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ABSTRACT 

The primary objective of this dissertation is to present a clear physical picture and 

useful insights of polarization effects in the diffraction of focused beams by grooved, 

multilayer-coated disks. 

The reading process of optical disk systems significantiy relies on the reaction of the 

incident focused beam to the disk structure, may it be the groove profile or coating 

materials. The residting complex-amplitude from diffraction is the main source for the 

readout signal. For instance, the distinct reflectance between crystalline and amorphous 

states carries the data information for phase-change disks; the Kerr rotation of the 

magneto-optical medium is generated frwm the optical activity of the magnetic layer with 

the incident beam; the cross-talk or cross-erase cancellation in the land-groove recording 

scheme closely depends on the groove depth of the disk. In the presence of the periodic 

pattern and the focused beam, however, different polarization states usually result in 

different complex-amplitudes. A good understanding of polarization effects in grooved 

multilayer disks is thus required for the optimum design of optical data storage systems. 

The pursuit of high-density recording inevitably drives the optical data storage 

industry to reduce the wavelength of light sources, decrease the track pitch of optical 

disks, and increase the numerical aperture of objective lenses. The track pitch and the 

size of the focused spot gradually approach the optical wavelength. Under these 

circimistances, the analysis of the interaction of focused beams with this type of high-

frequency periodic disk using conventional scalar diffraction theory is no longer 
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adequate. Only through vector dif&action study of polarization effects in the interaction 

of the focused beam with the periodic pattern can the characteristics of an optical disk 

system be fully understood and improved. 

Starting from the introduction of various polarization e£fects in optical disk systems 

and basic concepts of both scalar and vector dif&action theory, we then focus on the 

studies of difGraction patterns at the exit pupil of the objective lens and on the disk 

surface. Different behavior on the baseball pattern and in the effective groove depth is 

observed for the two polarization states. The use of the solid immersion lens to 

extensively increase the area density of optical disk systems prompts us to investigate the 

influence of evanescent-wave coupling on the near-field optical disk system. Finally, we 

study the feasibility of using a novel differential polarization microscope to reduce 

polarization effects and to increase the image contrast of magnetic domains on magneto-

optical disks. 
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CHAPTER 1 

INTRODUCTION 

1.1 Polarization effects in an optical disk system 

A typical optical disk system, sho>vn in Figure I-l, implements an objective lens to 

focus the incident beam onto the disk surface. The incident polarization is determined by 

the polarization elements (a quarter-wave plate, a polarization beam-splitter, a polarizer, 

or a leaky polarization beam-splitter). Considering the throughput power and the readout 

signal, the polarization is either linear (in magneto-optical disks) or circular (in phase-

change disks). When the beam of light passing through the objective, however, the 

polarization direction is bent away from the original direction and coupled into another 

component of polarization. For a linear polarized (x-direction) incident beam. Figure 1-2 

shows the intensity distribution at the focal plane of the objective having a numerical 

aperture of 0.65. It is clearly seen thaty-polarized light appears at the four comers and z-

component of light arises along ^-direction. The power of the three components in 

Figure 1-2 are in the ratio of P*: iy : Pr = 1 : 0.00273 : 0.125. The impact of polarization 

state on diffracted beams is further verified in Figure 1-3 where the light reflected back 

from a flat sample is appeared at the exit pupil of the objective lens. Polarization rotation 

due to the coupling of x-component into y-component of light is observed at the four 

comers. 
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In the interaction of the focused beam with a grooved, multilayer disk, the different 

response to s- and p-polarized light upon reflection from the disk results in different 

complex-amplitudes and has strong impact on readout signal for the two fundamental 

components of polarization. In the presence of a birefringent substrate, different 

components of polarization encounter different refractive indexes and shows polarization 

effects of its own. 

Polarization effects not only result in different readout signal (see Chapter 3) and 

different effective groove depth (see Chapter 4), but also degrade the image contrast of 

the magnetic domains viewed by a polarization microscope (see Chapter 7). 

y 

X 

Polarization 
Elements 

Incident Beam Objective Lens 

Optical Disk 

Figure 1-1. Schematic diagram of a typical optical disk system. An incident beam is 
focused onto the disk surface by an objective lens. The reflected beam is also collected 
by the objective. The polarization elements may contain a quarter-wave plate and a 
polarization beam-splitter or a polarizer and a beam-splitter. 
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-5 x/...1 5 

Figure 1-2. Logarithmic plots of the intensity distribution at the plane of the sample 
corresponding to a uniform and linearly polarized (x-direction) beam focused by an 
aberration-free 0.65NA objective lens. Top to bottom: intensity distributions 
corresponding to polarization components along X-, Y-, and Z-axes. 
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-3200 x/A, 3200 -3200 x/A, 3200 

Figure 1-3. Calculated distributions of the reflected beam at the exit pupil of the 
objective when a uniform, x-polarized light is used to illuminate a grooveless, aluminum
coated sample. (a) Intensity plot for x-component of polarization. (b) Intensity plot for y 
component of polarization. (c) Polarization rotation angle encoded in gray-scale. (d) 
Polarization ellipticity encoded in gray-scale. 
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Diffraction from the periodic structure 

Optical disks show periodic structures owing to the presence of continuous grooves or 

discontinuous data pattern. The interaction of a focused spot with the periodic structures 

causes a periodic phase and amplitude modulation of the focused spot. The fact that the 

period of the track of optical disks is comparable to the optical wavelength makes it 

valuable to review the effects of diffraction in optical disk systems (see, e.g., Sheng, 

1978, Hopkins 1979, Pasman 1985, Mansuripur 1989). 

Reflected from the periodic structure, multiple diffraction orders pass through the 

objective lens and form an image at the exit pupil of the lens. The image containing 

interference pattern among multiple reflection orders is often called the baseball pattern. 

Figure 1-4 schematically shows the formation of the baseball pattern. For a plane wave 

with an incident angle Quk with respect to the surface normal of the periodic structiu-e, 

the diffraction angle 0„ for mth order is guided by the grating equation, 

X 
sm9„=smd^+m—, (I-l)  

P 

where X, is the optical wavelength and p is the track pitch. Therefore, after reflection 

from the grooved structure, the various diffraction orders arrive at the exit pupil of the 

objective lens with different amounts of translation. For a focused beam used in the 

optical disk system, the diffraction orders appear as a cone of light at the exit pupil. If the 

objective satisfies Abbe's sine condition (i.e., it is an aplanatic lens), the center of the 

corresponding cone of light is then shifted from the center of the aperture by 

f smd^ = mXf Ip, where/is the focal length of the objective. Referred to Figure 1-4, 
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the fractional shift of the center of the aperture relative to the aperture radius for the mth-

order dif&acted beam will be d„ =sin^„/sin^,^ =mXI{p-NA), where iVi4(=sin^,^) 

is the numerical aperture of the objective lens. 

The amplitude and phase of the diffraction orders depend on the grating profile, 

multi layer stacks and polarization states. In the case of large-period disks {p > 2X), scalar 

diffraction model provides reasonable results of the complex-amplitudes. For high-

frequency grooved disk (j> < 2A), however, vector diffraction theory is more appropriate 

to describe the complex-amplitudes from diffraction. 

Periodic Strnctnre 

-1" order O"* order +1" order 

f 

\ 

/ 

\ 

/ 

> 

\ 

/ 

\ 

/ 

\ 

I 

di-i 

Figure 1-4. Diagram of the diffraction of a focused beam from the periodic structure. 
The multiple reflection orders with complex-amplitude of r„ and separation distance of 
dm interfered with each other and form the baseball pattern at the exit of the objective. 
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The scalar theory of dif&action (Hopkins, 1979; Goodman, 1996) is based on the 

concept of optical phase and amplitude variation introduced by the change of surface 

profile of the scatterer (e.g., a grooved disk.) As the name suggests, a scalar model 

ignores the vector nature of the light wave; it predicts that a parallel-polarization wave is 

diffracted in the same way as a perpendicular-polarization wave. The distributions of 

intensity and phase at the exit pupil are, therefore, the results of a convolution of the 

incident beam with the Fourier transform of the grating profile. In terms of the 

combination of the Fourier components, the complex reflection coefiScient of the grating, 

r(x), may be written as 

= (1-2) 
iff 

where x is the coordinate across the groove, and m, the diffraction order, could be 

positive or negative. For a simple rectangular grating, the complex diffraction amplitude 

(the Fourier coefficients in Eq. (1-2)) are then given by 

Kg =arce\p(i(pa) + (l-a)ri^e\p(i<pj 

(1-3) 

r„ = asmc(m;ra)(ri^exp(i<pj-rcexp(ig)c)) 

where sirtc(x)=sin(x)/x, a is the duty cycle of the grating, and rLexp(i<^[) and rcexp(i<^Q) 

is the complex reflection coefiBcient for land and groove, respectively. The resulted 

complex-amplitudes do not carry any information of the polarization state. 

The vector diffraction calculation solves Maxwell's equations with the associated 

boimdary conditions (Chandezon, Maystre, and Raoult, 1980; Pasman 1985; Moharam, 

Grann, Pommet, and Gaylord, 1995). Fast convergence and less computation time lead us 
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to choose the Chandezon method (Li, 1994) as the main algorithm of the vector dif&action 

simulation used in this dissertatioiL The Chandezon method (the C method) is a 

coordinate-transformation-based differential method, moping the corrugated grating 

profile to a planar surface to reduce the dependence of the mathematical operator on the 

spatial variable and transforming the boimdary-value problem into an eigenvalue problem 

to simplify numerical calculation. The vector model solves the wave equation for the two 

fundamental polarizations; therefore, it is able to fiilly describe the response of the focused 

beam to the grooved structure for different incident polarization states. 

13 Overview of the dissertation 

In Chapter 2, an ^plication implementing a three-beam optical head and a grating 

pattem is developed for monitoring the motor rotation speed. In Chapter 3, the simulation 

results revealing the intensity and phase distribution at the exit pupil of the objective lens 

are presented for various grooved multilayer disks. Conducting experiment is an important 

aspect in comprehension of the material and is also included for comparison with 

simulations. The resulted intensity and phase patterns and the readout signal indicate the 

accurate prediction by using vector dif&action theory. In Chapter 4, we further explore the 

use of vector diffraction model to investigate the effective groove depth for various disks. 

By observing the phase difference between the light reflected from the land and that from 

the groove, the dependence of the effective grooved depth on the groove profile, coating 

materials, and incident polarizations is demonstrated. Considering the importance of 

making a grooved disk in the optical data storage, we introduce the use of Talbot effect in 
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Chapter 5 to replicate the periodic circular pattern with increased spatial frequency. The 

experimental results as well as the limitation of this method are presented. 

The use of the solid immersion lens in optical disk systems is another way to 

extensively increase the area data density. In Chapter 6, we focus on the relation between 

the coupling efGciency and the width of the air gap in terms of the throughput of the 

recording process and the resolution of the readout signal. The simulations show a drastic 

decrease with a widening air-gap of the coupling efficiency via evanescent waves into the 

recording medium. 

In Chapter 7, we introduce a novel technique to enhance the image contrast of magnetic 

domains on magneto-optical disks. The presented differential polarization microscopy, 

which replaces the analyzer with a WoUaston prism, reduces the coupling of the 

polarization rotation from the effect of Fresnel's reflection coefScients into the Ken-

signal. It also provides excellent tolerance for defects of the optical system. 
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CHAPTER 2 

fflGH RESOLUTION OPTICAL SHAFT ENCODER FOR MOTOR 

SPEED CONTROL BASED ON AN OPTICAL DISK PICK-UP 

2.1 Introduction 

To achieve smooth operation as well as providing position indication, motors need a 

feedback signal containing information about the rotation speed. This is usually done 

through a shaft encoder, which monitors the rotation speed or the angular position of the 

motor. The shaft encoder may be optical, magnetic, or mechanical in nature. A 

commonly used motion control device for motors, the optical encoder uses a light-

emitting diode or a laser source to generate a beam of light, a patterned cylinder to reflect 

the beam, and a photodetector to monitor the variation of the reflected light (Stebbins, 

1977; Stokely, 1994; Engelhardt and Seitz, 1996; (Cawakubo and Yamamoto, 1997). The 

lines or scale-marks on the cylinder serve as the counting target; their period is limited by 

the beam spot size. Despite the low resolution of the patterned cylinder, this device is 

usually suitable for measuring the average velocity over a relatively long period, and 

exhibits reasonable performance in applications involving high-speed motors. However, 

this method does not have sufficient accuracy for monitoring the instantaneous velocity 

or angular position of the shaft when the motor turns slowly. For such low-speed 

applications that demand tight speed control and position prediction (e.g., magnetic tape 

drives, optical scaimers, and monochromators) an encoder with very fine resolution is 
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desirable. 

A variety of optical position encoders have been studied to increase the resolution of 

the motor rotation control, using either a diffraction grating with variable pitch (Matsui, 

1990; Akedo, Kato, and Hobayashi, 1993), or a psuedorandom position encoder (Durana, 

Gallay, Robert, Pruvot, 1993), or an interferometric position controller (Nyui and Igaki, 

1994). Although submicrometer resolution has been achieved, the cost and complexity of 

these approaches have limited their range of applications. In this chapter we describe a 

cost-effective, reliable, high-resolution shaft encoder implemented with a three-beam 

optical head from a commercially available CD player and a flexible diffraction grating. 

The proposed scheme enables both absolute and incremental position sensing with 

submicrometer resolution. 

2.2 System connguration 

2.2.1 The three-beam optical pick-up 

A high-resolution optical encoder must be able to accommodate the vibration and 

wobble of the spindle. A three-beam optical pick-up (Marchant, 1990; Pohlmann, 1992) 

is a reliable device used in CD players for following data marks along a given track. As 

shown in Figure 2-1, the module is designed to split the laser beam into three beams, 

focus them on the flexible grating, and detect the reflected signals which will be used as 

servo signals and data signals. The diffraction grating placed in front of the laser diode 

diffracts the laser beam into three beams, forming one center spot and two secondary 

spots. The objective lens that focuses these beams onto the flexible grating also collects 
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Figure 2-1 The module of a three-beam optical pick-up (dashed line) includes a laser 
diode with X=0.78 |xm, a dif&action grating yielding three beams, an objective lens of 
0.45 NA for focusing and collecting these beams, an astigmatic lens and a detector set for 
detecting the focus error signal and the groove-crossing signal. The design of the 
objective lens demands a cover plate of 1.2 mm between the flexible grating and the 
objective lens. For clarity the secondary beam paths are only drawn in the end of the 
objective lens and the detector set. 

them after reflection. A beamsplitter directs the reflected beam toward a detector set 

which includes three detectors with the center one divided into four subdetectors (the 

quad-detector). An astigmatic lens is used to generate the sum signal (SUM) and the 

focus error signal (FES) on the quad-detector (Marchant, 1990; Pohlmann, 1992; Bricot, 

Lehureau, Puech, and Carvennec, 1976; Mansuripur, 1987). These signals from the quad-

detector are used for auto-focusing and, in the case of a CD, data-reading. The secondary 

detectors each generate a SUM signal, A and B, which are used to generate the tracking 

error signal (TES) derived from (A-B). The actuators on which the objective lens is 
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mounted use the FES and TES to maintain focus and follow tracks in an optical disk. The 

pick-up is designed to read a disk through its 1.2 mm thick substrate; therefore, we had to 

insert a cover glass with a thickness of 1.2 mm in front of the flexible grating to 

eliminate spherical aberrations. 

To implement the optical head in the proposed shaft encoder, the FES obtained from 

the quad-detector is used for auto-focusing to ensure that the beam is continuously 

focused onto the flexible grating. The SUM signal derived from the quad-detector is 

assigned to generate an index signal to carry information about the absolute position. 

Signals A and B from each secondary spot obtained through the secondary detectors are 

related to the groove crossings; therefore, they are used for monitoring the shaft rotation 

speed and providing the incremental position-indication. 

2.2.2 The flexible grating 

To generate an index signal for the reference position and the groove-crossing signal 

for the relative position, the flexible grating may be divided into two strips separated by a 

region that contains index marks as shown in Figure 2-2(a). The index signal read by the 

central spot then serves as an absolute position indicator. The output signals A and B 

from each secondary detector yield sinusoidal functions of time corresponding to the 

position of the focused spot on the grating. With proper alignment of the two secondary 

spots as illustrated in Figures 2-2(a) and 2-2(c), signals A and B show a 90° phase shift 

between them (the so-called "push-pull" readout). This phase shift can be used to extract 

direction information about the rotation and to remove the effect of motor runout in the 
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Figure 2-2 The flexible grating, which serves as a line counting target, may contain three 
arrays for incremental and absolute encoders. The center array with index marks is used 
to generate the index signal for reference position. The other two strips with continuous 
grooves are used to provide groove-crossing signal for detectors A and B. The black dots 
indicate the position of the focused spots, (a) The two secondary spots are arranged to 
shift 1/4 (or odd multiples of 1/4) of the grating period with respect to each other to 
introduce a 90° phase shift in the groove-crossing signal, (b) Due to shaft runout, the 
relative position of the secondary spots on the grating introduces the change of the phase 
difference between signals A and B, which is used to indicate the direction and amount of 
the runout, (c) The corresponding groove-crossing signal for (a) shows a phase shift of 
+90° between signals A and B (the positive sign indicates signal A is leading signal B). 
(d) The corresponding groove-crossing signal for (b) shows a phase shift of +180° 
between signals A and B. 
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direction perpendicular to the optical path (the Y direction in Figure 2-1). Owing to shaft 

runout, the relative position of the two focused spots on the gratings is changed, which 

implies a shift of phase between signals A and B as illustrated in Figures 2-2 (b) and (d). 

