate. (It is convenient to regard the substrate as the
zeroth layer.) Each layer has its own specific heat and thermal conductivity, and, therefore,
there are six unknowns to be determined. The thermal conduction equation for the n’th
layer, taking into account the cylindrical symmetry of the problem, is as follows:

. ﬂ(;t_".’l = kVOT(r, 2.1) + g(r, 2. 1) )
Where ¢, and k, are the specific heat and the thermal conductivity for the n’th layer,
respectively. g(r, z, t), the power density entering the system, is related to the profile of

the laser power and to the optical constants of the films. We choose the origin of the

coordinate system, (r, z) = (0, 0), at the center of the focused laser beam and at the top of
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the overcoating layer. The positive Z-axis then goes through the films and into the
substrate. Since the laser power distribution may be assumed to be Gaussian in shape, the
maximum temperature throughout the sample will occur at a point near (r, z) = ( 0, &),
the top of the active layer.

In principle, if we have six sets of measurements that provide six independent
relationships among the unknown parameters, it should be possible to solve them exactly.
Our general strategy, therefore, is as follows.

1) For a given beam radius r, and a given laser pulse width At, raise the laser power from
zero until phase transition occurs in the active layer. This yields the threshold power Py(ro,
At), which, upon consideration of the optical parameters (N's and K's) of the various
layers, will yield the function g(r, z, t).

2) Solve the diffusion equation numerically and obtain T(r, z, t) by putting an initial guess
for the values of k’s and ¢’s in that equation.

3) Compare T( 0, &,, At) with the critical temperature Te. If they are the same, then the
present parameters (k’s and c’s) are a possible solution. If they are not the same, put
another set of values for the parameters in the equation and repeat the above steps until an
acceptable solution is found.

By repeating the above procedure, one can construct a relationship between the
unknown parameters based on the measured value of the threshold laser power, the laser
pulse width At, and the focused beam radius ro.. To obtain another relationship among the

values of k’s and ¢’s, we must perform another measurement using different values of At
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and r, , or with different film thicknesses. It will be seen that for different goals we will
have to resort to different types of measurements. Not all possible measurements,

however, provide independent equations.

ID| 8i(nm) | 8:(nm) | ro(um) | These CC) | At(ns) | Pw (mw)
1 90 0 1.98 110 e} 0.403
2 90 0 1.0 S0 ® 0.373
3 90 0 0.44 25 w0 0221
4 45 180 0.44 120 w 0.220
S 90 225 0.44 25 w0 0.231
6 90 45 0.44 25 0 0.208
7 90 90 0.44 25 0 0.165
8 90 180 0.44 90 o 0.266
9 90 0 1.0 25 40 7.19
10 90 0 1.0 25 100 3.98
11 90 0 1.0 25 300 2.09
12 90 22.5 1.0 25 40 7.6
13 90 90 1.0 25 50 5.06
14 45 180 1.0 25 100 9.15

Table 5-2. Experimental conditions and the measured values of the threshold laser powers
for fourteen different experiments.

Table 5-2 shows the measured threshold powers under several different conditions. The
first two columns denote the thicknesses of the active layer (8;) and of the overcoat (d).

The third column shows the radius of the focused Gaussian beam at the focal plane. The
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fourth column lists the base temperature used during the measurement. The fifth column
gives the width of the laser pulse. The last column is the corresponding threshold laser
power. We will use this data to estimate the thermal conductivities and the specific heats
for the various layers of the sample. Note that some of the measurements were done at an
elevated base temperature. This is because at the room temperature (Tewe = 25 °C), the
maximum available laser power was not sufficient to induce phase transition for the

specific combination of §,, §,, r, and At.

5.4.1. Measuring the thermal conductivities: In this subsection, we describe how to
simplify the problem in order to solve for only half of the parameters at a time. If we
choose At = w (i.e., use CW laser power), the temperature distribution reaches a steady
state, T(r, z). In this case the specific heats disappear from the problem, since the left hand
side of Eq.1 becomes zero. One should remember that the values of c¢’s determine the
length of time that it takes to arrive at the steady state, but play no role in the steady
state’s temperature profile.

5.4.1.1. Measuring substrate’s thermal conductivity. For this measurement, we use the
CW laser on samples that have an active layer but no overcoating. The first three sets of
data in Table 5-2 show the relevant experimental results. The only unknowns in this case
are k, and k;. Figure 5-4 shows the relationships between these two parameters obtained

from numerical calculations. It is seen that the three curves cross at (ki, k,) = ( 0.0075,
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0.00255). These are the desired values of thermal conductivities for the active layer and

for the substrate.
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Figure 5-4. Dependence of k, on k; obtained by measuring the threshold power using
focused beams of different radii. The sample with layer thicknesses of (8;, 62) = (90 nm, 0)

is used in these experiments. The crossing point yields for the thermal conductivities (ki,
ko) the values of (0.0075, 0.00255).

The curves in Fig.5-4 show that, when the beam radius r, is large, the value of k, has a
weak dependence on k;. To explain this behavior, let us point out that only the recording
layer can absorb the energy of the beam. Thus, a certain region within the recording layer
whose lateral dimensions are related to r, may be regarded as a heat source. When the

system reaches a steady state, all the energy injected by the laser beam must be lost by
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diffusion. Part of the heat transfer takes place in the lateral direction, while the remaining
heat leaves through the substrate (z-direction). As r, becomes larger, the lateral heat
transfer becomes less and less significant. Therefore, the important parameter will become
the thermal conductivity of the substrate, and the diffusion process becomes insensitive to
the variation of k;.
5.4.1.2. Measuring the values of k; and k,. In the previous subsection, we explained
how the values of k; and k, may be determined. An additional measurement on a sample
that has an overcoating layer will enable us to estimate the value of k.. In order to build a
safety factor into our analysis, we consider that both k; and k, are unknown in the present
situation. One must also keep in mind that the properties of the recording layer might
actually change somewhat as a result of covering it with an overcoating layer. Rows 4
through 8 in Table 5-2 show the experimental results obtained by measuring samples with
different layer thicknesses. Based on these data, and using the fixed value of k, = 0.00255,
we computed the relationship between k, and k, as shown in Fig.5-S. In this figure, the
pair of numbers assigned to each curve denotes the layer thicknesses (8,, 32) of the sample.
It is seen that all the curves pass through the point (ki, k) = (0.008, 0.012). This provides
a good estimate for the thermal conductivities of the active layer and of the overcoating
layer, respectively.

Note in Fig.5-5 that the curves become steeper as the thickness ratio between the
overcoating layer and the recording layer becomes smaller. To explain this behavior, let us

consider the case where the values of ki, k; are of the same order of magnitude. Imagine a
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large cylindrical surface, centered at r = 0, and having a radius R much larger than r,, so

that from the surface of this cylinder, the heat source appears to be a point source.
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Figure 5-5. Dependence of k; on k; based on measuring five samples with different ratios

of overcoating layer thickness to recording layer thickness. A good estimate of (ki, k2)
obtained from the crossing point of these curves is (0.008, 0.012).

The energy entering this cylinder from the laser beam should be equal to the energy
flowing out of its boundaries. Since the thermal conductivities of the two layers are
assumed to be of the same order of magnitude, the r-dependence of the temperature
profile in the two layers must be approximately the same, thus causing the heat transfer

rate from the individual layer boundaries to be proportional to the layer thickness
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multiplied by the corresponding thermal conductivity. Therefore, the layer thickness
becomes the weighting factor when we adjust the values of k’s to satisfy the constraints
imposed by energy conservation. Based on this argument, we conclude that different
thickness ratios of recording layer to overcoating layer are required if independent sets of
data are to be obtained to solve ki, ko. We have actually tried to obtain data from a given
sample by measuring the threshold laser power using different values of r,. The numerical
calculations showed, however, that one sample can provide only one relationship between

the two unknown k’s, irrespective of the value of r, being used.

5.4.2 Measurement of the specific heat: Once the k values have been determined, one
can employ a method similar to that used in the previous section to estimate the values of
c’s. For the measurement of the specific heats, however, we will rely mostly on short pulse
measurements.

5.4.2.1 Measuring the specific heat of the substrate. For this measurement, we used a
sample without the overcoating layer. Rows 9, 10 and 11 in Table 5-2 show the
experimental data obtained by using different laser pulse widths. The corresponding
numerical results are shown in Fig.5-6. The crossing point of the three curves provides an
estimate of the specific heat values at (¢, ¢,) = (2.15, 1.8). Note that the steepest curve
corresponds to At = 40 ns, and that when the laser pulse becomes longer, the specific heat
of the substrate, c,, becomes less sensitive to the variations of ¢;. To explain this behavior,

consider the case where the laser pulse width At is very short, so that during the heating









94

the r-direction, which is about 1 us here), diffusion in the r-direction can be ignored. This
makes the temperature profile in the recording and overcoating layers to be the same as
the incident beam’s Gaussian profile. Therefore, the energy consumed within an individual
layer will be proportional to the specific heat of that layer multiplied by its thickness. The
thickness thus acts as a weighting factor when we adjust ¢, and c2to match the numerical

results to the measurement data.

5.5. Conducting remarks: The procedure described in this paper for measuring the
thermal coefficients of monolayer and bilayer samples can be extended to structures with
more than two layers. In most cases, the parameters of the substrate may be measured by
bulk measurement techniques. The only unknown thermal parameters then will be those of
the various layers of the thin film stack. Based on the methods described in this paper, we
believe that a few samples with different ratios of film thicknesses should suffice for the
estimation of the thermal constants. Each sample will provide an independent equation
among the unknown parameters.

Two problems concerning the estimated values of the specific heats should be
mentioned here. First, throughout this chapter, we have assumed that the critical
temperature does not vary with the heating rate. In reality, however, when At is reduced
from infinity, Tei might increase slightly[Ref. 5-5]. This would cause a few percentage
points of error in our estimated values of c’s. For some other materials with low

crystallization rate, T.x may strongly depend on the heating rate [Ref. 5-6]. In such cases,
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to obtain the values of c’s with reasonable accuracy, one must have the functional
dependence of T.in on the laser pulse width in advance. Second, when we use short pulses
to measure the threshold power, the change in reflectivity due to the change of phase of
the material is not so sudden as it is in DC measurements. The resulting uncertainty in the
value of the threshold power may thus introduce a small error in the estimated values of
the specific heats. The total error caused by these factors, however, should not be greater
than + 5% of our estimated values of k’s and c’s. Table 5-3 summarizes the results of this

work for the various samples that have been measured.

Overcoat | Recording Substrate
layer

Material Si0 SbInSn PET
Thickness 52 & 75
(um)
Refractive index, N 1.9 4.16 1.6
Absorption Coefficient, K 0 3.32 0
Specific heat, c 1.7 2.25 1.8
(J/em®rC)
Thermal Conductivity, k 0.012 0.008 0.00255
(J/em/sec/°C)
Critical Temperature, Tey, N/A 200 N/A
(°C)

Table 5-3. Summary of the measurements of the optical and thermal constants on

Kodak’s phase-change media.
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5.6. Summary: We have developed a procedure to obtain the critical temperature for
amorphous-to-crystalline phase transition as well as the thermal conductivity and the
specific heat of the phase-change media of optical récording. The procedure involves
estimating the thermal conductivity from the data obtained by measuring the threshold CW
laser power required for inducing phase transition. Then, from the data obtained in short
pulse measurements, we estimate the values of specific heat. In principle, this method can
yield the thermal parameters of any number of layers, so long as one of the layers is made

of a phase change material having a well-defined transition temperature.
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CHAPTER 6