The direction and the amount of runout is then obtained by detecting the change of the 

phase shift between signals A and B. For the case illustrated in Figure 2-2, the increase 

of the phase shift from +90® to +180® (the positive sign represents signal A is leading 

signal B) indicates the shaft tilt is following the direction of the rotation. The change of 

90° in phase, equivalent to the 0.25 grating-period, can be used to extract the amount of 

tilt by geometric calculation once the separation between focus spots A and B is known. 

In conventional optical encoders, a reticle or mask is added to introduce such a phase 

shift. Electronic processing of these sine waves generates zero-crossing signals, which 

fiirther increase the resolution, and 3deld digital signals suitable for interpolation. The 

auto-focus mechanism of the actuator (defocus tolerance is ±0.6 mm) is used to correct 

for the wobble in the direction parallel to the optical path (the X direction in Figure 2-1). 

2.23 Experimental setup 

The experimental setup of the proposed system shown in Figure 2-3 comprises a 

motor with the flexible grating mounted on its shaft, and a three-beam optical pick-up 

designed for CD-ROM players. The flexible grating is a commercially available plastic 

grating with a period of 1.1 ^m, coated with a thin layer of gold to increase its 

reflectivity. Referred to Figure 2-1, the optical pick-up contains a laser diode operating 

at a wavelength of 0.78 ^un, a diffraction grating for generating the three beams, an 
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objective lens with a numerical aperture of 0.45, and a quad-detector and two secondary 

detectors. 

Index signal and 
Groove-crossing signal 
fed back to the motor 

Optical head 

Motor 

Shaft 

Flexible 
grating 

Figure 2-3 Experimental setup of the proposed optical encoder. A three-beam optical 
head and a 1.1 ^m period flexible grating are implemented to provide the focus error 
signal (FES) and groove-crossing signal (SUM, A, and B). These signals can be fed back 
to the motor for controlling the rotation. 

To gain insight into the performance of the system, we use a general-purpose 

diffraction modeling software DIFFRACT (Mansuripur, 1989) to simulate the SUM 

signals (A or B), which serve as the groove-crossing signals. Figure 2-4 shows the 

simulated SUM signal for the specific optical pick-up and the trapezoidal flexible grating 

used in these experiments. Although the short-period flexible grating is not the optimum 

one for the optical pick-up, the sinusoidal curve corresponding to the position of the 

focused spot on the grating shows the feasibility of using this short-period grating as the 

coimting target. 
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Figure 2-4 Simulated results of the readout signal (SUM, A, or B) for the specific optical 
pick-up and the trapezoidal flexible grating used in the experiment. The sinusoidal curve 
is related to the position of the focused spot on the flexible grating. 

23 Experimental result 

A dc brushless motor used in magnetic tape drives was tested with the proposed 

speed-monitoring scheme. In the magnetic tape application, the motor runs slowly (~5 

rpm) during fine searching for a desired track which demands tight control of the motor 

rotation. With our flexible grating, we achieved a resolution of -23000 cycles per 

revolution (c/r) which is 46 times higher than the resolution offered by the built-in 

optical encoder. Two events with different average rotation speeds were tested for 

comparison: Event 1 with 14 rpm (the corresponding average linear velocity is 5.9 mm/s) 

and Event 2 with 4 rpm (the corresponding average linear velocity is 1.7 mm/s). 
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For Event 1, Figure 2-5 shows groove-crossing signals from detectors A and B where 

the abscissa is the time axis and the ordinate is the signal level. Recorded at two different 

points during one revolution, the period of the sine wave in Figure 2-5(a) is 240 |is (the 

corresponding velocity is 4.6 mm/s) and the phase shift is -i-90® while the period in Figure 

2-5(b) changed to 180 fis (the corresponding velocity is 6.1 nmi/s) and the phase shift is 

+160®. The variation of the period of the sine waves corresponds to the variation of the 

rotation speed; the shift in the relative phase between signals A and B indicates the 

direction and the amoimt of shaft runout. Defects or dust particles gathering on the 

flexible grating may result in the variation of the amplitude of the signals as observed in 

Figure 2-5. This can be eliminated by protecting the grating with a 1.2 mm thick 

substrate, as is done in optical disks. 

Further processing of the groove-crossing signals by means of a time interval analyzer 

(TIA) reveals detailed information about the rotation rate. Figure 2-6 shows the measured 

values of the instantaneous velocity versus time during Event 1, where the variation of 

the rotation speed is monitored while the focused spot crosses 100 grooves. During the 

measurement period, the instantaneous velocity varies from 5.1 to 6.5 mm/s, and the 

average speed is 5.7 nrni/s. Although the variation is smzill, which implies a smooth 

rotation, the proposed system accurately measures the instantaneous velocity of the 

motor. 

Figure 2-7 shows variations of the rotation speed for Event 2 covering a range from 

0.22 to 2.2 mm/s over 200 grooves. The average speed during the measurement period is 

0.8 nmi/s. This measiirement indicates that the instantaneous velocity varied substantially 
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Figure 2-5 Measured groove-crossing signals for Event 1 with average rotation rate of 14 
rpm (the corresponding average linear velocity is 5.9 mm/s). The abscissa is the time axis 
and the ordinate is the signal level. (a) The time period of the sine waves is 240 JlS (the 
corresponding velocity is 4.6 mm/s) and the phase difference between signals A and B is 
90°. (b) Recorded at another point during the same revolution, the time period of the sine 
waves is changed to 180 JlS (the corresponding velocity is 6.1 mm/ s) and the phase 
difference between signals A and B is shifted to ~ 160°. 
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Figure 2-6 Measured instantaneous velocity versus time for Event 1. The results are 
recorded while the focused spot crosses 100 grooves. The instantaneous velocity varies 
from 5.1 to 6.5 mm/s and the average is 5.7 mm/s during the measurement period. 
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Figure 2-7. Measured instantaneous velocity versus time for Event 2 with average 
rotation rate of 4rpm (the corresponding average linear velocity is 1.7 mm/s). The results 
are recorded while the focused spot crosses 200 grooves. The instantaneous velocity 
varies from 0.22 to 2.2 mm/s and the average is 0.8 mm/s during the measiirement period. 
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over one rotation cycle of the motor. With the rotation speed varying greatly within one 

revolution, the measured instantaneous velocity with submicrometer resolution enables 

one to trace the rotation and to control the motor, if necessary. With conventional 

encoders having lower resolution, the oscillations are averaged out, and the instantaneous 

speed and the angular position measurement will not be accurate. 

2.4 Summary 

A high-resolution optical shaft encoder is presented to monitor the rotation behavior 

of the motor based on a three-beam optical pick-up &om a compact disk player and a 

flexible, shaft-mounted diffraction grating. By monitoring the groove-crossing signal and 

the index signal, all information about the instantaneous velocity, the rotation position, 

and the reference position of the motor is detected and can be used as feedback signals 

for motor control. With the small size of the focused spot (~1 |am) on the line-counting 

target, the auto-focusing mechanism of the optical head, and the zero-crossing detection 

method, submicrometer resolutions are achievable. In our experiment where a 1.1 jnn 

period grating was used, the variation of the rotation speed and the shaft runout were 

monitored. With cost-effective, reliable, and high-resolution elements, the proposed 

encoder is applicable to a wide range of motion control and monitoring systems. 



39 

CHAPTERS 

VECTOR DIFFRACTION AND POLARIZATION EFFECTS IN AN 

OPTICAL DISK SYSTEM 

3.1 Introduction 

The track pitch of the current pre-grooved optical disks is on the order of one optical 

wavelength. The understanding of the interaction of focused beams with this type of high-

firequency periodic structure using the conventional scalar dif&action theory, with which 

most optical engineers are familiar, is no longer adequate; a vector theory (Petit, 1980; 

Pasman 1985) must be used. Owing to the disparate response to the grooved multilayer, 

incident beams with different polarizations result in different complex dif&action 

amplitudes which implies different extracted signals. Furthermore, the use of multilayer 

dielectric and metallic coatings and high numerical aperture (NA) beams in modem optical 

disk technology inevitably entails the excitation of surface waves (surface plasmons and 

waveguide modes), which are polarization-dependent (Wood, 1902; Tamir, 1973; Dakss, 

Kuhn, Heidrich and Scott, 1970; Neviere, 1980; Raether, 1988; Gerber, Li and Mansuripur, 

1995). A good insight into the vector dif&action and the influence of the polarization 

effects on the various extracted signals is important in the design and analysis of new 

generations of optical disks. 
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In this chapter, we report an experimental and theoretical study of the dif&action of 

focused beams by a multilayer-coated grating that emulates an optical disk. Distributions 

of intensity and phase at the «cit pupil of the objective lens for both situations with and 

without a solid immersion lens (SIL) (Mansfield and Kino, 1990; Mansfield, Studenmimd, 

Kino and Osato, 1993) have been investigated. The difference between parallel polarization 

(the incident polarization parallel to the tracks) and perpendicular polarization (the incident 

polarization perpendicular to the tracks) is found to be substantial and the excitation of 

surface waves is clearly visible. The simulation results based on vector diffraction 

calculation show close conformity with the experimental observations. This demonstrates 

the feasibility of accurately predicting the disparate behavior of polarization states and 

the existence of the surface-wave excitations by using a rigorous vector calculation. The 

tracking error signal (TES) and the sum signal (SUM) extracted firom the intensity 

distribution at the exit pupil are also investigated using both scalar model and vector 

theory. It was experimentally verified that the rigorous vector theory is more accurate in 

describing the behavior of the disk signals for different polarization states. 

3.2 Interaction of focused beams with grooved optical disks 

3.2.1 The unappropriated approach of the scalar diffraction method 

The scalar theory of diffraction (Goodman, 1996) is based on the concept of optical 

phase and amplitude variation introduced by the change of surface profile of the scatterer 

(e.g., a grooved disk.) As the name suggests, a scalar model ignores the vector nature of the 

light wave; it predicts that a parallel-polarization wave is diffiacted in the same way as a 
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perpendicular-polarization wave. The distributions of intensity and phase at the exit pupil 

are, therefore, the results of a convolution of the incident beam with the Fourier transform 

of the grating profile. However, the scalar assumption is invalid for modem optical disks: 

the response of the grooved, multilayer-coated structures to the high-NA incident beam is 

polarization-dependent and thus the complex dif&action amplitudes are varied for different 

polarization states. When the ratio of the period of the diffracting structure to the 

wavelength drops below ~5, the validity of the scalar theory becomes questionable; when 

the ratio approaches unity, a vector method must be used. The vector diffraction calculation 

solves Maxwell's equations with the associated boundary conditions. Therefore, it is able to 

fully describe the response of the grooved stmcture to the plane-wave illumination at 

various incident angles. 

3^^ Excitations of surface wave 

Another notable phenomenon in the interaction of the incident beam with the grooved 

structure is the surface-wave excitation. In a metallic grating, the excitation of surface 

plasmons absorbs the energy of the incident wave and results in rapid and substantial 

variation in the reflected angular spectrum (Neviere, 1980; Raether, 1988; Gerber, Li and 

Mansuripur, 1995). An incident beam with a perpendicular polarization component is 

required to excite the surface plasmons. For a grating with dielectric coatings, the 

coupling of incident beams into waveguide modes is responsible for the narrow dark or 

bright bands in the reflected angular spectrum (Dakss, Kuhn, Heidrich and Scott, 1970; 
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Neviere, 1980). Both parallel- and perpendicular-polarization states are able to generate 

the waveguide modes for dielectric gratings. 

A multilayer-coated optical disk tends to support multiple surface waves because of the 

presence of high index layers. The grooves of the disk flmction like a grating coupler: at 

certain angles of incidence a coUimated free-space beam can be coupled into the surface 

waves. Referring to Figure 3-1, the coupling condition is governed by the phase matching 

among the incident wave, the surface wave, and the grating vector. This is described by 

x*k  =x»k .+mK (3-1) 

where is the wave vector of the excited surface waves, k, is the projection of the 

incident  wave vector on the grooved structure, /T is the length of the grating vector, and m is 

an integer which determines the discrete order of the coupling waves. Since the optical disk 

is used with a focused beam, some portion of the beam is inevitably coupled into the 

surface waves. With a SIL the chance of coupling is even greater because of the increased 

width of angular spectrum. 

Equation (3-1) can be rewritten in terms of the effective index of the waveguide 

the incident angle (j9), the index of the incident medium, the wavelength of the light source 

(/I), and the grating pitch (A) as 

=n^sm9 + (3-2) 

The condition of the existence and the corresponding location of the missing bands on 

the reflected angular spectrum is, therefore, sensitive to the index and thickness of the 
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coatings, the NA of the objective lens, the wavelength of the light source, and the profile 

of the gratings. The polarization dependence of the surface-wave excitations makes the 

rigorous vector analysis indispensable. 

Incident beam (kO Reflection (kr) 

/ Grating vector (K) 

Grooved structure 

Coating layers 

Substrate 

•\ / v. 

Surface waves (ksw) 

Transmission (kt) 

Figure 3-1: At certain angles of incidence and for a specific polarization state, surface 
waves are excited within the grating. The presence of the grooved structure (^) provides 
the aid for the phase matching with the wave vector of incident beams and surface 
waves (^^). 

33 Experimental observation 

Diffraction gratings with period of 0.6 ^un and depth of 0.15 |im were fabricated by 

an interferometric technique in a photoresist layer, and subsequently transferred into the 

glass substrate by ion beam etching. The dielectric gratings were then obtained by coating 

the grooved glass substrates with a stack of ZiOz-SiOz-ZxCh for achieving reflectance of 

35% at normal incidence. The metallic gratings were obtained by coating the glass 
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grating with an optically opaque layer of gold. Figure 3-2 shows the coating structure of 

the dielectric grating. 

Incident beam 

ZrOz (n=2.055), 41 nm 
Si02 (n=1.459), 112 mn 
ZrCh (n=2.055), 96 nm 

Glass (n=1.52) 

Figure 3-2: A tri-layer dielectric grating. 

The setup shown in Figure 3-3 was used to photograph the exit pupil of the objective 

lens onto the CCD camera. With the aid of a reference beam for interferometry, both 

intensity and phase images of the reflected beam at the exit pupil were obtained. The 

translation stage, on which the grating sample is mounted, provides the ability to scan 

across the grating and generate SUM and TES signals from the sample. The SUM signal 

is the total returned optical power embedded in the baseball pattern. By simulating the 

CCD camera as a split-detector with its splitting line parallel to the grooves, the TES is 

the difference between the signal from each halve normalized by the SUM signal. The 

wavelength of the He-Ne laser is 633 nm and the SIL has a refractive index around 2. The 

air gap between the SIL and the grating is estimated to be around 100 nm. 
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Figure 3-3: Schematic diagram of the experimental setup. The distributions of intensity 
and phase at the exit pupil of the objective lens for the reflected beam are recorded. The 
polarizer is used to control the polarization state for the incident beam. A mirror is used to 
generate the reference beam for phase-shifting interferometry. The translation stage, on 
which the gratings are mounted, provides the ability of scanning across the grating to 
generate the disk signals. The CCD camera, used to record the images, can simulate 
arbitrary shaped detectors in software. The grating samples have a period of 0.6 |im and the 
air gap between the SIL and the grating sample is estimated approximately 100 nm. 

The measured distribution of intensity at the exit pupil of the objective lens, the so-

called "baseball pattern", is displayed in Figure 3-4 for the dielectric grating and in Figure 

3-5 for the metallic grating. These results pertained to different NA's and were obtained 

without the SIL. The incident beam's polarization is parallel (perpendicular) to the 

grooves for the images in the top (bottom) row of Figures 3-4 and 3-5. Besides the 
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expected dif&action orders, the baseball patterns demonstrate different dif&action 

efficiencies, and thus different intensity distributions, between parallel- and 

perpendicular-polarization states. Bright or dark bands which are the results of excitation 

of surface waves are clearly observed. For the dielectric gratings both polarization states 

are able to generate the surface wave, which results in narrow bands on the baseball 

pattern. For the metallic grating, however, the absorption bands are observed only when 

the polarization state is perpendicular to the track as shown in Figures 3-5(b) and 3-5(d). 

The high NA objective lens introduces a large range of incident angles; with the 

expansion of angular spectrum, more incident waves are available to be coupled into 

surface waves. 

The impact of polarization state on the baseball pattern is further verified in Figure 3-6 

where the SIL is introduced to increase the NA of the system from 0.6 for the objective 

lens alone to over 1.2 for the objective-SIL combination. Different baseball patterns are 

observed for different polarization states both for dielectric gratings (Figures 3-6(a) and 

3-6(b)) and for metallic gratings (Figures 3-6(c) and 3-6(d)). Furthermore, the effect of 

Brewster's angle is seen on these images whenever there are incident p-polarized rays 

within the focused cone of light. On the baseball pattern, the Brewster's angle results in 

broad dark bands as seen in the top and bottom side for parallel polarization and in the 

right and left side for perpendicular polarization. 
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(a) (c) 

(b) (d) 

Figure 3-4: Measured intensity distributions at the exit pupil of the objective lens for the 
incident beam with polarization parallel (top row) and perpendicular (bottom row) to the 
tracks. These results are for the dielectric grating. 

(a, b): with a 0.6NA objective lens. 
( c, d) : with a 0.8NA objective lens. 

Different behavior depending on the polarization state and absorption bands caused by 
surface-wave excitations are clearly visible in these images. 
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(a) (c) 

(b) (d) 

Figure 3-5: Measured intensity distributions at the exit pupil of the objective lens for the 
incident beam with polarization parallel (top row) and perpendicular (bottom row) to the 
tracks. These results are for the metal grating. 

(a, b): with a 0.6NA objective lens. 
( c, d) : with a 0.8NA objective lens. 
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(a) (c) 

(b) (d) 

Figure 3-6: Measured intensity distributions at the exit pupil of a 0.6NA objective lens for 
the incident beam with polarization parallel (top row) and perpendicular (bottom row) to the 
tracks. A SIL with n ~ 2 is used to increase the effective NA of the system. 

(a, b) : for the dielectric grating. 
( c, d) : for the metal grating. 

The dark regions in the top and bottom of (a, c) and in the right and left side of (b, d) are 
due to the effect of Brewster's angle. 
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3.4 Theoretical simulation 

We simulated the diffiaction of a focused beam from a grooved disk using the 

combination of a rigorous vector diffraction grating program DELTA, based on the 

coordinate transformation method (Chandezon, Maystre and Raoult, 1980; Chandezon, 

Dupuis, Comet and Maystre, 1982; Li, 1994) and the general-purpose optical disk modeling 

software DIFFRACT (Mansuripur, 1989). The focused beam is first decomposed into a set 

of discrete plane waves whose wave vectors form a grid within a circle in the plane normal 

to the beam axis. DELTA calculates the complex diffraction amplitudes for each incident 

plane wave in each of its two flmdamental states of polarizatioiL The diffraction amplitudes 

are then passed onto DIFFRACT, which recombines the various diffraction orders and 

propagates the optical beam through the optical system. For details of grating diffraction 

calculation and the beam propagation calculation, the reader is referred to the above quoted 

references. 

Corresponding to the experimental results shown in Figures 3-4 and 3-5, Figures 3-7 

and 3-8 display the computed plots for the dielectric grating and the metallic grating, 

respectively. These results are for illuminations with different NA's and without a SIL. 

The incident beam's polarization is parallel (perpendicular) to the grooves for the images 

in the top (bottom) row of Figures 3-7 and 3-8. The simulation results agree quite well 

with the measured intensity distributions and confirm the existence of the absorption 

bands. This demonstrates the feasibility of using rigorous vector theory to accurately 

calculate the diffraction efficiency and the surface-wave excitations for each polarization 

component. For the case of using a SIL, a comparison between the experimental results 
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presented in Figure 3-6 and the simulation calculations in Figure 3-9 also shows good 

agreement The polarization-dependence of diffraction behavior, the excitation of surface 

waves, and the effect of Brewster's angle are verified on the simulated baseball patterns. 

The experimental images of the phase pattern at the exit pupil of the objective lens 

obtained by phase-shifting interferometry are shown in Figures 3-10(a) and 3-10(b) for 

parallel- and perpendicular-polarization states; the corresponding intensity distributions 

are shown in Figures 3-4(c) and 3-4(d). Apparently, the phase difference between the 

zeroth and the first diffreiction orders is different for different polarization states. The 

corresponding vector diffraction calculation results are shown in Figures 3-10(c) and 3-

10(d) (Also see Figures 3-7(c) and 3-7(d) for the corresponding intensity plots). The 

similarity of the phase distributions at the exit pupil for experimental and theoretical 

results is a further confirmation of the validity of the computational algorithm. 
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(a) (c) 

(b) (d) 

Figure 3-7: Simulated results corresponding to the experimental observations shown in 
Figure 3-4. 
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(a) (c) 

(b) (d) 

Figure 3-8: Simulated results corresponding to the experimental observations shown in 
Figure 3-5. 
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(a) (c) 

(b) (d) 

Figure 3-9: Simulated results corresponding to the experimental observations shown in 
Figure 3-6. 
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(a) (c) 

(b) (d) 

Figure 3-10: Phase images at the exit pupil of a 0.8NA objective lens for the incident beam 
with polarization parallel (top row) and perpendicular (bottom row) to the tracks. These 
results are for the dielectric grating. 

(a, b) : experimental observation. 
( c, d) : simulation results. 
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3.5 Calculation of TES and SUM 

For different polarization states the different intensity and phase distributions on the 

baseball pattern result in different disk signals. To evaluate the necessity of using a 

rigorous vector theory for optical disks, we compute tracking error signals (push-pull 

signals) and sum signals from the intensity distribution at the exit pupil. The results are 

exhibited in Figure 3-11 for the vector theory and in Figure 3-12 for the scalar model. 

These calculations are based on the dielectric grating and a 0.6NA objective lens with the 

SIL; the corresponding baseball patterns computed by the vector theory were shown in 

Figures 3-9(a) and 3-9(b). Although both vector and scalar models provide similar 

sinusoidal TES curves following the groove profile, the result from the vector calculation 

shows distinct TES for different polarization states while the data from the scalar model 

gives the same TES for both polarizations. The significant difference in the TES curves 

derived from the vector theory is due to the dependence of the complex diffraction 

amplitudes and the surface-wave excitations on the polarization state of the incident 

beam. Although the SUM signals of the vector theory are nearly the same for two 

different polarization states, this may not be the case for other grating profiles or different 

coatings (Mansuripur, Li and Yeh, 1998). Shown in Figure 3-13 are the experimental 

results of TES (the corresponding baseball patterns were shown in Figures 3-6(a) and 3-

6(b)), which further demonstrate that the rigorous vector calculation is more adequate in 

describing the interaction of the focused beam with the grooved structure. 
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Vector diffraction calculation 
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Figure 3-11: Calculated results of vector diffraction calculations of TES and SUM signals 
for the dielectric grating with a 0.6NA objective lens and a SIL. The corresponding intensity 
distributions are shown in Figures 3-9 (a, b). The results predict distinct TES between 
parallel (solid line) and perpendicular (dashed line) polarizations. 

Scalar diffraction calculation 
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Figure 3-12: Calculated results of scalar diffraction calculations of TES and SUM signals 
for the dielectric grating with a 0.6NA objective lens and a SEL. The TES and SUM signals 
do not depend on the polarization state. 
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Experimental result 
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Figure 3-13: Experimental results of TES measurement for the dielectric grating with a 
0.6NA objective lens and a SIL for parallel (solid line) and perpendicular (dashed line) 
polarizations. The corresponding intensity distributions are shown in Figures 3-6(a) and 3-
6(b). Compared to the simulation plots shown in Figures 3-11 and 3-12, the rigorous vector 
method provides a much better description of the effect of polarization state on the extracted 
disk signals. 

3.6 Summary 

The track pitch of current optical disks is comparable to the wavelength of the laser 

source. In this domain of pitch-to-wavelength ratio, the complex dif&action amplitudes are 

different for different incident polarization states and the validity of the scalar dif&action 

theory is questionable. Furthermore, the use of multilayer coatings and high-numerical-

aperture beams in modem optical disk technology inevitably entails the excitation of surface 

waves which may disturb the baseball pattem significantly. To fully describe the interaction 

of a focused beam with a grooved multilayer system, a rigorous vector theory is required. 
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By using the rigorous vector theory, the computed baseball patterns and the extracted disk 

signals show close conformity with the experimental results and, in particular, the different 

behavior for different polarization states. This exhibits the ability of accurately predicting 

the effects of polarization state on the baseball pattern and the disk signals. With the 

application of the vector dif&action calculation and the understanding of the impact of 

incident beam's polarization states on the optical disk signal, a powerful tool for designing 

the new generation of optical disks is provided. 
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CHAPTER 4 

COMPUTATION OF THE EFFECTIVE DEPTH OF GROOVES 

IN AN OPTICAL DISK 

USING VECTOR DIFFRACTION THEORY 

4.1 Introduction 

The technique of land-groove recording has been proposed to increase the storage 

density of optical disks (Kayanuma, Iwanaga, Inada, Okanoue, Katayam, Yoshihara, 

Yamanaka, Tsunekane, and Okada, 1990; Miyagawa, Gotoh, Ohno, Nishiuchi, and 

Akahira, 1993; Nishimura, Suzuki, Takeguchi, and Morimoto, 1994; Narita, Kawano, 

and Takeshima, 1997). To reduce the cross-talk from adjacent tracks, the depth of the 

groove is chosen to be approximately X/6, where X is the wavelength inside the incident 

medium (Miyagawa, Gotoh, Ohno, Nishiuchi, and Akahira, 1993; Goodman and 

Mansuripur, 1996a). The grooves may have to be deeper if cross-erase in phase-change 

disks is considered (Morita, Nishiyama, and Ueda, 1997). Elaborate experimental studies 

and computer simulations based on the scalar diffraction model have been conducted to 

relate the groove depth to the grooved multilayer structure and to the quality of the 

readout signal of the optical disk system (Goodman and Mansuripur, 1996a; Sheng, 

1978; Ohta, Murakami, Inui, Takahashi, Deguchi, and Katoh, 1987; Gerber and 
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Mansuripur, 1995; Chung, 1997). A good understanding of the effective depth of the 

grooved disk is thus required for the optimum design of optical data storage systems. 

According to the scalar dif&action model (Hopkins, 1979), the effective depth of the 

grooves with which the focused laser spot interacts is the physical depth of the groove. 

With the trend of reducing the track pitch, decreasing the wavelength of the light source, 

and increasing the numerical aperture (NA) of the objective lens in optical storage 

systems, the track pitch and the size of the focused spot gradually approach the 

wavelength of the light source. Under these circumstances, the analysis of the interaction 

of focused beams with this type of high-frequency periodic disk using conventional 

scalar diffraction theory is no longer adequate. The effective groove depth is not equal to 

the physical depth if vector diffiaction effects are considered (Sheng, 1978; Pasman, 

1985). Instead it significantly depends on the polarization state of the incident beam as 

well as the groove profile and the coating structure of the disk. 

In this chapter we present results of vector diffraction simulations pertaining to the 

effective depth of the groove for various disks with different groove profiles, different 

coatings, and different incident polarization states. The results show that the effective 

groove depth depends significantly on the polarization state of the beam, the grating 

geometry, the NA of the objective lens, and the coating structure of the disk. Different 

behavior for different incident polarizations and the deviation of the effective depth from 

the physical depth for track pitches comparable to the wavelength are observed. 
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4J1 Vector dififraction analysis in the land-groove recording scheme 

Figure 4-1 shows the optical readout system used in the simulation for the land-

groove recording scheme. A uniform, collimated, and linearly polarized beam of light 

(Xo = 0.65Jim), whose polarization direction is determined by the polarizer, is brought to 

focus by an aberration-free objective lens. Two polarization states are chosen in the 

simulation, one is parallel (X) and the other is perpendicular (10 to the grooves. The 

groove has a trapezoidal shape with a period of p, a groove width of g, an inclination 

angle of a, and a physical depth of t. For the results reported here the disk is assumed to 

have a 50% duty cycle {g/p = 0.5), which is the universal choice for the land-groove 

recording scheme. 

Incident Beam 
(Xo = 0.65 Jim) 

Polarizer 

Objective Lens 

Periodic 
Groove 
Structure 

Figure 4-1. Diagram of the simulated optical system. The incident beam is brought to 
focus by an aberration-free objective lens. Determined by the polarizer, two polarization 
states, one is parallel {X) and the other is perpendicular (10 to the grooves, are chosen in 
the simulations. The groove has a trapezoidal shape with a period of p, a groove width of 
g, a duty cycle of ig/p), an inclination angle of a, and a physical depth of t. 
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The optical disk structures used in the simulation include a simple glass (or plastic) 

substrate of refractive index n = 1.5 with no coatings (bare disk), a simple glass (or 

plastic) substrate coated with a lOOnm aluminum layer (aluminum-coated disk), and a 

typical magnetic-optical (MO) disk coated with a quadrilayer stack. The quadrilayer 

structure of the MO disk for both cases of air-incident and substrate-incident beam is 

shown in Figure 4-2. The typical values of the diagonal and off-diagonal elements of the 

dielectric tensor of the magnetic layer at A<, = 0.65|im are e = -8 + 28.7i and 

s' = 0.67-0.16i. 

We simulated the diffraction of focused beams from grooved disks using a combination 

of a rigorous dif&action grating program DELTA, based on the coordinate transformation 

method (Li, 1994), and a general-purpose optical disk modeling software DIFFRACT 

(Mansuripur, 1989). The focused beam is first decomposed into a set of discrete plane 

waves whose wave vectors form a grid within a circle in the plane normal to the beam 

axis. After the interaction of the plane waves with the grooved and multilayer-coated 

structure, DELTA calculates the complex dif&action amplitudes for each incident plane 

wave in each of its two fundamental states of polarization. The diffraction amplitudes are 

then passed onto DIFFRACT, which recombines the various diffraction orders and forms 

the complex-amplitude distribution at the disk surface. 

After the interaction of the focused beam with the grooved disk surface, the Airy 

pattern is modulated with the grating profile, resulting in a phase difference {Acp) 

between the light reflected from the land and that reflected from the groove. By 
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observing the phase distribution at the disk siirface, the extracted phase A<p provides 

information about the effective depth = Aq>ko 

Incident Beam 

lOOnm 
Dielectric (/i = 2.1) 

22nm 
22am 

Magnetic L^yer 
Dielectric (« = 2.1) 
Aluminum (n, k) = (1.8,6) 

ZZZ 

25nni 

/ Substrate (» = 1.5) 

(b) 

Incident Beam 

\ Substrate (n = 1.5) 

lOOnm 
Dielectric (n = 2.1) 

IZZ 22nm 
22nin 

Magnetic Laver 
Dielectric (« = 2.1) 
Aluminum (», k) = (1.8, 6) 

ZZZ zzz 
2Snm 

Figure 4-2. Quadrilayer structure of (a) an air-incident MO disk and (b) a substrate-incident 
MO disk used in this study. The typical values of the diagonal and off-diagonal elements of 
the dielectric tensor of the magnetic layer at Xo = 0.65|im are e = -8 + 28.7i and 
e' = 0.67-0.16i. 
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43 Computed phase distribution at tiie disk surface 

The computed phase distribution of the focused spot, the Airy disk, for a uniform 

incident beam passing through a 0.5NA objective lens is shown in Figure 4-3. The gray

scale encodes angles from 0® (gray) to +180° (white). This has a flat wavefront with 

constant phase shift of 180° between the adjacent rings. Placing a bare disk with p = 

2\xm, t = 0.167Ao, and a = 75° at the focal plane of a O.INA objective lens results in the 

phase distribution immediately after reflection from the disk surface shown in Figure 4-

4(a). The cross-section (along jz-direction) of the phase pattern is plotted in Figure 4-

4(b), which clearly indicates the phase modulation of the Airy pattern by the grooves. 

Cedculated from the phase difference between land and groove, the effective groove 

depth (/ejf) is 0.171 Xo. Although the obtained phase is for T-polarized light, the result is 

the same for A'-polarized light as well. This is generally the case when the period p is 

much greater than X. 

-5 x/Xo 5 

Figure 4-3. Computed phase distribution of the focused spot, the Airy pattern, when a 
uniform incident beam is brought to focus by a 0.5NA objective lens. The gray-scale 
encodes angles from 0° (gray) to +180° (white). 



66 

200 

150 

100 -C> 
50 Q) 

"'0 -30 -Q) 0 
en 
ro -50 ..c 
a.. 

-100 

-150 -12ffJ 

-200 
-15 -10 -5 0 5 10 15 

Distance (A.) 