A NOVEL METHOD FOR MEASURING THE VERTICAL BIREFRINGENCE

OF OPTICAL DISK SUBSTRATES

6.1. Introduction: Recently, optical disk substrates have been produced reliably and
inexpensively by the injection molding of polycarbonate(PC) plastics. One disadvantage of
PC substrates is their birefringence: the injection-compression molding process produces
disks in which the refractive indices n,, n,, and n, along the radial, tangential, and vertical
directions are slightly different from one another. At the operating wavelength of A = 780

nm, for instance, typical values of these indices are:

n,=1.581

Ang=n,-n, = 2x10°

An,=n,-n, = 5x107

Any, known as the lateral (or in-plane) birefringence, causes a phase shift between the
components of polarization parallel and perpendicular to the tracks; this is particularly
troublesome for magneto-optical disk readout, where a substrate-induced phase shift
interferes with the readout signal derived from the magneto-optical Kerr effect. The

vertical birefringence, An,, causes problems because the read/write laser beam is generally
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focused on the storage medium through the substrate at fairly large numerical apertures
(NA = 0.5). Depending on their state of polarization, the various oblique rays going
through the substrate will be delayed differently by thé vertical birefringence. This could
induce a certain amount of astigmatism in the beam, which would in tumn disturb the
magneto-optical read signal, or enhance the feedthrough problem(i.e., the cross-talk
between focusing and tracking servo channels), or produce a number of other undesirable
effects [Ref. 6-1 to 6-4].

Several authors have reported on the measurements of birefringence (both lateral
and vertical) using various ellipsometric techniques [Ref. 6-5 to 6-8]. These measurements
tend to be elaborate, time-consuming, and confined to probing one small area at a time.
Most often, these measurements are also intrusive in that they either slice and destroy the
substrate, or render it unsuitable for further processing by the application of index-
matching fluid during the measurement. In contrast to the existing methods, the technique
of measuring vertical birefringence described here is fast, non-intrusive, and applicable to
the entire area of the disk. These features can be useful for quality control in the substrate

manufacturing process.

6.2. System Description and the measurement results: Our birefringence measuring
system is schematically depicted in Figure 6-1(a). The 1 mW red He-Ne laser is linearly
polarized and can be rotated in its mount, thus producing a beam with an arbitrary angle

between its polarization direction and the plane of the table(the reference plane). The
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beam enters the substrate from the edge and propagates within the disk along the radial
direction. Scattering of the beam by the substrate inhomogeneities will render the beam
visible to the CCD camera. The disk is oriented at 45° to the table; thus, if the incident
polarization happens to be either parallel or perpendicular to the plane of the disk, it will
propagate without a change in its state of polarization. However, when the incident
polarization makes a 45° angle with the plane of the disk(i.e., polarization either parallel or
perpendicular to the table), then the beam will undergo periodic conversions along its path
from linear, to elliptical, to circular, to elliptical, and back to linear polarization. These
various states of beam are depicted in Fig.6-1(b).

The scattered rays that reach the CCD camera are mainly parallel to the table. Where
the polarization inside the disk is linear and horizontal, scattered photons traveling parallel
to the table are at a minimum; at such points the light reaching the camera is fairly weak.
Where the polarization inside the disk is perpendicular to the table, the horizontally
scattered photons are abundant, and the CCD will pick up a strong signal. We thus expect
to see a periodic pattern of intensity along the path of the beam.

Figure 6-2 shows plots of scattered light intensity along the optical path as picked
up by the camera. In (a) the incident polarization is parailel to the table, giving rise to
strong periodic variations of the scattered light. In (b) the incident polarization is at 45° to
the table (i.e., parallel to the plane of the disk); the periodic variations are absent in the

case. In (c), where the polarization is perpendicular to the table, the periodic intensity
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pattern returns. The period of these oscillations L is related to the vertical birefringence

An, of the substrate through the following formula:

_ A
=i

At A = 633 nm and with a measured period of L = 1.05 mm, the above formula yields An,
= 6x10™, which is consistent with other measurements of the same substrate.®

The period of oscillations can be derived fairly accurately from a Fourier spectrum
of the intensity patterns of Fig. 6-2. Fig. 6-3(a) shows the spectrum of the signal displayed
in Fig. 6-2(a); the noise now appears as a constant background, but the signal manifests
itself as the sharp peak at the (spatial) frequency of 0.95 mm™. The width of this peak is a
measure of the variations of birefringence over the radial range covered by the
measurement (provided, of course, that the measurement range is wide enough to render
the truncation errors negligible). Fig. 6-3(b) shows a magnified view of the peak, revealing
its full width at half maximum (FWHM) to be around 0.23 mm. If the radial range over
which the data was collected had been sufficiently wide, this width would have

corresponded to a fluctuation of + 0.7 x 10™ in the measured value of An,.

6.3. Summary: We describe a simple method of measuring vertical birefringence over the
entire surface of an optical disk substrate. Qur design consists of a linearly polarized He-

Ne laser (1-2 mW) and a CCD camera interfaced to a computer. The measurement is non-
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intrusive, easy to set up, and needs only a few seconds to collect the data and plot a map
of vertical birefringence over the surface area of the disk. The system described here is

potentially useful as a quality-control tool in substrate manufacturing environments.



102

Optical disk

CCD camera
7

<— Long focal-lenghth lens

Table

< Linearly polized laser
in rotatable mount

Figure 6-1(a): Schematic diagram of the birefringence measurement system.
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CHAPTER 7

IMAGE CONTRAST IN POLARIZATION MICROSCOPY OF MAGNETO-
OPTICAL DISK DATA STORAGE MEDIA THROUGH BIREFRINGENT

PLASTIC SUBSTRATES

7.1. Introduction: For several centuries optical microscopy has provided the means to
observe small structures with a resolution around the diffraction limit of light. Even with
the advent of new techniques such as atomic force microscopy (AFM) and scanning
tunneling microscopy (STM), which provide much better resolution, optical microscopy
due to its simple operation and non-destructive mode of observation has remained an
important tool for general-purpose applications