Figure 4-4. (a) Computed phase distribution for a O.lNA objective lens and a bare glass (or 
plastic) disk with p = 2~m, t = O.l67A0 , and a= 75°. (b) The cross-section (along y 

direction) of the phase distribution shows 11rp = 123° which corresponds to teff = 0.171A0 . 

The obtained phase distribution and phase difference is the same for X- and Y-polarized 
light. 
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For a bare disk with a smaller period, p = 0.6S^m, the computed phase patterns at the 

disk surface for two objective lenses having different NA and for different polarization 

states are shown in Figure 4-S. The distorted groove phase is due to polarization effects 

from the convergence of the beam and the different response to s- and /7-polarized light 

upon reflection from the disk surface. The calculated effective depth is different for 

different NA's and different polarization states. With the addition of a metal (aluminum) 

layer on top of the bare disk. Figure 4-6 shows the computed phase patterns for this 

aluminum-coated disk with p = 0.65|im. The difference in the effective depth between a 

bare disk and the metal-coated disk indicates the dependence of the effective depth on 

the grating's material. Considering the quadrilayer MO disk (air-incident medium) with 

p = 0.65|im, Figure 4-7 shows images of the computed phase at the disk surface for two 

objectives having different NA and for different incident polarizations. For this disk, the 

phase patterns show similar effective depth for the two polarization states. 

Figure 4-8 shows the corresponding results for a bare disk with p = 0.52^m. For disks 

with such small track pitch {p < Xo), the wavefront of the incident light from a small-NA 

objective (0.25NA) is not modulated by the grating profile, indicating the invisibility of 

the smaller-than-wavelength grooves under a small-NA objective. 
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Figure 4-5. Computed phase patterns for a bare disk with p = 0.65J..!m, t = 0.167 A0 , and a 
= 75°. The incident beam is with X- (top row) andY- (bottom row) polarized light. 
(a) and (b) are for a 0.5NA objective lens. The effective depth at the central bright spot 
(Airy disk) is 0.138A0 for (a) and 0.129A0 for (b). 
(c) and (d) are for a 0.25NA objective lens. The effective depth at the central bright spot 
is O.l39A0 for (c) and 0.101A0 for (d). 
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Figure 4-6. Computed phase patterns for an aluminum-coated disk with p = 0.65~m, t = 

0.167 A0 , and a = 75°. The incident beam is with X- (top row) and Y- (bottom row) 
polarized light. 
(a) and (b) are for a 0.5NA objective lens. The effective depth at the central bright spot 
(Airy disk) is 0.093--la for (a) and 0.147--la for (b). 
(c) and (d) are for a 0.25NA objective lens. The effective depth at the central bright spot 
is 0.082..10 for (c) and 0.204..10 for (d). 
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Figure 4-7. Computed phase patterns for the MO disk (air-incident medium) with p = 
0.65J.Lm, t = 0.167A-0 , and a= 75°. The incident beam is with X- (top row) andY- (bottom 
row) polarized light. 
(a) and (b) are for a 0.5NA objective lens. The effective depth at the central bright spot 
(Airy disk) is 0.128.-1,0 for (a) and 0.129.-1,0 for (b). 
(c) and (d) are for a 0.25NA objective lens. The effective depth at the central bright spot 
is 0.114A0 for (c) and 0.118A-0 for (d). 
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Figure 4-8. Computed phase patterns for a bare disk with p = 0.52J.lm, t = 0.167 A0 , and a 
= 75°. The incident beam is with X- (top row) and Y- (bottom row) polarized light. 
(a) and (b) are for a 0.8NA objective lens. 
(c) and (d) are for a 0.5NA objective lens. 
(e) and (f) are for a 0.25NA objective lens. Because of the small grating period (p < A-), 
the light from small NA lens is not modulated by the grating profile. 
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4.4 Dependence of the effective depth on the groove profile and grating materials 

hi this section, we examine the effective groove depth for various disks with different 

groove parameters and different grating materials. Such factors as track pitch ip), 

inclination angle (a), physical depth (t) and NA are considered for a bare disk, an 

aluminum-coated disk, and the quadrilayer MO disk. Both cases of air-incident and 

substrate-incident MO media are considered. 

To explore the relation between teff and the track pitch /?, both the bare disk and the 

aluminum-coated disk were simulated. Note that the inclination angle of the groove 

slope (a= 75°) and the physical depth (r = 0.167Ao) are fixed. The computed versus p 

for a 0.5NA objective lens is plotted in Figure 4-9. For the case of p < Ipm, the 

deviation of the effective depth firom the physical depth is clearly observed. Apparently 

the high-frequency periodic structure prevents the light from penetrating to the bottom of 

the groove, resulting in a smaller effective depth compared to the physical depth. In the 

case of the bare disk, the effective depth is larger for A'-polarized light than for Y-

polarized light. However, for the alimiinum-coated disk the K-polarized light sees deeper 

effective grooves than the ^-polarized light. As the track pitch increases, the effective 

depths for the two polarization states approach the physical depth. 

Figure 4-10 presents the computed /gjjr versus a for a 0.5NA objective lens and for 

both bare and aluminum-coated disks with p = 0.65nm and t = Q.\61Xo. The effective 

depth is nearly constant but shallower than the physical depth for different slopes of the 

groove wall. Nonetheless, the polarization effect shows stronger impact on the 

aluminum-coated disk than on the bare disk. 
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Figure 4-9. Computed effective depth versus track pitch (p) for a 0.5NA objective lens 
and for both bare glass and alimiinum-coated disks with t = 0.167>^ and a = 75°. The 
result is plotted on a logarithmic-scale for the track pitch. 
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Figure 4-10. Computed effective depth versus inclination angle (a) for a 0.5NA 
objective lens and for both bare and aluminum-coated disks with p = 0.65|im and t = 
0.167/l„. 
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The calculated versus t for a 0.5NA objective lens and for both bare and aluminum-

coated disks withp = 0.65|im and a= 75° is plotted in Figure 4-11. The results show the 

trend of decreasing teff with respect to the physical depth: the effective depth becomes 

shallower than the physical depth as the groove deepens. 

Figure 4-12 shows the computed /e#versus NA of the objective lens for both bare and 

aluminum-coated disks withp = 0.65{im, a = 75°, and t = Q.\61Xo. Different behavior of 

the two polarization states and different grating materials is observed. The difference in 

teff between different incident polarizations is smaller as the NA of the objective 

increases, which is perhaps a consequence of polarization rotation originated in the ray-

bending mechanism of the objective lens (Mansuripur, 1986). At 0.6NA, the effective 

depths for the two polarizations are identical. 

For the air-incident MO disk (see Figure 4-2(a)) with a = 75°, and t = Q.\61Xo, and 

three different track pitches, the results of the simulated /ejf versus NA of the objective 

are shown in Figure 4-13. The interaction of the focused spot with the multilayer stack 

tends to reduce the difference between the two polarization states. Also notice the 

smaller variation of the effective depth for different NA compared to that from a bare 

disk and an aluminum-coated disk. The effective depth is close to the physical depth 

except in the case of a small track pitch {p = 0.65|im). 

For the substrate-incident case, the results of the simulation for versus NA of the 

objective lens are simimarized in Figure 4-14. These disks, including a bare disk, an 

alvmiinum-coated disk, and an MO disk (see Figure 4-2(b)), are assumed to have p = 

0.65{im, a= 75°, and nt = 0.167.^ where n = 1.5 is the refractive index of the substrate. 
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Compared to the cases for air-incident media shown in Figure 4-12, the aluminiun-

coated disk shows smaller variation in the effective depth for the two polarization states, 

while the bare disk indicates a larger difference between different incident polarizations. 

Different behavior of the air-incident and substrate-incident MO disks also shows the 

impact of interference effects from different sides of the multilayer stack. 
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Figure 4-11. Computed effective depth versus physical depth (0 for a 0.5NA objective 
lens and for both bare and aluminum-coated disks with p = 0.65|am and a = 75°. 
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Figure 4-12. Computed efifective depth versus NA of the objective lens for both bare and 
aluminiun-coated disks with p = 0.65|im, ar= 75°, and t = 0.167Ao. 
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Figure 4-13. Computed efifective depth versus NA of the objective lens for the air-
incident MO disk (see Figure 4-2(a)) with a= 75°, and t = QA6IX0. Three different track 
pitches,/? = 0.65,1.0, and 1.2)im, are simulated. 
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Figure 4-14. Computed effective depth versus NA of the objective lens for the substrate-
incident disks. These disks, including a bare disk, an aluminum-coated disk, and an MO 
disk (see Figure 4-2(b)), are assumed to have p = 0.65(im, a = 75°, and nt = 0.167Ao, 
where «= 1.5 is the refractive index of the substrate. 

4.5 Summary 

Results of vector diffiaction simulations pertaining to the effective groove depth for 

various disks with different groove parameters, different coatings, and different incident 

polarizations are presented. In order to reduce cross-talk and cross-erase between 

adjacent tracks, the vector diffraction theory is indispensable for understanding the 

dependence of the effective depth on the incident polarization, grating profile, numerical 

aperture, and grating materials. Based on vector diffraction calculation, the relation 

between the effective depth and the grooved multilayer structure for different incident 

polarizations is studied. The effective depth deviates from the physical depth if the track 
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pitch approaches the wavelength (p < 1.5Ao). The effective depth is typically less than 

the physical depth, especially for deeper grooves. The ray-bending mechanism 

associated with the objective lens and the different response to s- and j>polarized light 

upon reflection from the disk have impact on the effective depth for objective lenses 

having different NA. Among other things, we observed the deviation of tgff from the 

physical depth to be different for the two polarization states. 
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CHAPTERS 

TALBOT IMAGING WITH INCREASED SPATIAL FREQUENCY: 

A TECHNIQUE FOR REPLICATING 

TRUNCATED SELF-IMAGING OBJECTS 

5.1 Introduction 

The well-known Talbot effect (Talbot, 1836; Rayleigh, 1881; Montgomery, 1967; 

Patorski, 1989) is a useful tool in diverse applications (Lohmann and Silva, 1971; 

Packross, Eschbach and Bryngdahl, 1986; Lohmann and Thomas, 1990; Flanders, 

Hawryluk and Smith, 1979). For those objects satisfying the condition of self-image 

formation (Montgomery, 1967; Silva, 1972; Lohmaim, Ojeda-Castafieda and Streibl, 

1983), the Talbot effect provides an efficient method for duplicating self images or 

multiple images of the object with plane wave illumination, or for generating magnified 

images of the object with spherical wave illumination. 

These self-imaging objects may show laterally-periodic or radially-periodic structure. 

Although a circular grating is not strictly a Talbot object (instead it is a truncated self-

imaging object) (Silva, 1972; Szwaykowski, 1988), it may be shown that its radially 

periodic nature is sufBcient to produce self images over most of the grating's area. 

In the presence of a convergent beam, the Talbot effect can increase the spatial 

frequency of these objects. In contrast to the case of fractional Talbot effect where the 



increased spatial frequency arises from the creation of multiple shifted images (Winthrop 

and Worthington, 1965; Flanders, Hawryluk and Smith, 1979), the increased frequency 

obtained with a convergent beam is solely due to image demagnification. Based on the 

theories of diffiraction and geometrical optics (Rayleigh, 1881; Patorski, 1989; Latimer, 

1993), the increased spatial frequency of the demagnified Talbot image can be of the 

order of the wavelength of the light used for illumination. This makes it an attractive 

method for optical lithography and mass-production of photonic and electronic 

components with submicron periodic (or radially-periodic) structures. Examples of such 

structures include circular gratings used in certain types of lasers (Fallahi, Chatenoud, 

Dion, Templeton, Barber and Thompson, 1995), circular or spiral grooves of an optical 

disk, and dynamic random-access memory (D-RAM) chips. 

In this chapter we describe the experimental results pertaining to the fabrication of the 

Talbot image with increasing spatial frequency by using a convergent beam and a 

circular grating. A concentric circular grating is used as a mask, and its demagnified 

Talbot image is formed on a photoresist layer. The fabricated grating's spatial frequency 

is several times greater than that of the mask. 

5.2. Experimental setup and results 

The setup for recording a reduced Talbot im£^e is shown in Figure 5-1. The light 

source is an argon ion laser operating at A. = 488nm. To reduce the effect of spherical 

aberrations due to the thickness of the mask, an objective lens with small NA (= 0.25) 

was chosen. The masks used were concentric circular gratings having different 
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periodicities. Although both amplitude and phase gratings should work in this scheme, 

amplitude gratings were chosen because of the high contrast ratio obtained at the image 

plane. The masks were fabricated by coating a glass substrate with a lOOrmi-thick layer 

of aluminum. Concentric circular gratings were then defined by electron beam 

lithography into PMMA resist After development, the patterns were transferred into the 

mask by electron cyclotron resonance reactive ion etching (ECR-RIE) of the aluminum 

layer in a Cl2:He mixture. 

Coilimating 
Lens 

Recording Plate 
Mask 

Ar^ Laser 
(488nm) 

Spatial Objective Imaging CCD 
Filter Lens Lens Camera 

Figure 5-1. Schematic diagram of the experimental setup for forming the reduced Talbot 
image on a photographic plate. The microscope objective lens (NA = 0.25) produces the 
convergent beam that illuminates the mask. The mask is inunediately behind the 
objective lens, and the recording plate is placed between the mask and the focal plane of 
the lens. To correct the longitudinal misalignment, the imaging system behind the 
recording plate is used to monitor the position of the Talbot image relative to the 
photoresist layer. 

Two sets of circular gratings were fabricated on the mask: one with a pitch of 5 ^m (2 

^un lines, 3 |im spaces) and a total radius of 375 nm, another with a period of 2 |im (0.8 

(om lines, 1.2 {im spaces) and a total radius of 500 |im. Figure 5-2 shows 

photomicrographs of these masks. 
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Figure 5-2. Photomicrographs of circular gratings used as masks. (a) Grating with a 
period of 5 Jlm and a total radius of 3 7 5 Jlm. (b) Grating with a period of 2 Jlffi and a total 
radius of 500 Jlm. The scale bar on the graphs corresponds to 10 Jlm in both cases. 

Photographs of the light intensity distribution at the focal plane of the objective lens 

are shown in Figure 5-3, revealing the Fourier components of the gratings. Both pictures 

show the dominance of the zeroth and the first order diffracted beams. The apparent 

splitting or fine-structure of the first order rings is mainly due to the fact that circular 

grating is not strictly composed from Bessel functions, to which discrete circular 

diffraction orders correspond. 

A photoresist-coated glass substrate was used to record the reduced Talbot image of 

the grating. To correct the longitudinal misalignment and adjust the position of the 

recording plate, the imaging system shown behind the recording plate in Figure 5-1 was 

used to monitor the image at the photoresist layer. The distance between the mask and 

the recording plane is 1060±5~m for Sample 1 (i.e., the grating with a period of 5 Jlm), 
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and 835±5!J.m for Sample 2 (i.e., the grating with a period of 2!J.m). The distance 

between the recording plane and the focal plane of the lens is 420±5!J.m for the first 

sample and 1070±5!J.m for the second sample. 

Figure 5-3. Photograph showing the Fourier spectrum in the focal plane of the objective 
lens when a circular grating mask is placed immediately after the lens. (a) 5 J..tm-pitch 
grating; the scale bar on the graph is 100 J..tm-long. (b) 2 J..tm-pitch grating; the scale bar is 
300 J..tm-long. 

After developing the exposed sample, we inspected the patterns under a scanning 

electron microscope (SEM). Figure 5-4 shows the SEM micrographs of the 1.4 J..tm-

period grating obtained from Sample 1, namely, the 5 J..tm-period mask, corresponding to 

a demagnification factor of 3.6. Using the second mask (i.e. , the 2 J..tm-period circular 

grating), a 1.1 J..tm-period grating was obtained with a demagnification factor of 1.8, as 

shown in Figure 5-5. The central region of this grating had been overexposed due to a 

concentration of optical energy from nearby rings and the outmost region had been 
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Figure 5-4. (a) Photomicrograph of the recorded Talbot image of Sample 1. The original 
5 ~m-period of the grating has been reduced to 1.4 ~m. The scale bar on the graph is 
10 ~m-long. (b) SEM micrograph showing the detailed structure of some of the lines. The 
scale bar on the graph is 1 ~m-long. 

underexposed due to the walk off of optical energy. Besides those regions, which 
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fortunately are not used in the format of the optical disk, all the other rings appeared to 

be well-defined. 

Figure 5-5. SEM micrographs of the recorded Talbot image of Sample 2. The original 
2 J..tm-period of the grating has been reduced to 1.1 J.lm. The high-magnification image in 
(b) shows the detailed structure of some of the lines. 
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53 Discussion 

By using a deep UV light source in conjunction with an optimized Talbot setup, it 

should be possible to produce gratings with periods below 0.5 from a mask with a 

period in the range of 1-2 fim. This might provide an alternative fabrication technique for 

the production of unconventional locally periodic structures, such as spiral or circular 

gratings. In our experiments (conducted at X = 488 nm) we noticed certain features of 

the dem^nified Talbot ims^e that are perhaps worth mentioning at this point. 

Phase reversal: The nonparabolic approximation of spherical wavefronts obtained by 

including higher-order terms in the diffraction integrals reveals that due to aberrations 

the contrast is not uniform over the area of the Talbot image (Cohen-Sabban and Joyeux, 

1983; Patorski and Kozak, 1988). This contrast variation may cause a 7t phase-shift 

across the reproduced grating, which will degrade the quality of the final grating at 

certain locations. Another reason for the decreasing contrast along the radial direction is 

due to the fact that a circular grating is not strictly a self-imaging object (Silva, 1972). 

Non-uniformity of the duty cycle-. Variation of the contrast ratio has another impact on 

the reduced Talbot image: it results in the variation as a function of radius of the duty 

cycle of the gratings at the photoresist layer. The light source's Gaussian intensity 

distribution also causes a variation of the duty cycle over the interference area. A slight 



variation of the duty cycle may be seen in Figures 4 and 5. The variation of the line 

profile on the photoresist layer may be overcome by using a small-NA lens, neglecting 

those regions of the reproduced grating that are far away from the center, and using a 

more uniform incident beam. 

Choice of the mask: Based on our experimental findings, it is clear that both masks used 

in our studies can achieve the same reduced period in the image plane. However, the 

total number of grooves obtained on the recording plate will be different for each mask. 

The choice of the mask, therefore, is not only dependent on the manufacturing process 

(the mask with larger period is easier to fabricate), but also on the desired number of 

grooves (the mask with smaller period yields more grooves at the end). 

5.4 Summery 

The Talbot effect in the presence of a convergent beam of coherent light yields a 

demagnified image of a self-imaging object. In fact, the object does not even have to 

fiilfill the self-imaging condition; the object with truncated self-imaging feature is 

sufficient to yield an ims^e that is sufficiently accurate for many practical purposes. We 

have taken this approach to fabricating circular gratings with a reduced period compared 

to the period of the mask. Using a simple experimental setup and a concentric circular 

grating mask, we have created images whose periods are either one-half or one-third of 

the mask's period. Demagnified Talbot imaging of ftilly or truncated self-imaging objects 
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provides an attractive approach to photolithographic fabrication of structures whose 

periods are somev^t greater than the wavelength of the light source. 

By using the Talbot effect in a convergent beam we obtained a demagnified truncated 

self-image of a radially-periodic amplitude mask. Gratings with 2-3 fold reduction in 

their period were successfiilly printed in photoresist. This technique offers an attractive 

alternative for large-volume fabrication of sub-micron globally-periodic as well as 

radially-periodic patterns with enhanced spatial frequencies. 
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CHAPTER 6 

EVANESCENT COUPLING IN MAGNETO-OPTICAL 

AND PHASE-CHANGE DISK SYSTEMS 

BASED ON THE SOLID IMMERSION LENS 

6.1 Introduction 

Near-field recording and readout of optical disks using evanescent coupling is 

becoming increasingly important in optical data-storage technology (Betzig, Trautman, 

Wolfe, Gyorgy, Finn, Kryder and Chang, 1992; Mansfield, Studenmund, Kino and Osato, 

1993; Terris, Mamin, Rugar, Studenmund and Kino, 1994; Ichimura, Hayashi and Kino, 

1997; Lee, Cho, Chung, Yoo and Lee, 1998; Hirota, Jo and Milster, 1998). Through the 

coupling of evanescent waves into the recording medium, the size of the marks that the 

optical system is able to write and read is reduced, which promises substantial increases 

in the stor^e density and data rate of optical storage devices. However, without properly 

controlling the flight height of the coupling element above the spiiming disk, the 

available optical energy for recording and the readout resolution are severely 

compromised. Unfortunately, detailed information about the throughput of the recording 

process, the resolution of readout, the coupling efficiency between the head and the disk, 

and the optimum design of the multilayer stack is still lacking. 
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In this chapter we show results of numerical simulations pertaining to evanescent 

coupling for magneto-optical (MO) and phase-change (PC) disks through a solid 

immersioa lens (SEL) (Mansfield and Kino, 1990). A brief overview of the relevant 

physical phenomena is provided in Sec. 2. The notation used and the definition of 

polarization states referenced throughout this chapter are given in Sec. 3. Examples of 

evanescent coupling associated with the variation of reflectance and phase across the 

beam aperture, which are related to the read signal level, appear in Sec. 4. Both MO and 

PC disks in conjimction with a SIL system are simulated, and practical optimum designs 

of the multilayer stack are determined in each case. This investigation shows a rapid drop 

with the widening air-gap of the coupling efiBciency via evanescent waves into the 

recording medium. For instance, the readout signal may drop by as much as 40% for MO 

disks and 30% for PC disks in the presence of a lOOnm air-gap. These numerical 

simulations are described in Sec. 5. Section 6 provides final remarks and conclusions. 

The simulations reported here were performed by the quasi-vector diffiraction program, 

DIFFRACT (Mansuripur, 1989; Mansuripur, 1990). 

6 Jt Evanescent waves 

Evanescent electromagnetic waves abound in the vicinity of luminous objects. These 

waves which consist of oscillating electric and magnetic fields in regions of space 

immediately surrounding an object do not transfer their stored energy to other regions 

and, therefore, remain localized in space. Like all electromagnetic waves, the behavior of 

evanescent waves is governed by Maxwell's equations, and their presence in the vicinity 



91 

of an object helps to satisfy the requirements of field continuity at the object's 

boimdaries. Evanescent fields decay exponentially with distance away firom the object's 

surface, making them exceedingly difficult to detect at distances much greater than a 

wavelength (Bom and Wolf, 1980). 

Perhaps the best-known example of evanescence is provided by total internal 

reflection (TIR) firom an internal facet of a prism (see Figure 6-1). Here the evanescent 

field is formed in the fi^e-space region behind the prism, and remains distinct and 

isolated firom the propagating (i.e., incident and reflected) beams. 

Figure 6-1. A beam of light is totally intemally reflected firom the rear facet of a glass 
prism. The electromagnetic field lurking in the firee space region behind the prism is 
evanescent; both its electric and magnetic components decay exponentially with distance 
firom the interface, and the projection of its Poynting vector perpendicular to the interface 
is zero. The energy stored in the evanescent field is deposited there at the time when the 
light source is first turned on. In the steady-state, energy is neither added nor removed 
firom the evanescent field; all the incoming optical energy is reflected at the rear facet of 
the prism. 

Reflected 
Beam > i 

Glass Prism 

Incidant 
Beam 
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Bringing an object to the vicinity of another object that has an established evanescent 

field in its neighborhood could change the distribution of the electromagnetic field 

throughout the entire space. For example, if a material object is placed behind the prism 

of Figure 6-1, close enough to sense the evanescent field but not too close for the two to 

make physical contact, photons will tunnel through the small gap thus created, diverting a 

firaction of the incident beam across the gap and into the latter object. This is the essence 

of evanescent coupling, on which near-filed optical systems rely. 

63 Ellipse of polarization 

Throughout this chapter reference will be made to the state of polarization of the 

beam. Consider a collimated beam of light propagating along the Z-axis. In general, the 

state of polarization of the beam at any given point is elliptical, as shown in Figure 6-2. 

The electric field vector E may be resolved into two orthogonal components, say along 

the X- and Y-axes. If £* and Ey happen to be in phase, the polarization will be linear 

along some direction specified by the angle p. If, on the other hand, the phase difference 

between £x and Ey is ±90®, the polarization will be elliptical, with the major and minor 

axes of the ellipse lying along the X- and Y-axes. In general, the phase difference 

between £* and Ey is somewhere between 0° and 360®, giving rise to an ellipse whose 

major axis has an angle p with the X-axis, and whose ellipticity is given by the angle ti. 

When the polarization is linear, r| = 0°; for right circularly polarized light (RCP) 

Tl = +45®, whereas for left circularly polarized light (LCP) = -45®. 
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Figure 6-2. The ellipse of polarization is uniquely specified by £* and Ey, the complex-
valued electric field components along the X- and Y-axes. The major axis of the ellipse 
makes an angle p with the X-direction, and the angle 7 facing the minor axis represents 
polarization ellipticity. In general, -90° < p ^ 90° and -45® ^ t] < 45°. 

6.4 Evanescent coupling through a glass hemisphere 

We begin by considering the system of Figure 6-3, in which a uniform, collimated, 

and linearly polarized beam of light (vacuum wavelength Xo = 650nm) is brought to 

focus by an aberration-free 0.8NA objective lens. A glass hemisphere of refractive index 

n = 2, also referred to as a solid immersion lens (SIL), is placed over the focal plane such 

that the focused spot rests at its flat facet (Mansfield, Studenmund, Kino and Osato, 

1993). For simplicity, we assimie that the objective lens and the spherical surface of the 

SIL are antireflection coated, with the only reflected light originating at the flat facet of 

the SEL. For rays that arrive at this flat facet at an angle below the critical TIR angle 

[0c = arcsin(l/Ai) = 3O°] the reflectance is fairly small (about 11% at normal incidence). 

For 0 > 0c, however, reflectivity is 100%, so the cone of light covering the range of ray 

angles from critical to marginal is fiilly reflected. The computed intensity distribution for 

the reflected light at the exit pupil of the objective is shown in Figure 6-4(a). The bright 
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Figure 6-3. A collimated beam of light, uniform, moaochromatic (Xo = 650nm), and 
linearly-polarized along X, enters an aplanatic 0.8NA objective lens {f= 3750Xo). A glass 
hemisphere -also known as a SEL - of refractive index n = 2 is placed with its flat facet 
coinciding with the objective's focal plane. The surfaces of the objective as well as the 
spherical surface of the SIL are antireflection coated, but the flat facet of the SIL is bare. 
The light reflected from this flat facet returns to the objective, is collimated by it, and 
appears at the exit pupil. 

ring of TIR is clearly visible in this plot. The central region of the aperture is not totally 

dark either, but to discern it requires a picture with better contrast. Figure 6-4(b), a 

logarithmic plot of the same distribution as in Figure 6-4(a), shows the structure of the 

central region. The two dark spots inside the ring and separated along the horizontal axis 

arise from low reflectance at and around Brewster's angle. The overall reflectivity at the 

flat facet of the hemisphere (as measured at the objective's exit pupil) is 66%. 

Because Fresnel's reflection coefficients at the flat facet differ for the p- and s-

polarized light, the reflected beam appearing at the exit pupil is no longer linearly 

polarized. Figures 6-4(c) and 6-4(d) show distributions of the x- and jz-components of 

polarization, respectively. ^ contains about two-thirds of the reflected optical power. 
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while Ey contains the remaining one-third. What is more, the relative phase of and £y 

varies over the aperture, thus creating a nonuniform state of polarization. The computed 

distribution of polarization ellipticity is shown in Figure 6-4(e); here the gray-scale 

encodes angles from -37° (black) to +37° (white). The distribution of the polarization 

rotation angle p is shown in Figure 6-4(f), where the gray-scale represents angles from -

90° (black) to +90° (white). Clearly the state of polarization in the I IK region is quite 

complex. 

Suppose now that an identical hemisphere is placed in front of the SEL and separated 

from it by a narrow air gap (see Figure 6-5). Under these circumstances, evanescent 

coupling causes a good fraction of the beam to be transmitted through to the second 

hemisphere. Figure 6-6 shows the computed distributions of the reflected light at the exit 

pupil of the objective lens for a lOOnm air gap. These distributions should be compared 

directly with those in Figure 6-4. The overall reflectance is now 42%, of which two-thirds 

is again in the jc-component of polarization (Figure 6-6(c)) and one-third in the y-

component (Figure 6-6(d)). Where there was a bright ring of light at the exit pupil in 

Figure 6-4(a), now there is a gradual brightening toward the margins in Figure 6-6(a), 

indicating the gradual decrease in evanescent coupling with an increasing angle of 

incidence. The two dark spots in the vicinity of Brewster's angle are clearly visible in the 

logarithmic plot of Figure 6-6(b). The ellipticity r\ shown in Figure 6-6(e) varies over the 

aperture in the range ±29°, while the polarization rotation angle p has the distribution of 

Figure 6-6(f). 
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Figure 6-4. Various distributions of the reflected light at the exit pupil of the objective 
lens of Figure 6-3. (a) Plot of reflected intensity corresponding to a 66% overall 
reflectivity at the flat facet of the hemisphere. (b) Logarithmic plot of the reflected 
intensity. (c) Intensity distribution for the x-component of polarization, Ex. (d) Intensity 
distribution for they-component of polarization, Ey. (e) Polarization ellipticity 11 encoded 
by gray-scale, covering a range from -37° (black) to +37° (white). (f) Polarization rotation 
angle p encoded by gray-scale, covering a range from -90° (black) to +90° (white). 
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Figure 6-5. A collimated beam of light, uniform, monochromatic (Xo = 650nm), and 
linearly-polarized along X, enters an aplanatic 0.8NA objective lens (f = 3750Xo). The 
two glass hemispheres of refractive index « = 2 are separated by an air gap. Both 
hemispheres are antireflection coated on their spherical surfaces, but are left bare on their 
flat surfaces. The light reflected at the air gap returns to the objective, is collimated by it, 
and appears at the exit pupil. 

Up to this point we have considered the effects of evanescent coupling upon a full 

cone of light (the full aperture), which contains rays both below and above the critical 

TIR angle, 0c. Let us now place a circular mask in the path of the incident beam in Figure 

6-5 in order to block those rays that arrive at the air gap at angles below 0c. The semi-

hollow cone of light thus formed by the objective lens contains only rays with 0 > 0c (the 

annular aperture). Figure 6-7 is the computed plot of reflectance versus gap-width for the 

system of Figure 6-5 augmented with a mask that completely blocks the central part of 

the beam (i.e., the region with no contribution to evanescent coupling). The reflectance 

curve is seen to start at zero, where the hemispheres are in contact and the light is fully 

transmitted. With a widening gap, however, the reflectance increases rapidly and 

saturates at 100% before the gap-width reaches even one wavelength of the light. 
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Figure 6-6. Various distributions of the reflected light at the exit pupil of the objective 
lens of Figure 6-5; the gap-width is fixed at 1 OOnm. (a) Plot of reflected intensity 
corresponding to a 42% overall reflectivity at the air gap. (b) Logarithmic plot of the 
reflected intensity. (c) Intensity distribution for Ex. (d) Intensity distribution for Ey. (e) 
Polarization ellipticity 11 encoded by gray-scale, covering a range from -29° (black) to 
+29° (white). (f) Polarization rotation angle p encoded by gray-scale, covering a range 
from -90° (black) to +90° (white). 
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Figure 6-7. Computed plot of reflectance versus gap-width in the system of Figure 6-5, 
when a circular mask is placed in the incident beam's path to block the rays that arrive at 
the interface between the hemispheres at or below the critical TTR angle. 

6.5 Evanescent coupling to an optical disk 

A major application area for evanescent coupling is the field of optical disk data 

storage. Here a disk, which is typically a multilayer stack of metallic and dielectric layers 

on a glass or plastic substrate, is placed under a solid immersion lens. As the disk spins, 

the SIL rides on an air cushion, which separates the two by a fixed gap-width. In practice 

the disk is recorded and read out with a focused laser beam. The writing involves local 

heating of the magnetic film (in the presence of an external magnetic field) or the local 

heating of the phase-change layer. Obviously, a small focused spot yields a small 

recorded mark. The SIL is valued in optical recording precisely because it produces a 

small focused spot (Mansfield, Studenmund, Kino and Osato, 1993). During readout, the 
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same focused spot is used, albeit at a lower power to avoid heating the medium. The sign 

of the Kerr rotation angle or ellipticity (MO) and the variation of the reflectance (PC) 

then provide the readout signal. Once again, the usefulness of the SIL for this application 

becomes apparent when one recognizes that by producing a small focused spot the SIL 

helps to resolve small recorded marks (Mansfield, Studenmund, Kino and Osato, 1993; 

Terris, Mamin, Rugar, Studenmund and Kino, 1994). 

Considering the impact of evanescent coupling on near-field optical disk systems, two 

of the most important questions in this area are; (1) How much of the focused optical 

energy is absorbed within the optical disk? (2) How do the reflected MO and PC signals 

depend on the air gap? The following two subsections attempt to answer these questions 

for MO and PC disks, respectively. 

6.5.1 Magneto-optical disk 

The optical properties of the magnetic film are fully specified by its dielectric tensor, 

namely. 

For conventional MO media, typical values of the diagonal and off-diagonal elements of 

this tensor at Xo = 650imi are e = -8-«-28.7i and e'= 0.67-0.16i. The off-diagonal 

element is responsible for cross-coupling the x- and ^/-components of polarization, this 

being the origin of optical activity ui these media. If e' is set to zero, MO activity 
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vanishes, as if the magnetization of the material had disappeared. Reversing the direction 

of magnetization causes a sign reversal of s'. 