In optical data storage technology, which encompasses several types of media, such as
magneto-optical (MO), phase-change (PD), compact disk (CD), and digital versatile disk
(DVD), the size of the recorded mark is typically around 0.5 um ~1 pum. It is therefore
possible to observe these marks using a high NA objective lens, which provides the first
step in the characterization of the recorded disks. Currently, all commercially available
optical disks have a protective substrate (1.2 mm or 0.6 mm thick ) of either
polycarbonate plastic or glass. In order to obtain an image of the recorded marks, one
must shine the light through the substrate and detect the modulation of the beam reflected

from the storage layer of the disk. In the case of non-polarizing microscopy, the presence
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of the substrate in the incident and reflected paths does not cause any serious problems,
and one could expect good images both with and without the substrate. In the observation
of MO disks, however, one must use a pair of crossed polarizers in order to distinguish the
magnetization states and thus to provide a contrast between up and down domains. For
this kind of microscopy, the image information is in the polarization state of the reflected
light; ideally, this will depend only on the magnetization states of the various regions from
which light is being reflected. In reality, unfortunately, the polarization of the beam is
modulated by the Fresnel reflection and transmission coefficients at the various surfaces
and interfaces of the disk, and by the birefringence of the substrate (in the case of
polycarbonate plastic substrate). One might wonder why the MO readout system used in
optical disk pickups works so well considering the fact that the plastic substrates cause
significant damage to the polarization state of the beam. The answer is that the differential
detection scheme used in MO disk readout effectively cancels out any offset of the
polarization rotation angle caused by non-magnetic effects. In contrast, polarization
microscopy, being limited to single-ended detection, is highly prone to the effects of
Fresnel coefficients and those of birefringence.

Kubota et al [Ref. 7-1] studied how the optical point-spread function is affected when
the state of polarization of the beam is altered at the refracting or reflecting surfaces of the
objective lens, due either to the difference of reflection loss at the refracting surfaces or
the difference of phase change at the reflecting surfaces. These authors, however, did not

elaborate on how such effects could influence the image contrast in polarization
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microscopy. Our other concern with the work of Kubota et al is that current microscope
objectives are composed of many surfaces, and the rays arriving at each surface make a
fairly small angle with the surface normal. It turns out that the summation of all the
polarization aberrations at the various lens surfaces is much smaller than that caused by
the disk substrate, at which the marginal rays have a large incident angle when the NA of
the objective lens is large. Furthermore, most objectives are antireflection coated, which
tends to reduce the difference of transmission coefficients between p~ and s-polarized
light. For the above reasons we concentrate in the chapter on the effects of disk substrate
to the exclusion of some of the less significant factors.

In the sections that follow we investigate various sources of degradation of the image
contrast, both theoretically and experimentally, and propose methods of compensating for
the undesirable factors. In the theoretical treatment, both analytical calculations and

computer simulations based on the computer program DIFFRACT will be presented.



110

Computer

CCD
camera

C:D Lens 2

: )A sactive  Magneto-optical
Pinhole Objective .
Lens 1 Analyzer . lens Medium

L J

—p
|t
l«—| supporting
le—]{ substrate

—

-
U

Fiber Polarizer :
bundle Glass or plastic plate
Front focal plane of

objective and image
plane of the pinhole

_NIRO
I |

—»

Beam-splitter

Figure 7-1: Schematic diagram showing the experimental set-up. A variable-diameter
pinhole is imaged to the front focal plane of an objective lens to yield uniform
illumination over the sample. With the help of crossed polarizers, the magnetic domains
on the sample are rendered visible on the TV monitor. Between the objective lens and
the sample, one can insert a glass/plastic plate to investigate the effects of the substrate.
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7.2. Experimental results and discussion

7.2.1. The Experimental set-up: Figure 7-1 shows the set-up used in our experiments. A
tungsten filament lamp coupled to a fiber bundle is used as the illumination source,
followed by a pinhole whose adjustable diameter ranges from 0.5 mm to 25 mm. To
achieve a uniform illumination over the sample, the pinhole is imaged by lens 1 to near the
front focal plane of the microscope objective [Ref. 7-2]. In the return path, the objective
and lens 2 image the surface of the sample under investigation to the CCD camera. The
sample used in these studies is a magnetic garnet thin film coated on a glass substrate. To
simulate the effect of the disk substrate, a glass or plastic plate is inserted between the
objective lens and the garnet sample. Note that this kind of structure is not identical to an
actual MO disk, because in the latter case, no air gap is present between the substrate and
the MO multilayer. However, the effects that we want to investigate are similar whether
the substrate is in contact with the MO layer or detached from it. Throughout the
experiments, the transmission axis of the polarizer is set along the X-direction and we
optimize the image contrast by rotating the axis of the analyzer.

7.2.2. Observation of a bare magnetic sample: In this subsection, we investigate the
relationship between the image contrast and the NA of the objective lens for a bare
sample: There were no glass/plastic plates between the objective and the sample during
these observations. Figures 7-2(a), (b), (c), (d) show the images obtained with objectives
having NA = 0.4, 0.6, 0.8 and 0.95, respectively. Clearly the contrast is reduced as NA

increases.
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One simple way to explain the observed behavior is to decompose each incident
ray into its p- and s-components. The resulting polarization direction upon reflection from
the sample would be different from its original direction because at large angles p- and s-
components of polarization are reflected differently. This kind of polarization rotation is
independent of the magnetization state of the sample and will dilute the Kerr rotation
angle. As the NA of the objective becomes larger, more rays impinge upon the sample at
large incident angles, causing more undesirable polarization rotations. Consequently, the
contrast is substantially reduced at higher NA. The theoretical treatment of this problem
will be given in section 7.3.