Consider the typical MO disk structure (denoted as Stack A) of Figure 6-8 placed 

under the SIL of Figure 6-3. When in contact with the SIL and at normal incidence, the 

disk has a reflectance of 34%, Kerr rotation angle of 0.71®, and Kerr ellipticity of 0.05°. 

Focusing the beam by the 0.8NA objective through the SIL changes these parameters 

only slightly, so long as the disk and the SIL remain in contact. However, a small air gap 

between the disk and the SIL can change the disk's performance drastically. 

t Incident Beam 
(X = 650nm) 

Dielectric (n=2.1) lOOnm 

22nm i • Magnetic 
Dielectric (n=2.1) 
Aluminum (n^c) = (1 8,6) 

22iiin 

25nm 

Substrate (n=l .5) 

Figure 6-8. Quadrilayer structure of a typical MO disk (denoted as Stack A) used in 
conjunction with the SEL. The local state of magnetization (up or down) represents the 
state of the recorded bit (0 or 1). The size of the focused spot directed through the SIL at 
the magnetic layer determines the mimmnm mark size that can be recorded and read out. 
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Figure 6-9 shows computed distributions at the exit pupil of the objective lens for a 

lOOnm gap-width. Figure 6-9(a) is the intensity distribution for the reflected E^, 

containing 35% of the incident power. The dark oval-shaped region in the middle 

indicates an area of strong absorption by the disk. The phase of Ex, shown in Figure 6-

9(b), is non-uniform over the aperture, ranging in value from -180° (black) to +180° 

(white). At the center the phase is about +105°, and drops continuously along the X-axis 

to -150° at the edge. Figure 6-9(c) is a plot of intensity distribution for the reflected Ey, 

which contains 11% of the incident power. This ̂ -component is due mainly to the Fresnel 

reflection coefficients at the interface between the SIL and the multilayer stack. The 

fraction of Ey created by MO activity is relatively small and, although embedded in 

Figure 6-9(c), is difficult to recognize at this point. The phase of Ey depicted in Figure 6-

9(d) shows the well-known 7c-shift between adjacent quadrants. The polarization 

distribution over the exit pupil (see Figures 6-9(e) and 6-9(£)), is highly nonimiform and 

contains all possible states of polarization, i.e., linear, elliptical, and circular. 

To observe the contribution to Ey by MO activity, we eliminate the magnetization of 

the disk by setting to zero the off-diagonal element of the tensor, e', then subtract the 

complex-amplitude distributions at the exit pupil with and without the magnetization. In 

doing so the x-component cancels out exactly, showing that there are no magnetic 

contributions to the reflected Ex. However, they-component shows a residual distribution 

A£y. Figure 6-10 shows the intensity and phase plots for A£y at the exit pupil of the 

objective for a lOOnm gap-width. Notice that this MO contribution to Ey has circular 
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Figure 6-9. Various distributions of the reflected light at the exit pupil of the objective 
lens of Figure 6-3, when the MO stack of Figure 6-8 is placed in front of the SIL with a 
lOOnm air gap. (a) Intensity distribution for Ex containing 35% of the incident optical 
power. (b) Phase distribution for Ex; the gray-scale covers the range from -180° (black) to 
+ 180° (white). (c) Intensity distribution for Ey containing 11% of the incident power. (d) 
Phase distribution for Ey; the phase difference between adjacent quadrants is nearly 180°. 
(e) Polarization ellipticity 11 ranging from -45° (black) to +45° (white). (f) Polarization 
rotation angle p ranging from -90° (black) to +90° (white). 
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symmetry; moreover, it is large in the region where absorption by the disk is strong 

(compare the position of the bright ring in Figure 6-10(a) with that of the dark oval-

shaped region in Figure 6-9(a)). The total optical power contained in the distribution of 

Figure 6-10 is a fraction 0.3 7 x 10-4 of the incident power; the corresponding value for 

the case of zero gap-width is 0.49 x 10-4. Despite the fact that interference effects at the 

air gap have boosted My in the central region of the aperture, a substantial reduction in 

evanescent coupling has caused an overall reduction of My. Also notice the phase 

non uniformity of My in Figure 6-1 O(b ), ranging from 252° at the center to -50° at the 

edge of the lens. Variations over the aperture of the relative phase between Ex and M y 

(see Figures 6-9(b) and 6-1 O(b)) have negative implications for the readout signal from 

the disk, as will be discussed shortly. 

-3200 xi'Ao 3200 -3200 3200 

Figure 6-10. Plots of intensity and phase for the MO contribution to the reflected light, 
My, at the exit pupil of the objective lens of Figure 6-3. The multilayer stack of Figure 6-
8 is assumed to be in front of the SIL with a 1 OOnm air gap. (a) Intensity distribution 
containing a fraction 0.37 x 10-4 of the incident optical power. (b) Phase distribution 
ranging from -50° (black) to +252° (white). 
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Using the annnlar aperture to isolate the contribution to the MO signal made by 

evanescent coupling. Figure 6-11 shows computed plots versus the gap-width of total 

reflectivity (i.e., integrated \Exf + over the aperture) and total contribution to Ey by 

the MO activity (i.e., integrated |A£^p). With an increasing gap-width the reflectance 

increases, leaving less light to be coupled to the magnetic film. In consequence of this 

reduced coupling, the MO content of Ey progressively decreases; by the time the gap-

width reaches 200tmi, there is hardly any Ey left firom the evanescently-coupled MO 

interaction. 
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Figure 6-11. Total reflectance (solid) and the integrated intensity of the MO signal 
(dashed) at the exit pupil as fimctions of the gap-width. These calculations correspond to 
the system of Figure 6-3 in conjunction with the quadrilayer MO stack of Figure 6-8, 
when a mask blocks the central region of the beam. 

A similar trend may be seen in the absorption within the disk and the normalized 

differential signal obtained from differential detection, which is the standard method of 
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detecting the MO signal in conventional optical disk drives. Referring to Figure 6-12, if 

the phase difference between £* and £y is denoted <j)x - <|>y, the net differential signal may 

be written as 

AS = - 52 = J('/2 |£x + £y| ̂  (£x - £y| dxd>' = 2 J|£x £y| cos(<(St- <(>y) 

(6-1) 

Here the integrals are over the individual detector areas. 

X WoUaston Prism SpTit-detector 

Y 

Figure 6-12. Schematic diagram of a differential detection module consisting of a 
Woilaston prism and two identical photodetectors. By being flexible to rotate around the 
optical axis Z, the module may be oriented arbitrarily relative to the ellipse of polarization 
of the incident beam. In particular, if the original linear polarization of the laser beam is 
along the X-axis, and the mz^eto-optically generated component of polarization is along 
the Y-axis, the module may be aligned such that the transmission axes of the woilaston 
prism make 45° angles with X and Y. 

Up until this point we have assumed a uniform incident beam. In practice the incident 

beam at the entrance pupil of the objective lens has a Gaussian distribution. For a 

Gaussian incident beam in conjunction with a 0.8NA objective lens. Figure 6-13 shows 

the effective NA and power transmission efficiency versus ro/RA, which is the ratio of 1/e 
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amplitude radius (to) of the Gaussian beam to the aperture radius {RA) of the objective 

lens. For the sake of argument we adopt a Gaussian beam with 1/e radius of = RA, 

resulting in an effective NA of 0.74 and a throughput power of 86% for the objective 

lens. Also notice that the quadrilayer stack of Figure 6-8 is not specifically optimized for 

operation with the system of Figure 6-3. Shown in Figure 6-14 are two different 

quadrilayer stacks (denoted as Stacks B and C), optimized to achieve maximum 

normalized differential signal for the above Gaussian beam and for the air-gap widths of 

lOOnm and 200rmi, respectively. 

Gaussian incident beam with a 0.8NA Oipjective 
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Figure 6-13. Effective NA and power transmission efficiency versus rJRA, representing 
the ratio of the 1/e amplitude radius (r,,) of the Gaussian beam to the aperture radius {RA) 
of the objective, for a Gaussian incident beam in conjunction with a 0.8NA objective 
lens. For instance, the effective NA is 0.74 and the throughput power is 86% for a I/e 
radius of To = RA. 
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Figure 6-14. Optimum designs of the quadrilayer MO stack used in conjunction with the 
SEL. A Gaussian beam with 1/e radius of rg = RA is assumed in the optical system of 
Figure 6-3. Stacks B and C are optimized for the fixed gap-widths of lOOimi and 200nm, 
respectively. The search range of the optimimi layer thickness is fi:om 20nm to 50nm with 
a step of 2nm for the inner dielectric layer, firom 16nm to 30nm with a step of 2nm for the 
magnetic layer, and firom 50imi to 200nm with a step of lOnm for the upper dielectric 
layer. 

The optical power absorbed by the stack for different quadrilayer designs is plotted 

versus the air gap in Figure 6-15. The trend of the absorption is affected by optical 

interference as the gap-width varies. This results in the shift of the absorption peak from 

zero to 50nm gap-width and helps to boost the overall absorbed energy within the 

recording layer for a lOOimi gap-width as shown in Figure 6-15(a) for the fiill aperture. 

Figure 6-15(b) shows that for an annular aperture the throughput energy is drastically 

reduced in the presence of an air-gap. 

The normalized differential signal, (5i-iS2)/(5'i + Sa), versus the gap-width for 

different incident beams and different quadrilayer stacks is shown in Figure 6-16. With 
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Figure 6-15. Computed plots of optical absorption within the MO disk versus gap-width 
for different multilayer stacks of Figures 6-8 and 6-14. Both uniform and Gaussian beams 
are assumed for Stack A, while only the Gaussian beam is used for Stacks B and C. (a) 
Results obtained for the full-aperture illumination, (b) Results obtained for evanescent 
coupling, where an annxilar mask is assumed to block the central region of the incoming 
laser beam, thus eliminating all the rays below the critical angle. 

the SDL and the disk in contact, the normalized differential signal is close to its ideal 

value, which is twice the tangent of the Kerr rotation angle, namely, 2 tan 0.71° = 0.025 

for the solid line in Figure 6-16. As the gap widens, the readout signal drops sharply: at 

lOOnm gap-width, for instance, the signal is down 63% for the uniform beam and the MO 

disk of Figure 6-8. The use of the Gaussian beam and the optimized multilayer stack for a 

desired gap-width helps to increase the signal level. However, at lOOnm gap-width the 

signal for Stack B is still down 40% from its peak. 

Again we use an annular aperture to block the central region of the incident beam ui 

order to concentrate on the effects of evanescent coupling. Figure 6-17 shows the 
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normalized differential signal obtained from evanescent coupling only. Compared to the 

results for the fiill aperture shown in Figure 6-16, the differential signal drops even more 

sharply for evanescently coupled light: at lOOnm gap-width, for instance, the signal is 

down 70% in all cases. Roughly one-half of this drop may be attributed to the reduction 

of A£y and the corresponding rise in reflectivity (see Figure 6-11). The remaining half, 

however, is due to variations over the beam's cross-section of the relative phase ((|>x- <|>y) 

between Ex and A£y (see Eq. (6-1)). Besides the steep decrease of the signal, the results 

for evanescent coupling in Figure 6-17 show similar signal levels for the different 

quadriiayer stacks, indicating that the optimization is mainly effective over the central 

region of the beam. 

Note that, for MO disks, any phase difference between £* and £y reduces the output 

signal by the cosine factor (see Eq. (6-1)). In principle, this phase difference may be 

eliminated by a properly patterned phase plate placed immediately before the Wollaston 

prism. In practice, however, unless ((j>x - <j)y) is fairly uniform over the aperture, it will be 

difficult to correct the effects of this relative phase. 
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Figure 6-16. Computed plots of the normalized differential signal, (Si - S2)/(5i + S2), 
versus the gap width for the quadrilayer MO stacks of Figures 6-8 and 6-14. These results 
correspond to the system of Figure 6-3 in conjunction with the differential detector of 
Figure 6-12. At lOOnm gap-width, the signal derived from Stack B (the line with solid 
circles) drops by as much as 40% from its peak. 
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Figure 6-17. Computed plots of the normalized differential signal, (Si - S2)/(5i + S2), 
versus the gap width for the quadrilayer MO stacks of Figures 6-8 and 6-14. An aimular 
aperture is used to eliminate all the rays below the critical angle. 
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6.5.2 Phase-change disk 

By distinguishing the reflectivity of the crystalline state from that of the amorphous 

state of the phase-change (PC) medium, a PC readout system is able to extract the 

recorded information. For conventional PC media, typical values of the complex 

refractive index (n + ik) at Ao = 650nm are 4.6 + 4.2i for the crystalline state and 4.2 + 

1.9i for the amorphous state. When in contact with the SIL and thus without evanescent 

coupling, the disk structure of Figure 6-18 (denoted as Stack D) has a reflectance of 32o/o 

in the crystalline state and 8% in the amorphous state. 

STACKD 

lOOnm 

2.Snm 

2Snm 

lOOnm 

Incident Beam 
(A.= 650nm) 

Dielectric (n=2.1) 

-~~~PC 
Dielectric (n=2.1) 

Aluminum (n,k) = (1.8,6) 

Substrate (n=1.5) 

Figure 6-18. Quadrilayer structure of a typical PC disk (Stack D) used in conjunction 
with the SIL. The local state of PC layer, namely, crystalline or amorphous represents the 
state of the recorded bit (0 or 1 ). 
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The readout system for the PC disk (see Figure 6-19) uses a quarter-wave plate before 

the objective lens to convert the linearly polarized incident beam (fj) into a circularly 

polarized beam. The polarizing beam-splitter (PBS) selects the reflected light with 

polarization along the ^/-direction to send to the detectors. Because the complex-

amplitude reflection coefScients of the disk through the SIL are different for p- and s-

polarized light, the intensity distribution at the detector is different from that at the exit 

pupil of the objective. 

Air Gap 

Detector 
Objective 

A/4 Plate (na=0.8) 

SIL 
(n=2) PBS 

Phase-change 
Disk 

Figure 6-19. Optical readout system used in conjunction with a PC disk. A collimated 
beam of light, uniform, monochromatic (Xo = 650nm), and linearly-polarized along X is 
converted to a circularly polarized beam by a quarter-wave plate before entering an 
aplanatic 0.8NA objective lens (f = 3750Xo). As the disk spins, the SIL with reflective 
index « = 2 rides on an air cushion, which separates the two by a fixed gap-width. The 
polarizing beam-splitter (PBS) selects the components of reflected light with polarization 
along the Y-direction and sends it to the detector. 
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Figure 6-20 shows the computed distribution at the detector with a lOOnm gap-width. 

For a circularly polarized incident beam, the intensity distributions for crystalline (Figure 

6-20(a)) and amorphous (Figure 6-20(b)) states show circular symmetry, unlike the 

distributions obtained from a linearly polarized beam shown in Figure 6-9. The bright 

ring at the edge of the distribution indicates that most of the optical power in this region 

could not reach the disk. The overall reflectance obtained by integrating the intensity 

distribution is 22.2% for Figure 6-20(a), and 12.5% for Figure 6-20(b). Figure 6-20(c) 

shows the difference of the intensity distributions at the detector between crystalline and 

amorphous disks. This distribution indicates that the contribution from evanescent 

coupling is comparable to that from the central region of the beam. The cross-section of 

the difference of the intensity distributions shown in Figure 6-21, however, reveals that as 

the air-gap widens the contribution to the signal from evanescent coupling is sharply 

reduced. The contrast is even reversed at some angles of incidence because of 

interference effects. 
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Figure 6-20. Computed distributions of the reflected beam at the detector of Figure 6-19, 
when the PC stack of Figure 6-18 is placed in front ofthe SIL with a 100nm air-gap. (a) 
Intensity distribution for the crystalline state has an overall reflectance of 22.2%. (b) 
Intensity distribution for the amorphous state has an overall reflectance of 12.5%. (c) The 
difference of the intensity distribution in (a) and (b). 
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Figure 6-21. The cross-section of the difference of the intensity distributions between 
crystalline and amorphous states observed at the detector. The reflectivity difference in 
the region of evanescent wave coupling (effective NA > 1) is sharply reduced as the gap
width widens. Because of interference effects, the reflectivity difference is reserved at 
some incident angle. 



116 

The decrease of coupling efficiency not only hurts the efficiency of recording, but 

also results in reduced contrast of the readout signal. Here, the contrast is defined as C = 

(Rc- RcJ I (Rc + RcJ, where Rc and Ra are the reflectivity for crystalline and amorphous 

states, respectively. Similar to the case of MO disks discussed in the previous subsection, 

we adopt the Gaussian beam with 1/e radius of r 0 = RA , resulting in an effective NA of 

0.74 and throughput power of 86% for the objective (see Figure 6-13). Figure 6-22 shows 

two different quadrilayer stacks (denoted as Stacks E and F) optimized to achieve 

maximum contrast for the Gaussian beam. Air-gap widths of 1 OOnm and 200nm were 

assumed when optimizing Stacks E and F, respectively. 

Stack F Stack E 
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26 26nm 

40 32nm 

100 100nm 

Incident Beam 
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Dielectric (n=2.1) 
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Dielectric (n=2.1) 

Aluminum (n,k) = (1.8,6) 

Substrate (n=1.5) 

Figure 6-22. Optimum designs of the quadrilayer PC stack used in conjunction with the 
SIL. A Gaussian beam with lie radius of r o = RA is assumed in the optical system of 
Figure 6-19. Stacks E and F are optimized for the fixed gap-widths of 1 OOnm and 200nm, 
respectively. The search range for optimum layer thickness is from 20nm to 60nm with a 
step of 2nm for the inner dielectric layer, from 20nm to 60nm with a step of 2nm for the 
PC layer, and from 50nm to 200nm with a step of 1 Onm for the upper dielectric layer. 



117 

The optical power absorbed by the recording layer for different quadrilayer stacks is 

plotted in Figure 6-23 for the full incident beam and in Figure 6-24 for aimular 

illumination (i.e., evanescent coupling only). A steep decline with the increasing gap-

width is seen in all cases. 
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Figure 6-23. Computed plots of optical absorption within the PC disk versus gap-width 
for different multilayer stacks of Figures 6-18 and 6-22. Both uniform and Gaussian 
beams are assumed for Stack D, while only the Gaussian beam is used for Stacks E and F. 
These results are obtained for the full-aperture illumination, (a) PC layer in the crystalline 
state, (b) PC layer in the amorphous state. 

The contrast obtained at the detector versus the gap-width for different incident 

beams and different quadrilayer stacks is shown in Figure 6-25(a) for the full incident 

beam. For the uniform beam and Stack D, the contrast drops 56% from its peak as the 

gap widens to lOOnm. Even with the Gaussian beam and Stack E, the contrast at lOOnm 

gap-width is still down 30% from its peak. Although interference effects increase the 
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Figure 6-24. Computed plots of optical absorption within the PC disk versus gap-width 
for dififerent multilayer stacks of Figures 6-18 and 6-22. These results are obtained for the 
case of evanescent coupling only, (a) PC layer in the crystalline state, (b) PC layer in the 
amorphous state. 

contrast after a 200nm gap-width, larger air-gap and less evanescent coupling eventually 

result in poor resolution. 

Again we use an amiular aperture to block the central region of the incident beam in 

order to concentrate on the effects of evanescent coupling. Figure 6-25(b) shows that the 

contrast drops even more sharply for evanescent coupling as the gap-width increases: at 

lOOimi gap-width, the contrast drops 62% from its peak. Part of the loss is due to 

reduction or even reversal of the reflectivity difference between crystalline and 

amorphous states (see Figure 6-21), and part of it is from increasing overall reflectivity. 
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Based on our simulation results, the use of polarization elements (quarter-wave plate 

and PBS) does not appear to degrade the contrast despite the cross-coupling between x 

and j/-components of polarization (see Figures 6-4 and 6-6). For comparison we also 

investigated an optical readout system that uses a linearly polarized beam, replacing the 

quarter-wave plate with a Faraday rotator that rotates the polarization of the beam passing 

through by 45°. The contrast thus obtained showed a similar trend as that for the original 

system of Figure 6-19. Also notice that the use of edge detection (Peng, Mansuripur, Kim 

and Kim, 1997) in the near-field optical disk systems might result in a different behavior 

than the one observed in the conventional detection scheme examined in this chapter. 
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Figure 6-25. Computed plots of the contrast at the detector versus the gap-width for the 
quadrilayer PC stacks of Figures 6-18 and 6-22. (a) For the full incident beam, the 
contrast derived for Stack E (the line with solid circles) at lOOnm gap-width is down 30% 
from its peak, (b) For evanescent coupling only. With a widening air-gap, the signal drops 
sharply even for the optimized multilayer stacks. 
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6.6. Summary 

Results of numerical computations pertaining to evanescent wave coupling for near-

field magneto-optical and phase-change disks based on the concept of solid immersion 

lens (SIL) are presented. We have investigated the relation between the coupling 

efficiency and the width of the air gap in terms of the throughput of the recording process 

and the resolution of the readout signal. The simulations show a drastic decrease with a 

widening air-gap of the coupling efficiency via evanescent waves into the recording 

mediimi. 

Notice, for example, the steep slope of the absorption curves. The fluctuations of the 

absorbed energy may cause the variation of the mark size (jitter) and introduce additional 

noise in readout if the gap-width is not well-maintained. Moreover, at lOOrun gap-width, 

for instance, the read signals for MO and PC disks may drop by as much as 40% and 

30%, respectively. The loss of the MO signal due to a wide gap-width may be attributed 

to the reduction of magneto-optical activity, the rise in reflectance, and the variation of 

the relative phase between the two components of polarization over the cross-section of 

the reflected beam. For PC disks, the reduced reflectivity-difference between the 

crystalline and amorphous states, and the rise in reflectance are responsible for the 

reduction of readout signal with the increasing gap-width. 
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CHAPTER? 

POLARIZATION MICROSCOPY OF MAGNETIC DOMAINS FOR 

MAGNETO-OPTICAL DISKS 

7.1 Introduction 

The state of polarization of a given beam of light is modified upon reflection from (or 

transmission through) an object. The resulting change of the polarization state conveys 

information about the structure and certain physical properties of the illuminated region. 

Polarization microscopy is a variant of conventional optical microscopy that enables one 

to monitor these changes over a small area of a specimen. Such observations then allow 

the user to identify and analyze the specimen's structural and other physical features 

(Inoue and Oldenbourg, 1995; Benford and Rosenberger, 1967). 

Traditionally, observations with a polarization microscope have been categorized 

under "orthoscopic" and "conoscopic." Orthoscopic observations involve direct imaging 

of the sample itself, thus allowing one to view the indentations, striations, variations of 

optical activity and birefringence, etc., over the sample's surface. Conoscopic 

observations, on the other hand, involve illuminating a crystalline surface with a cone of 

light, then imaging the exit pupil of the objective lens. This mode of observation is used 

in characterizing the crystal's ellipsoid of birefringence and identifying its optical axes. 

A conventional polarization microscope incorporates a pair of nearly crossed 

polarizers, which are used to identify magnetic domains on magneto-optical (MO) disks. 
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The image contrast of the up and down domains, however, suffers from the four-comers 

problem caused by the dependence of Fresnel's reflection coefBcients on polarization 

and by the birefringence of the substrate (Hsieh and Mansuripur, 1997). We report here 

theoretical and experimental observations of magnetic domains on an MO disk using a 

novel differential polarization microscope. Incorporating a Wollaston prism and a 

differential-detection scheme, this microscope eliminates the impact of the four-comers 

problem and enhances the tolerance of the system to non-uniform illumination, thus 

improving the image quality. Images of a magnetic pattem for objective lenses having 

different numerical aperture (NA) and for MO disks with and without a birefringent 

substrate were obtained using both conventional and differential polarization 

microscopes. Computer simulations based on a quasi-vector diffraction calculation show 

close conformity with the experimental observations. 

7.2 The microscope 

Figure 7-1 is a simplified diagram of a polarization microscope. The light source is 

typically an extended white light source, such as a halogen lamp or an arc lamp. The 

collected and collimated beam from the soiirce is linearly polarized after passage through 

a polarizer. In metallurgical microscopes, such as the one shown here, an objective lens 

is used both for illimiinating the sample and collecting the reflected light. Typically the 

source is imaged onto the entrance pupil of the objective lens, which provides for 

maximum light collection efficiency while producing a highly defocused image of the 

source at the sample (Inoue and Oldenbourg, 1995; Bom and Wolf, 1980). Any non-
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Figure 7-1: Schematic diagram of a conventional polarization microscope. The spatially 
incoherent light source is linearly polarized and imaged onto the entrance pupil of the 
objective lens. The reflected light returns through the objective and, after passage through 
the analyzer, arrives at the image plane. The analyzer is in a rotatable mount, and its 
transmission axis is adjusted to yield maximum image contrast. If the analyzer is replaced 
with a Wollaston prism, two images will appear, side by side, on the camera's CCD plate. 
The computer downloads both images simultaneously and subtracts one from the other in 
order to produce a differential image. 

uniformities of the source are thereby averaged to yield a more uniform light intensity 

distribution at the sample's surface. The light reflected from the sample is collected by 

the microscope's objective lens, then passed through another linear polarizer (usually 

referred to as an analyzer), and finally brought to focus at the image plane. This image 

plane coincides with the front focal plane of the eyepiece (not shown) as well as the 
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plane of the detectors within a TV camera. Modem optical microscopes are usually 

equipped with a charge-coupled device (CCD) camera, which picks up the image and 

displays it on a computer monitor. The possibility of digital image processing afforded 

by this electronic acquisition enables new methods of microscopy, such as the 

differential method to be described shortly. 

U..1 Conventional polarization microscopy 

In the conventional method, the analyzer is rotated about the optical axis until its 

transmission axis is crossed (or nearly crossed) with that of the polarizer. The image 

contrast is primarily determined by the action of the object on the state of polarization of 

the incident beam. In regions where the sample does not affect the polarization, the 

reflected light is blocked by the analyzer, making the corresponding regions of the image 

dark. However, in those regions that rotate the polarization vector, a fraction of the light 

goes through the analyzer, with the transmitted optical power being proportional to the 

degree of rotation of polarization as well as to the actual reflectivity of the sample at the 

given spot. The resulting image thus provides a map and a measure of the ability of the 

sample to rotate the direction of incident polarization at its various locations. This has 

been the basis of orthoscopic polarization microscopy for many years. The conoscopic 

approach, which involves the imaging of the exit pupil of the objective lens, will be 

discussed towards the end of this chapter. 
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1J.J. The four-corners problem 

A limitation of polarization microscopy is rooted in the fact that the beam's state of 

polarization is affected by ordinary reflections and re&actions at the various surfaces 

throughout the optical path (Inoue and Oldenbourg, 1995; Hsieh and Mansuripur, 1997; 

Kubota and Inoue, 1959). This usually results in polarization rotation and/or ellipticity in 

the four-comers area of the objective's exit pupil, as shown in Figure 7-2. The four-

comers problem allows transmission of spurious light through the analyzer, thereby 

reducing the contrast of the image. When the problem is caused by reflections and 

refractions at the various surfaces of the objective (or condenser) lens, a viable solution is 

to use a specialty objective that incorporates a half-wave plate in the midst of its optical 

train (Inoue and Oldenbourg, 1995; Benford, 1965). The half-wave plate rotates the 

polarization direction by 90°, allowing the four-comer rotations before and after the plate 

to cancel each other out. This solution was offered by objective lens manufacturers in the 

early days, before the advent of powerfid antireflection coatings. Nowadays the various 

surfaces of the objective and the condenser are antireflection-coated, and the four-comers 

problem caused by these surfaces is negligible. 

The problem still remains, however, that Fresnel's reflection coefficients at the 

sample's surface differ for p- and j-polarized rays, causing a polarization rotation 

problem that is aggravated with increasing angle of incidence. Moreover, if the sample is 

observed through a birefnngent substrate, the resulting polarization variations over the 

beam's cross-section give rise to spurious light transmission through the analyzer, which, 

once again, reduces the image contrast (Hsieh and Mansuripvir, 1997). These problems 
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can no longer be solved by the incorporation of a half-wave plate within the objective 

lens, because they are sample-dependent The differential method of microscopy 

described below solves the four-comers problem by splitting the spurious light between 

two im^es of the sample, then eliminating it by subtracting one image from the other. 

-3200 xAo 3200 -3200 xJU 3200 

Figure 7-2. Various distributions of the reflected light at the exit pupil of the objective, 
when a single, monochromatic point source is used to illuminate the sample. The 
intensity plots in (a) and (b) correspond respectively to the components of polarization 
parallel and perpendicular to the polarizer's transmission axis. The polarization rotation 
angle p is depicted in (c) and the polarization ellipticity t] is shown in (d). The gray-scale 
of the latter plots depicts positive values of p and t] as bright and negative values as dark. 
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7^3 Differential polarization microscopy 

A simple modification of the conventional microscope of Figxffe7-1 involves 

replacing the analyzer with a WoUaston prism. The WoUaston splits the image of the 

sample into two and transmits both images, side by side, to the camera. With the 

transmission axes of the WoUaston fixed at 45° relative to the polarizer's axis, the 

unrotated light is split equally between the two images. When there is polarization 

rotation, however, one image receives more light than the other, with the sense of 

rotation of the polarization determining the image that gets the larger share. The two 

images are then subtracted from each other (within the computer) to produce a single 

differential image of the sample. The differential image is superior in many respects to 

the conventional image, as will be seen in the examples that follow. The main advantage 

of differential polarization microscopy is that it does not suffer from the four-comers 

problem. Another advantage is that a map of reflectivity variations across the sample can 

be readily constructed by adding the two images together, normalizing the differential 

image by the sum image then provides a pure map of polarization rotation at the sample. 

Other differential polarization microscopes have been reported in the literature 

(Mickols, Tinoco, Katz, Maestre and Bustamante, 1985; Numata, Wakabayashi and 

Inokuchi, 1991). The main difference between our proposed method and those published 

lies in our use of a WoUaston prism. The WoUaston produces two simultaneous images 

on the CCD camera, aUowing the differential image to be generated without any 

adjusting or changing of the optical system. Our implementation of the WoUaston prism 

is also different from that used in the Nomaiski microscope (Rawlins, 1992; Bristow and 
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Arackellian, 1987), which is a phase-contrast microscope used for observing phase 

objects, not for polarization microscopy. 

13 Computer simulations 

In this section we present results of computer simulations of both conventional and 

differential polarization microscopy. These simulations were performed by the computer 

program DIFFRACT (Mansuripur, 1989), which treats the diffraction problems involved 

in a quasi-vectorial fashion. The bending of the polarization vector by the objective lens 

and the effect of this upon the focused spot are properly accounted for. However, the 

interaction between the focused spot and the sample is treated in an approximate way by 

assuming that the features that are present on the sample modulate the amplitude, phase, 

or polarization of the incident beam. In other words, we treat the sample as an 

amplitude/phase/polarization object, and do not solve the Maxwell equations to obtain 

the precise distribution of the fields upon reflection from the sample. This approximation 

is usually quite good when the features of the sample are larger than the wavelength of 

light, but becomes questionable for very small features. 

73.1 The white light source 

Although the source is spatially incoherent, the projected beam at the sample's surface 

is, in general, partially coherent. As for the degree of temporal coherence of the light 

source, it does not play a role in polarization microscopy and is, therefore, ignored 

throughout these simulations. All one needs to assume is that the light source is quasi-
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monochromatic, with a bandwidth that is sufficiently narrow to allow one to restrict 

attention to a single wavelength. The bandwidth must be wide enough, however, to 

render the source spatially incoherent. (An extended but purely monochromatic source is, 

of necessity, spatially coherent because the radiated fields from any two locations on the 

source maintain their relative phase at all times.) 

Throughout the simulations we assume a quasi-monochromatic source of wavelength 

A.o, consisting of a fixed number of independent and mutually incoherent point sources 

arranged on a tightly packed square lattice. The contributions of each such point source 

to the final image are computed independently of all the other point sources. The sum of 

the intensity distributions thus produced at the image plane by the individual point 

sources constitutes the image of the object. This method of computing the image takes 

full account of the partial spatial coherence of the beam that illuminates the sample 

without ever having to introduce the corresponding correlation functions explicitly. 

7.3.2 The Sample 

In general, the polarization image of a sample is mixed with its other images, say, 

those produced by reflectivity variations or optical phase variations across the sample. To 

avoid such complications, we consider a smooth sample having uniform amplitude and 

phase reflectivity everywhere, but one that rotates the polarization of the incident beam 

through its optical activity. A perpendicularly magnetized thin film sample, as used in 

MO disks, provides a good example in this case. By changing the direction of 

magnetization (from up to down) in different locations, one can create a pattern of 
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magnetic domains such as that shown in Figure 7-3. Here the smallest domain (shown at 

the center) is one wavelength in diameter. The black and white regions are magnetized in 

opposite directions, and rotate the incident (linear) polarization by +0.5° and -0.5°, 

respectively. 

-6 xTKa 6 

Figure 7-3. Pattern of magnetic domains on a perpendicularly magnetized sample. The 
magnetic material rotates the polarization of a linearly polarized beam at normal 
incidence by ± 0.5°. The domains are chosen to represent a wide range of sizes and 
shapes; the smallest domain appearing in the center is one wavelength (Xo) in diameter. 