7.2.3. Effect of glass/plastic plate on image quality: Figure 7-3 shows the images of the
magnetic pattern on the garnet sample obtained with either a glass or a plastic plate
inserted before the sample (The objective lens used in (c) and (d) was corrected for the
cover plate.). Figures 7-3(a) and 7-3(b) are obtained with a NA = 0.4 objective lens; in
the case of Fig.7-3(a), the inserted plate is glass while that in Fig.7-3(b) is plastic. It is
seen that, with the glass plate, the image remains of good quality, whereas, with the plastic
plate, the contrast is poor. Figures 7-3(c) and 7-3(d) show images obtained with a NA =
0.8 objective lens with glass and plastic plates, respectively. Comparing Fig.7-3(c) with
Fig.7-2(c), we conclude that, at high NA, even the glass plate causes problems. Figure 7-

3(d) shows no contrast at all in the presence of a plastic plate.
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Contrast reduction in the case of the plastic substrate is due mostly to the birefringence

of polycarbonate. For a ray passing through this plate at oblique incidence, the s-
component sees only the in-plane index of refraction, while the p-component will feel the
vertical refractive index as well. Therefore, after passage through the plastic, there will be
a phase shift between the p- and s-component of polarization., which will cause a fairly
large rotation angle and ellipticity, thereby degrading the contrast ratio. We will discuss
this problem in detail in section 7.3.
7.2.4. Polarization rotation in the exit pupil of the objective lens: To observe the
undesired rotation of polarization in the case of a real disk, the set-up shown in Fig.7-1
was modified in the following ways. (1) We reduced the size of the pinhole, and adjusted
lens 1 until the beam was nearly collimated at the entrance pupil of the objective. (2) We
adjusted lens 2 to image the exit pupil of the objective lens to the CCD camera. (3) We
removed the inserted plate and replaced the magnetic sample with a MO disk, with the
substrate of the disk facing the objective lens. Needless to say, the objective lens used in
this experiment was corrected for the disk substrate.

Figure 7-4 shows photographs of the intensity distribution at the exit pupil of the
objective. Images in the left-hand side are obtained by setting the analyzer axis along the
X-direction which was parallel to the direction of incident polarization (for simplicity of
notation, these images will be called IX.). The images on the right-hand side are obtained

by setting the analyzer in the cross position relative to the polarizer; these will be referred
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to as IY’s. Figures 7-4(a) and 7-4(b) show IX and IY for a glass-substrate MO disk,
while Figs. 7-4(c) and 7-4(d) are obtained for a plastic-substrate MO disk. Direct evidence
of undesired polarization rotation is seen here in the appearance of four bright corners in
IY for both kinds of substrate. In the case of plastic substrate a significant amount of light
is converted from X polarization to Y polarization; that is why the four corners of IX in
Fig.7-4(c) are dark and those of IY in Fig.7-4(d) are much brighter than the corresponding
image for glass substrate in Fig.7-4(b). For the glass substrate, the uniformity of IX in
Fig.7-4(a) indicates that the rotation of polarization at the four comers is not very large.
Note in Fig.7-4(b) that the second and fourth quadrants are slightly brighter than the first
and third quadrants. This is because the polarization rotation angle in two of the quadrants
is the sum of the Kerr and Fresnel effects, while in the other two quadrants the rotation
angle is the difference between them.
7.2.5. Observation of phase object: Figure 7-5 shows several images of a phase object,
obtained with and without a glass or plastic plate in front of the sample. The object
consists of a periodic array of pits etched on a glass surface. The pits are 20-nm deep, 2x2
um squares. Figures 7-5(a) and 7-5(b) are obtained with NA = 0.8 and NA = 0.95
objectives with no plates in front of the sample, while Figs.7-5(c) and 7-5(d) are obtained
with NA = 0.8 objective with glass and plastic plates inserted, respectively. The objective
used in Figs.7-5(c) and 7-5(d) was corrected for the cover plate. Based on these images,
we conclude that the inserted plate does not reduce the image quality of phase objects

significantly.
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Although not reported here, we conducted similar experiments with amplitude
objects and obtained good images in all cases. These experiments with phase/amplitude
objects confirm our contention that the contrast reduction in the case of magnetic images
is not related to any aspect of the imaging system other than its treatment of the

polarization.

7.3. Theoretical analysis

7.3.1. Derivation of image contrast as function of Fresnel coefficients and substrate
birefringence: In this section, we study the image contrast problem analytically. As
mentioned earlier, the contrast degradation is due to the fact that the p- and s-components
of polarization are reflected/transmitted differently from the various surfaces and
interfaces in the system. All the relevant effects will be considered in the following
derivation.

In the polarized microscope system of Fig.7-1, the sample is illuminated by an incoherent
light source. For the sake of simplifying the analysis, but without losing generality, we
consider the light source to be quasi-monochromatic, and look at the sample one point at a
time. Then at a fixed instant of time, we decompose the E-field distribution at the entrance
pupil of the objective into its plane wave spectrum, each plane wave propagating in a
different direction and, therefore, focused to a different point at the focal plane of the
objective lens. Referring to Fig.7-1, the light intensity at any given point on the surface of

CCD is proportional to the intensity at the conjugate point in the focal plane of the
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objective, which comes from one specific plane wave only. In the following analysis,
therefore, we calculate the energy for the on-axis point in the CCD plane for both
magnetization directions of the sample, and then obtain the image contrast as a function of
the relevant parameters.

Figure 7-6 is a diagram of the entrance pupil of the objective lens, showing the
coordinate system used in our analysis. Assuming that the incident beam is linearly
polarized in the X-direction, one can break the E-field of each ray into E, and E,
components, where E, is parallel to the plane of incidence on the sample, and E; is
perpendicular to that plane. Upon transmission and/or reflection at the various optical
surfaces, the directions of these two polarization components will be preserved but their
relative phase and/or amplitude will change. The E-field for a point in the entrance pupil

with the azimuth angle o may be written as follows:

- _ . R . (£, cosa
Eo(a)=Epp+Ep¢=EpP+E:s= :EO -Sina (l)