The material of the sample used in the following examples is assimied to have a 

complex index of refraction («, k) = (3.35,4.03), which gives it a reflectivity of 62% at 

normal incidence. At oblique incidence the Fresnel's reflection coefBcients for p- and s-

polarized light differ from each other, thus inducing some rotation and ellipticity into the 

reflected polarization state. For instance, at 53° angle of incidence, the linear polarization 

of a ray originally directed at 45° with respect to the /^-direction, rotates by 7.4° and 

acquires 8.7° of ellipticity. This change of the polarization state upon reflection is caused 

solely by the Fresnel coefficients of the sample, independently of its optical activity. 
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133 Low-resolution imaging 

Figure 7-4 shows computed images, both conventional and differential, of the 

magnetic marks of Figure 7-3 obtained with a 50x, 0.4NA objective. In these calculations 

the source was defocused by 35Xo below the object plane, and the images from a total of 

381 point sources were superimposed to simulate the (spatially incoherent) light source. 

For the conventional image shown in Figure 7-4(a) the analyzer axis was set 0.5° away 

from the cross position; this is nearly the optimum setting for achieving maximum 

contrast in this case. (The contrast may be reversed by rotating the analyzer to the 

opposite side of the cross position.) The resolution of these images is not great, as 

evidenced by the disappearance of the small mark in the center. The contrast, however, is 

quite good, and there is little difference between conventional and differential methods of 

imaging. The reason is that, at 0.4NA, the half-angle of the focused cone of light is only 

23.6°, which is not large enough to cause a significant four-comers problem. 

73.4 High-resolution imaging 

Obtaining images with high resolution requires a high-NA objective lens. Figure 7-5 

shows both conventional (a, b) and differential (c, d) images of the sample of Figure 7-3 

obtained with a 50x, 0.8NA objective. The images on the left show dark domains on a 

bright background, while the reverse-contrast coimterpart of each image is shown to its 

right. In these calculations the source was defocused by lOXo below the object plane, and 

the images from a total of 381 point sources were superimposed to simulate the (spatially 

incoherent) light source. Inspection of Figure 7-5 reveals that resolution has improved 
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Figure 7-4. Images of the sample of Figure 7-3 in a polarization microscope having a 
50x, 0.4NA objective lens. (a) Conventional image obtained with the analyzer set 0.5° 
away from extinction. (b) Differential image obtained with the Wollaston prism. 

over that of Figure 7-4. The contrast, however, is quite poor for the conventional images 

in Figures 7-5(a, b), even though the analyzer has been set optimally at 1.5° from the 

crossed position. This poor contrast is a manifestation of the four-corners problem. In 

comparison, the differential images of Figures 7 -5( c, d) show excellent contrast, which is 

not surprising considering that the four-comers contributions to individual images 

(before subtraction) have been identical and are therefore removed upon subtraction. 

To gain a better appreciation for the four-comers problem, consider the intensity 

distribution at the plane of the sample, Figure 7-6, which corresponds to a single point 

source de focused by 1 0/...0. Although the incident beam entering the objective lens is 

linearly polarized along the X-axis, the defocused spot, in consequence of the bending of 

the rays by the lens, contains all three components of polarization along X-, Y-, and Z-
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-300 xi"Ao 300 -300 xi"Ao 300 

Figure 7-5. Images of the sample of Figure 7-3 in a polarization microscope having a 
SOx, 0.8NA objective lens. (a) Conventional image obtained with the analyzer set+ 1.5° 
away from extinction. (b) Same as (a) but the analyzer is set -1.5° from extinction to 
reverse the contrast. (c) Differential image. (d) Same as (c) but with the order of 
subtraction reversed. 

axes; these are shown respectively from top to bottom in Figure 7-6. The peak intensities 

of the three components in Figure 7-6 are in the ratio of lx: ly: lz = 1 : 0.007 : 0.185. 

Upon reflection from the sample the distributions remain qualitatively the same, but the 

peak-intensity ratios change to 1:0.017:0.142. Thus the relative content of theY-

component increases upon reflection while that of the Z-component decreases. When this 
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distribution returns to the objective lens, it gtves nse to patterns of intensity and 

polarization similar to those shown in Figure 7-2. At the exit pupil the values of the 

polarization rotation angle p range from -7.0° to +8.1 o, while polarization ellipticity 11 

ranges from -8.8° to +8.6°. The slight asymmetry between positive and negative values is 

caused by the presence of magnetization in the sample. In the absence of magneto-optical 

activity, p and 11 vary between ±7.4° and ±8.7°, respectively. 

-12 xi'Ao 12 -12 xi'Ao 12 -12 xi'Ao 12 

Figure 7-6. Distribution of incident intensity at the plane of the sample corresponding to 
a single point source defocused by 10.A0 through a 0.8NA objective. The incident beam 
entering the lens is linearly polarized along the X-axis. Left to right: intensity 
distributions corresponding to polarization components along X-, Y-, and Z-axes. 
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73.5 Substrate birefringence 

Sometimes it is necessary to observe a sample through an intervening medium, such 

as a coating layer or a substrate. If this medium happens to be birefringent, it creates a 

four-comers problem of its own (Hsieh and Mansuripur, 1997). A standard 1.2nmi-thick 

substrate proves computationally difficult to model directly; therefore, a thin layer with 

higher birefringence that induces the same retardation as the actual substrate is simulated 

instead. As a typical example, assimie the sample of Figure 7-3 is coated with a 500nm-

thick birefringent layer whose principal refractive indices along the coordinate axes are 

(/ix, Wy, n^= (1.5,1.6, 1.7). This thin birefringent layer is equivalent to a 1.2irm[i-thick 

layer with ny nx = 4.2 x 10"® and /iz — Hx = 8.4 x 10*®. For this sample conventional 

microscopy yields the image shown in Figure 7-7(a), while differential microscopy 

produces the normal and reverse-contrast images of Figures 7-7(b) and (c). Clearly, in 

the presence of birefringence, the differential polarization microscopy is far superior to 

the conventional method. For this sample, the reflected polarization pattern at the exit 

pupil for a single illuminating point source (see Figure 7-2) exhibits p values ranging 

from -20.4° to +22.0®, and ti values ranging from -23.3® to +23.0°. In the absence of 

magnetic activity p and t] would vary between ±21.3® and ±23.2®, respectively. 
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Figure 7-7. Images of the sample of Figure 7-3, coated with a birefringent layer and 
placed in a microscope having a 50x, 0.8NA objective. (a) Conventional image obtained 
with the analyzer set optimally at 5° away from extinction. (b) Differential image. (c) 
Same as (b) but with the order of subtraction reversed. 

7.4. Experimental observations 

7.4.1 Experimental setup 

A differential polarization microscope incorporating a Wollaston prism (such as that 

shown in Figure 7-1) has been used to photograph the magnetic domains recorded on 

MO disks. A tungsten-filament lamp coupled into a fiber bundle serves as the extended 

white light source. A variable-diameter pinhole is placed in front of the light source and 

imaged onto the entrance pupil of the objective lens to achieve uniform illumination at 

the sample's surface (i.e., Kohler illumination). The objective lens used for illuminating 

the sample and collecting the reflected light has the ability of correcting for the sample's 

substrate, thus eliminating spherical aberration. The polarization of the incident light is 

controlled by a polarizer, which is oriented along the X direction throughout the 

experiments. For observations with the white light source, broadband polarization 
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elements are used. Deviations of the beam from coUimation at the polarizer, analyzer, 

and Wollaston prism are within the acceptance range of these elements. 

Two different samples were used in these experiments: one was a bare MO disk used 

in the so-called front-surface recording, the other was a conventional MO disk with a 

1.2nmi-thick polycarbonate substrate. The quadrilayer stacks of these disks were not the 

same, resulting in different values of reflectivity and Kerr rotation angle and, 

consequently, different image contrasts. The magnetic pattern of a letter "A" was written 

on a flat (i.e., non-grooved) area of both disks. The diameters of individual domains were 

around 2 |im. The Wollaston prism, which splits the image of the magnetic pattern into 

two, is fixed at 45® relative to the transmission axis of the polarizer. 

This experimental setup can act both as a conventional as well as a differential 

polarization microscope. In the conventional mode, the Wollaston prism serves as an 

analyzer while the axis of the polarizer is rotated to obtain the optimum contrast for one 

or the other of the split images. For high-NA objectives, in particular, the effects of the 

Fresnel rotation of polarization and birefringence are such that the angle of the polarizer 

from its extinction position must be increased to achieve optimum contrast. The optimum 

setting of the polarizer angle is noted in the following figure captions. In the differential 

mode, the axes of the polarizer and the Wollaston prism are fixed (at 0° and 45°, 

respectively). The reflected light from the objective passes through the Wollaston and is 

split into two beams with identical size and exact image boimdary. These two spatially 

separated beams appeared side-by-side on the CCD camera are recorded simultaneously 

and processed using a computer. With care of aligning these two images pixel by pixel, 
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the differential image is then obtained by subtracting the intensity distributions of the two 

split images (pixel by pixel), followed by normalizing the difference signal by the sum of 

intensities. For ease of comparison, all the images have been converted to 256 gray-scale 

levels. 

lAJ. Observation of the magnetic pattern on the bare MO disk 

Figures 7-8, 7-9, and 7-10 show photographs of magnetic domains observed with the 

conventional (a, b) and differential (c, d) polarization microscopy using different NA 

objectives. For a low-NA objective, e.g. NA = 0.4 in Figure 7-8, the contrasts of the 

conventional and differential image are nearly the same. The polarization rotation in the 

four-comers is weak; therefore, the differential method does not have a significant 

advantage over the conventional method. However, as NA increases, e.g., NA = 0.6 in 

Figure 7-9 and NA = 0.8 in Figure 7-10, the differential method shows an advantage in 

terms of the image contrast. In the case of non-uniform illvmiination shown in Figiire 7-9, 

the conventional image suffers from reduced contrast, while the differential image shows 

no effects of intensity variation thanks to normalization by the sum signal. 
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Figure 7-8. Images of the magnetic pattern on a bare (i.e., front-surface) MO disk. The 
domains are approximately 2 J.tm in diameter and the microscope has a 0.4 NA objective 
lens. (a) Conventional image obtained with the polarizer set+ 10° away from extinction. 
(b) Conventional image obtained with the polarizer set -6° away from extinction. (c) 
Differential image. (d) Differential image with a reversed contrast. 
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Figure 7-9. Images of the magnetic pattern on a bare MO disk viewed with a 0.6NA 
objective lens. (a) Conventional image obtained with the polarizer set + 10° away from 
extinction. (b) Conventional image obtained with the polarizer set -7° away from 
extinction. (c) Differential image. (d) Differential image with a reversed contrast. The 
impact of non-uniform illumination is visible in the conventional image but not in the 
differential image. 
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(a) (b) 

Figure 7-10. Images of the magnetic pattern on a bare MO disk viewed with a 0.8NA 
objective lens. (a) Conventional image obtained with the polarizer set + 12° away from 
extinction. (b) Conventional image obtained with the polarizer set -8° away from 
extinction. (c) Differential image. (d) Differential image with a reversed contrast. 
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7.4.1 Observation through the polycarbonate substrate 

In addition to the effects of non-uniform illiunination and polarization rotation at the 

four-comers, the image obtained from conventional polarization microscopy also suffers 

from the effects of birefringence when the magnetic domains are viewed through a 

birefringent substrate. Using different NA objectives. Figures 7-11,7-12, and 7-13 show 

the conventional (a, b) and differentid (c, d) images of the magnetic domains on a MO 

disk with a polycarbonate substrate. In the presence of birefringence, the contrast of the 

differential images is better than that of conventional images even for a low-NA 

objective (see Figtire 7-11 for NA = 0.4). The contrast of the conventional images in 

Figures 7-11(a) and (b) are also degraded by non-uniform illumination. The advantage of 

using the differential method is even more obvious for the high-NA objectives. For high-

resolution imaging with a 0.8NA objective (see Figure 7-13) the conventional image is 

barely visible, while the differential image is clearly observed. 

The presence of dust and defects on the CCD surface residing in one of the two split 

images degrades the contrast of the differential image as can be seen in Figure 7-13. 

However, differential polarization microscopy shows excellent tolerance for non-uniform 

illumination, dust on the optical elements (except the CCD), and defects on the MO disk. 
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Figure 7-11. Images of the magnetic pattern on an MO disk with a polycarbonate 
substrate. The domains are approximately 2 J..Lm in diameter, and the 0.4NA objective 
lens is corrected for the 1.2 mm-thick substrate. (a) Conventional image obtained with the 
polarizer set + 7° away from extinction. (b) Conventional image obtained with the 
polarizer set -11° away from extinction. (c) Differential image. (d) Differential image 
with a reversed contrast. The conventional images suffer from the effects of birefringence 
more than the differential images do. 
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Figure 7-12. Images of the magnetic pattern on an MO disk with a polycarbonate 
substrate. The 0.6NA objective has been corrected for the substrate. (a) Conventional 
image obtained with the polarizer set + 19° away from extinction. (b) Conventional image 
obtained with the polarizer set -20° away from extinction. (c) Differential image. (d) 
Differential image with a reversed contrast. 
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Figure 7-13. Images of the magnetic pattern on an MO disk with a polycarbonate 
substrate. The 0.8NA objective lens has been corrected for the substrate. (a) Conventional 
image obtained with the polarizer set + 20° away from extinction. (b) Conventional image 
obtained with the polarizer set -20° away from extinction. (c) Differential image. (d) 
Differential image with a reversed contrast. The contrast of the conventional images 
suffers severely from birefringence. 
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7.5 Conoscopic observations 

The system depicted in Figure 7-14 captures the essence of co no scopic polarization 

microscopy. Here a coherent, monochromatic beam of light is linearly polarized and sent 

through an objective lens to be focused on a birefringent crystal. The reflected light is re-

collimated by the objective, and observed after going through a crossed analyzer. For the 

specific example described below the objective's NA = 0.375 and focal length 

f = 20000A.o. The sample is in the XY -plane, with the Z-axis perpendicular to its surface. 

The crystal slab's thickness is 430A.o, its principal refractive indices are (nx, ny, nz) = 

(1.686, 1.682, 1.531 ), and its ellipsoid of birefringence is rotated around the Z-axis by 

Lens 
Beam splitter 

Birefringent 
crystal \ 

\ 
Aluminum 

Analyzer mirror 

t - Observation plane 

Figure 7-14. Schematic diagram of a simplified conoscopic microscope. Double passage 
of the focused beam through the birefringent crystal causes varying degrees of 
polarization rotation over the beam's cross-section. The crossed analyzer converts these 
rotations into an intensity pattern. 

The computed intensity distribution at the observation plane of Figure 7-14 is shown 

in Figure 7-15(a), and the corresponding logarithmic plot appears in Figure 7-15(b). 
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Within the focused cone there are two rays that propagate along the two optical axes of 

the crystal; these rays return without any change in their state of polarization, and are 

therefore blocked by the analyzer. There are also groups of rays whose polarization 

vectors undergo rotation by integer-multiples of 180° in double passage through the slab. 

These rays are also blocked by the analyzer, giving rise to the various dark regions in the 

intensity patterns of Figure 7-15. A systematic analysis of the exit pupil distribution can, 

therefore, provide detailed information about the sample's ellipsoid of birefringence 

(Goodman and Mansuripur, 1996b). 

-8000 xi'Ao 8000 -8000 xi'Ao 8000 

Figure 7-15. (a) Intensity and (b) logarithmic intensity distributions at the observation 
plane in the system of Figure 7-14 corresponding to a biaxially birefringent crystal. 
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7.6 Summary 

Polarization microscopes are widely used to image the magnetic domains of a 

magneto-optical disk and characterize birefringence of the disk substrate. For high-

resolution imaging, unfortunately, the coupling of the polarization rotation from the Ken-

signal, the effect of Fresnel's reflection coefficients, and the substrate birefringence 

severely deteriorate the image contrast obtained from conventional observations. In this 

chapter we present the technique of differential polarization microscopy, which replaces 

the analyzer with a Wollaston prism, for providing better image contrast Images of a 

magnetic pattern obtained with both conventional and differential methods are observed 

for objective lenses having different numericsd apertures and magneto-optical disks with 

and without a birefringent substrate. The computer simulations and experimental results 

show that the use of this differential method improves the image contrast and provides 

excellent tolerance for defects of the optical system. 

While images obtained from the conventional method suffer from non-uniform 

illumination, Fresnel rotation of polarization, and birefringence, the differential method 

provides better image quality and excellent tolerance for defects of the optical system. 

For low-resolution imaging, both conventional and differential methods are able to 

provide decent contrast for the image of magnetic domains even in the presence of 

birefringence. The main concern is non-uniform illumination on the sample's surface, 

which will degrade the contrast for the conventional method. For high-resolution 

imaging through a birefringent substrate, the up and down domains are barely 
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distinguishable in conventional observations but differential observations retain a 

suitable contrast. 
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