E
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Figure 7-6: Schematic diagram showing the coordinate system at the entrance pupil of
the objective lens. In our theoretical analysis, each ray at the entrance pupil is
decomposed into its p- and s-components of polarization. The E-field emerging from
the exit pupil is obtained by recombining these components after they are
independently reflected from the sample and passed through the optical system.
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When the ray passes through the substrate, birefringence introduces a phase difference
between p and s, and the Fresnel transmission coefficients introduce a change of the

relative amplitudes. Then

E") B (t’ exp(ié',)E,] Q)
E') \4E,

E(a.p)= (
Here ¢, and ¢, are the amplitude transmission coefficients for the p- and s-components of
polarization, and 3, is the phase difference between p and s for single passage through the
substrate. Note that all three quantities #,, £, & are functions of the radius p at the
entrance pupil. In our analysis, only vertical birefringence of the substrate will be
considered because, typically, the in-plane birefringence is much smaller than the vertical
(about 5% or less for the most recently developed plastic substrates). In such a case, the s-
and p-components will “see” different refractive indices and, therefore, undergo a relative
phase shift in passing through the substrate
Upon reflection from the MO film, the p-component of the incident ray generates some
s-component and vice versa. In addition, Fresnel reflection from the MO layer introduces
additional phase shift and amplitude difference between the p- and s-components. The

resulting E-field would then be:
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Where g =(p, +9,)/2, @=(a, +a,)/2, 6=(26,+5,)/2, Aa=(a, -a,). Equation (8)
gives the contrast as a function of the difference between the p- and s-components of the
returning light. Let us first consider the simplest case, where no differences between the p-

and s-component exist (i.e. & = & = 4a = 0) and @, a,,, @, ¢, are all uniform over the

exit pupil. In this case the second term in Eq.(8) is equal to unity and, Cmx =

cos (p-¢,), which is limited only by the difference between @ and ¢, (This effect

degrades not only the image quality during microscopy but also the MO readout signal in a
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differential detection channel). This problem can be readily corrected by inserting a
retardation plate before the analyzer in the return path of the beam

In general, the second factor in Eq.(8) is less than unity. Consider the two bracketed
terms of the second factor. The value of the first term is determined by Aa/a and sin* &,
both of which are usually much less than unity. Therefore, this term is very close to unity
in most cases. In contrast, the magnitude of the second term, which is determined by
(Aa/ay,) and (sin®S )(a,as /@’sp), could be fairly large. The image contrast, therefore,
mainly depends on this second term. Roughly speaking, Az and & are proportional to the
undesired “noise” and, a,, is proportional to the desired “signal”. Thus whenever the noise
is comparable with the signal, the image quality will deteriorate. Furthermore, according
to Eq.(8), contrast reduction caused by the differences of amplitude and phase between p-
and s-light are always added together, which, unfortunately, means that one factor cannot
be balanced by the other.

To gain more insight into Eq.(8), let us consider the following case: a, — a, << @,
as, = constant over the range of all angles of incidence. A good approximation to Eq.(8)

will then be
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where ©°, =%<(%)2> 0% =%(sinz 5) .0, = a,
Here @4 and O are the effective rotation angles caused by amplitude and phase variations
between p- and s-light, respectively. @ is the Kerr rotation angle, which is typically of the
order of 1°.

With a high-NA objective lens, @4 has a value of a few degrees, and O is of the order
of 10° when a 1.2 mm polycarbonate substrate is used. Since both @4 and ©f are much

larger than the Kerr rotation angle, they will degrade the image contrast severely.

7.3.2. Effects of Fresnel coefTicients and substrate birefringence on readout signal in
MO data storage: In the preceding section we concluded that substrate birefringence and
Fresnel coefficients deteriorate the contrast ratio to a very large extent in polarized-light
microscopy. We now concentrate on how these same phenomena affect the quality of the
signal in a MO readout system. The main difference between polarization microscopy and
MO readout in a disk drive is the use of differential detection in the latter case. Instead of
placing an analyzer in front of the CCD camera, the MO drive uses a PBS to divide the

reflected beam between two photodetectors [Ref. 7-3, 7-4]. Assuming that the axis of the
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PBS makes an angle 6 with the X-direction, the energy collected by one detector (S,) will
be proportional to I(6) as given by Eq. (6); the energy impinging on the other detector

(S2) will then be proportional to I(6 + 90°). The differential output signal is thus given by:

S\(a,,)-S,(a,) = cos(26{%<a”2 +a‘,2> +%<a”an cos(25, +6, )>]+ 2sin’ 6( a, z)

+sin26< a, [a” cos(@,, - @, +J,) +a, cos(g, — @, I, )] )
(10)

The important quantity in MO readout is the difference between differential signals

obtained from different magnetization states, that is,

85 =(S,(a,)~8,(a,)| ~[S,(-a,)-S,(-a,)] an

. _ _ = 1 N . =
= 4 sin26 <asp a cos(p —¢,,)cosd —Ea,p(Aa) sin(@ —qo,p)sm5>

When 0 = 45°, the signal is maximized at:

AS . =4a, 67< cos (@ - @,,)cos (5,, +y25,) ) (12)
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It is seen that the differential signal drops mainly with the cosine of the total phase shift.
Numerical results shown in the next section indicate that the loss of signal in this case is

not substantial, even when plastic substrates are used.
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Figure 7-7: The quadrilayer structure used in computer simulations. This structure has a
glass substrate, coated with an aluminum layer. A quarter-wave-thick layer of dielectric
separates the aluminum layer from the MO film. The magnetic medium is coated with
another quarter-wave-thick layer of dielectric and the medium of incidence is air (#inc =
1). The incident beam is a plane monochromatic wave with a wavelength of 780 nm.
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7.3.3. Numerical examples: In this section we show results of numerical calculations
based on Eq.(8) for the contrast ratio C obtained with various NA’s under several
different conditions.
7.3.3.1. Bare magnetic sample: Consider the quadrilayer MO device shown in Fig.7-7.
This structure has a glass substrate of refractive index nu.»=1.5, coated with a 470 nm-
thick layer of aluminum with complex index (n, k) = (2.75, 8.31). A quarter-wave-thick
layer of SiO, (thickness = 134.6 nm) with (n, k) = (1.449,0) separates the aluminum layer
from a 23.5-nm thick MO film (a typical amorphous TbFe alloy) whose dielectric tensor
elements are € = €yy = €z = -1.4 + 28.3, &, = -€,x = 0.57 - 0.12i. The magnetic medium
is coated with another quarter-wave-thick layer of SiO, and the medium of incidence is air
(nine=1). The incident beam is a monochromatic plane wave with a wavelength of 780 nm.
Figure 7-8 shows results of numerical calculations using a multilayer stack computer
program [Ref. 1-1]. Figures 7-8(a) and (b) show the various amplitude reflectivities and
phases versus the incident angle. It is seen that ry, rs and ry (= 1) are fairly uniform
within a large range of angles. The ratio ry/ry, being approximately equal to 0.0174
(corresponding to 1 degree of polarization rotation), is the Kerr rotation angle. Figure 7-
8(c) shows amplitude and phase differences between the p- and s-components of the
reflectivity matrix. Note that the differences increase with the increasing of the incident
angle. The calculated effective rotation angles @, and @ are shown in Fig.8(d). For NA =

0.8, @2 =2.5° and O = 5°. The computed image contrast as a function of NA is shown in
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Fig.7-8(e). It is seen that at small NA the contrast is fairly large and constant, but it drops

to about 0.06 at NA =0.8.
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Figure 7-8: Results of numerical calculations for the magnetic quadrilayer shown in Fig.7-
7. (@) Dependence of amplitude reflectivities on the incident angle. (b) Dependence of the
phase of the various reflection coefficients on the incident angle. (c) Difference between
the amplitudes and phases of the p- and s-reflection coefficients as a function of the
incident angle. (d) Dependence of the effective rotation angles ©, and Or on the NA of
the objective lens. (e) Dependence of image contrast on the NA of the objective lens. The
continuous curve is obtained from the theoretical analysis based on the concept of
geometrical optical rays. The points indicated by solid squares were obtained from
computer simulations using the program DIFFRACT.

7.3.3.2. Effect of Fresnel transmission coefficients at the front facet of the substrate:
According to the Fresnel transmission formula [Ref. 7-5], when a beam passes through a
glass/plastic slab (two refractions involved), the ratio of the transmitted amplitudes of the

p- and s-components of polarization is as follows:
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;’3-=cosz(/z?l -5, (13)

4

In this equation, B, is the angle of incidence and B, is the refracted angle inside the
medium. This formula is applicable to the disk substrate, since in practice the light crossed
the front facet of the substrate twice. Incorporating Eq.(13) into Eq.(9), and setting nes =

1.517, we obtain the plot of effective rotation angle @, versus NA shown in Fig.7-9. It is

seen that at NA = 0.8, ©, =2°
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Figure 7-9: Effective rotation angle @, , caused by the Fresnel transmission coefficients as
a function of the NA of the objective lens.
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.7.3.3.3. Effect of substrate’s vertical birefringence: As mentioned earlier, when an
obliquely incident ray passes through a vertically birefringent material, the s-component of
the ray sees the in-plane refractive index » only, but the p-component is affected by the
vertical birefringence. The effective refractive index for the p-component 1, , is a function

of the incident angle, that is, n, = n + Ansin’f,  for Awn << 1, where 4n is the

magnitude of vertical birefringence, and B, is the angle of the ray inside the substrate.

Thus, the one-pass phase shift through the substrate may be expressed as follows:

_ 2mAnsin’B, ¢t (14)
cos 4, A

s,
In the above equation, 7 is the thickness of the plastic, and A is the vacuum wavelength of
the light. Combining Eq.(14) and Eq.(9), with7=1.2 mm, A =780 nm,n=1.5 and 4n = -
5x10™, the effective rotation angle O as a function of NA is found to be that shown in
Fig.7-10. This figure indicates that ©f could be as large as 10° at NA = 0.4. Such a large
value of @f will reduce the contrast ratio to less than 0.1. It is thus clear that substrate
birefringence is the most significant factor that contributes to the degradation of the

contrast ratio.
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Figure 7-10: Effective rotation angle O, caused by the 1.2 mm-thick substrate’s vertical
birefringence, as a function of the NA of the objective lens.

7.3.3.4. MO readout signal: Figure 7-11 shows the value of cos & as a function of NA.
Based on Eq.(12), this function gives the approximate reduction of the MO readout signal
due to the presence of vertical birefringence in disk substrates. Note that the signal drops
from its ideal value by only 15% for the currently used objective lenses having NA = 0.55.
However, in the future, when NA values of 0.8 or even greater are likely to be used,

differential detection scheme will not be able to prevent the deterioration of the signal

caused by substrate birefringence.
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Figure 7-11: Normalized MO readout signal as function of the NA of the objective lens in
the presence of the 1.2 mm-thick plastic substrate. At NA = 0.8 the signal is down to
about 0.45.

7.4. Computer simulations: So far we have analyzed the contrast ratio by calculating it
from Eq.(8), which is derived based on the geometrical ray concept that ignores the effects
of diffraction. In this section, we use a quasi-vector diffraction theory [Ref. 1-1, 7-6] to
compute the image contrast. An incident plane wave, truncated by the finite aperture of
the objective lens, forms the airy pattern in the focal plane of the lens. Our computer

program DIFFRACT decomposes the focused incident beam into its spectrum of plane

waves, and computes the reflected beam by superposing these plane waves after they are
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independently reflected from the multilayer surface of the disk. It will be seen that the
results from DIFFRACT simulations agree quite closely with those obtained from Eq.(8).

7.4.1. Effect of the substrate: Figure 7-12 showS the optical system used in the
simulations. A collimated beam, linearly polarized along the X-axis, is focused to the MO
quadrilayer. The reflected light is re-collimated by the same lens (the figure shows the
system unfolded) and, subsequently, passes through the analyzer. A final lens focuses the
beam on the detector. For a given orientation angle 8 of the analyzer, we calculate the
energy collected by the detector twice, once for the sample magnetization up, the other
time for the magnetization down (this is achieved by switching the signs of the off-
diagonal tensor elements of the magnetic layer). From these two data points, we compute
the image contrast and , after adjusting 6 , we obtain the maximum contrast ratio. Figure
7- 13 shows the calculated contrast as a function of the analyzer angle 6 for a NA = 0.8
objective lens which focuses the beam on the quadrilayer MO device of Fig.7-7. The plot
in Fig.13 indicates that the maximum contrast ratio of C = 0.086 obtains around 6 = 85° .
Note that at ® = 0 and 90°, the contrast ratio is zero, because the optical energy reaching
the detector from both up- and down-domains is the same. The calculated maximum
contrast for several values of NA is shown in Fig.7-8(e) with the ¢ symbols. Good
agreement is obtained between the results of analytical calculations and DIFFRACT

simulations.
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Figure 7-13: Image contrast ratio versus 8, the orientation angle of analyzer, obtained
from DIFFRACT simulations with an NA = 0.8 objective lens. The sample used here is the
same as that in Fig.7-7. The maximum contrast ratio occurs at 6 = 85°, which agrees with
value of 84.8° predicted by Eq.(7).

Figure 7-14 shows the calculated intensity distributions IX, IY in the exit pupil of a NA
= 0.8 objective lens for samples under different conditions. The brightness level in the
diagrams is proportional to the intensity at any given region. Frames (a) and (b) in Fig.7-
14 show IX and IY for the bare sample shown in Fig.7-7. Frames (c) and (d) are obtained
in the presence of a 1.2 mm-thick glass substrate for the same sample, while frames ()
and (f) correspond to 1.2 mm-thick plastic substrate with vertical birefringence An = -

5x10™. In frame (a), the slightly brighter areas on the right and left are due to the fact that
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p-light has higher reflectivity than s-light at large incident angles (see Fig.7-8(a) ). In frame
(b), the four bright corners of the Y-component of polarization are caused mainly by the
Fresnel coefficients; the polarization direction in these corners always rotates in the same
manner, irrespective of the direction of magnetization of the sample. Actually, the first and
third quadrants are slightly brighter than the second and fourth quadrants, because the
polarization rotation in the odd quadrants is the sum of Kerr rotation and Fresnel rotation,
whereas that in the even quadrants is the difference between the two effects. In Fig.7-
14(c), the IX distribution is more uniform as compared with Fig.7-14(a). This is because
the presence of the glass substrate reduces the incident angle at the MO layer by the
Snell’s law; therefore, the difference between p- and s-component reflectivities becomes
smaller. In Fig.7-14(d), the dark regions in quadrants 2 and 4 are regions where the
Fresnel rotation angle is canceled out by the Kerr rotation angle. Frames (e) and (f) in
Fig.7-14 show the strong polarization rotation caused by the presence of substrate
birefringence. The brightness of all the quadrants is nearly the same because the Kerr and
Fresnel rotation angles are too small compared with the effective polarization rotation
caused by birefringence. The calculated contrast ratios for the three cases shown in Fig.7-
14 are 0.086, 0.213 and 0.007, respectively. Note the close resemblance between the

images in Fig. 7-14 and those of Fig. 7-4.
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7.4.2. Cancellation of the effect of substrate birefringence: According to our
theoretical analysis and experimental results, the most significant effect that alters the state
of polarization and destroys image contrast at high NA is the substrate birefringence. One
possible way of cancelling out this effect is to insert a uniaxial crystal with opposite
birefringence between the objective lens and the plastic substrate. With proper choice of
thickness (i.e. by keeping the value of tAn the same, but using the opposite sign for the
birefringence of the crystal slab relative to the plastic substrate), the effect of substrate
birefringence may be eliminated.

Figure 7-15 shows the structure of the sample and the parameter values used in our
simulations. Comparing this MO device with that shown in Fig.7-7, a 1.2 mm-thick plastic
substrate and a 4.68 um-thick compensating crystal slab has been placed on the top
dielectric layer. The vertical birefringences values are -5x10™ for the plastic and 0.1525
for the uniaxial crystal. Figure 7-16 shows the computed IX and Y at the exit pupil of an
objective lens having NA = 0.8. Note that the four dark corners of IX have essentially
disappeared. The corresponding contrast ratio in this case was computed to be C = 0.1, up

from the value of 0.007 in the absence of the crystal slab.
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Crystal, t=4.68 pum

Plastic, t=1.2 mm

SiO,, t=134.6 nm,
n=1.449

MO layer, t =23.5 nm

SiOy, t=134.6 nm,
n=1.449

Aluminum, t=470 nm,
n=2.75k=8.31

Figure 7-15: Structure of the sample used in the computer simulation, designed to
show the cancellation of the birefringence effect. The product of ¢ and 4n is 0.6
(um) for the plastic substrate and 0.71 for the compensating crystal.
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7.5. Conducting remarks: In this chapter we have studied several effects that reduce
image contrast in magnetic domain observation by polarization microscopy. For bare
samples observed at high NA, the image quality is debendent upon the detailed structure
of the sample. In some situations, for instance, one can improve the image contrast by
placing a glass plate on top of the sample, using an index matching fluid to smooth out the
contact region. The tradeoff is between a reduction of the incident angle at the magnetic
surface and the introduction of two more refractions at the front facet of the glass plate.

In the case of domain observation through substrates, we have seen that substrate
birefringence causes the most serious problems. According to our theoretical analysis and
computer simulations, one might be able to diminish this effect by inserting a slab of

uniaxial crystal between the sample and the objective lens.

7.6. Summary: Using polarized light microscopy, we have investigated the magnetic
domains of perpendicularly magnetized media under several different conditions, including
direct observation of the thin-film magnetic layer, and observations through the glass or
plastic substrates on which the magnetic film has been deposited. The results show that the
image contrast is reduced with an increasing numerical aperture (NA) of the objective
lens. They also indicate that the polarization rotation caused by differences between
reflectivity/transmissivity of the p- and s-components of polarization deteriorate the
magnetic image contrast. Furthermore, by comparing the image quality using the same

objective lens on samples having different substrates, we found that the images obtained
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through plastic substrates are worse than those obtained through glass substrates.
Birefringence of the plastic substrate is shown to be responsible for the additional

degradation of the image contrast.
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