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Abstract

To aid in magneto-optic materials development, particularly in the blue wavelength spectrum, a MO
spectrometer has been constructed. The optical set-up, employing photoelastic modulation and a
rotating analyzer stage, allows for the MO rotation and ellipticity to be measured simultaneously.
The spectrometer allows for these measurements to be made over the wavelength range of 400 nm
to 800 nm. The detected signal is read from two lockin amplifiers, one at the oscillation frequency
of the modulator and one at twice that frequency. The data is then curve fit and the rotation and
ellipticity parameters extracted. The spectrometer has been tested and shown to have a resolution

of 0.01 to 0.02 degrees for both the rotation and ellipticity measurements.
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1. Background
1.1. Introduction

A major application area of magneto-optic (MO) data storage systems is the secondary storage
of information for computers and computerized systems. The advantages of MO over conventional
recording technologies lies in its high storage capacities, disk removability, and freedom from
recording head crashes. Commercially available products provide average access times between 35

and 100 ms, data rates between 5 and 10 Mbits/s and storage densities of 108 bits/cm2.[1] This

performance allows MO recording to compete with other existing recording technologies.

1.2. Motivation

In order to further improve the storage density of MO recording, new materials are being
investigated. A critical factor in determining the storage density of MO recording is the focus spot
size of the laser on the recording material. This results from the fact that the spot size, d, is directly
related to the size of the mark recorded on the medium. A smaller spot size can be used to produce
smaller marks yielding a greatcf storage density. The focus spot size of the beam is proportional to
the wavelength of light, A, being used in the system and is inversely proportional to the numerical

aperture, NA, of the lens used to focus the laser beam.

4=032
NA (1.1)

The NA of a lens is defined as NA = n sin ©, where n is the refractive index of the image
space, and @ is the half-angle subtended by the exit pupil and the focal point. In optical recording
systems the image space is air which has an index of very nearly one. Current practice is to use a
lens with a NA = 0.5 - 0.6. Numerical apertures much larger than this are unlikely in optical
recording systems since they put strict constraints on the focus servo of the system and limit the
tolerances[1].

Decreasing the wavelength of light used becomes an important factor in the reduction of the
size of the written marks. Currently, the wavelength used in MO systems is 780 nm. There is

hope that in the future optical storage systems will operate in the wavelength range of 400 to 500
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nm. Wavelengths in this region will yield recording densities three to four times larger than that of
conventional methods simply by changing the wavelength of the laser. The apparatus described in
this paper is a test system that aids in the development of materials suitable for use in a wide range
of wavelengths. It can be used to help in the development of media for current as well as future

MO recording systems.

1.3. Magneto-Optic Recording

Magneto-optic recording and erasure of information on disks is achieved by the
thermomagnetic recording process. A focused laser beam is used to raise the local temperature of a
film making it magnetically soft, reducing the coercivity. The temperature is increased enough that
a small electromagnet can be used to provide a field strong enough to overcome the coercive force
of the material and the magnetization is switched. The laser power is turned off allowing the
material to cool and freezing the reversed magnetic domains in the film.

The materials used in MO recording have strong perpendicular magnetic anisotropy, favoring
the “up” and “down” magnetization states over all others. This differs from conventional
longitudinal magnetic recording which utilizes in-plane magnetization states for the storage of

information.

Magneto-Optical Recording Longitudinal Magnetic Recording

Yvy A Yvy Magnetic Film qd4d » wd=

Substrate

Figure 1.1: Magnetization Direction of Domains in Magneto-Optical and
Longitudinal Magnetic Recording

Readback of the information is done by shining the laser spot, at a low enough power that it
does not heat the film much, on the written domains. The polarization of the laser light is then
rotated as it interacts with the film. If the material is magnetized in the “up” direction the

polarization of the light will rotate in one direction. Magnetization in the “down” state will cause



the beam to be rotated in the opposite direction.
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Figure 1.2: Rotation of Incident Beam from Film Magnetization

Differential detectors are used to determine which direction the polarization of the beam has
been rotated, indicating the magnetization state, or the presence or absence of a written domain, of
the material. In an MO disk drive, an analyzer, a linear polarizer, is used to extinguish one of the
rotation states returning no signal. The second rotation state can then be easily detected and

distinguished from the first.

1.4. Definitions

Magneto-optic materials have optical properties which cause the light that interacts with them,
either from transmission through the material or reflection off of the material, to be altered. Two of
these properties are dichroism and birefringence [2]. Both of these effects can be described in both
a linear and circular form. If a medium is said to be linearly dichroic, a linearly polarized wave
traveling in the direction perpendicular to the optic axis will be attenuated differently depending on
its orientation with respect to the optic axis. The absorption is either a maximum or minimum if the
transverse electric field of the propagating wave is vibrating either parallel or perpendicular to the
optic axis. In magneto-optical media the effect is from circular dichroism. That is, a right-hand-
circularly polarized wave will experience a different absorption than a left-hand-circularly polarized
wave. Circular dichroism gives rise to the magneto-optical ellipticity that is measured by this

system.

As with the dichroism, both linear and circular birefringence exist in different materials. Ifa

3



As with the dichroism, both linear and circular birefringence exist in different materials. If a
medium is linearly birefringent, a linearly polarized wave tra\;eling perpendicular to the optic axis
will experience different indices of refraction depending on its orientation with respect to the optic
axis. A wave parallel to the optic axis will experience an index of refraction, ne, different than a
wave orthogonal to the optic axis, n.. This results in different speeds of propagation of the wave
from the two orthogonal polarizations, c/ne and c/no, where c is the speed of light in a vacuum.

As with dichroism, in magneto-optical media the effect is from circular birefringence. That is,
a right-hand-circularly polarized wave experiences a different index of refraction, and thus
propagation speed in the medium, than left-hand-circularly polarized light. The difference in the
indices of refraction for the right and left-handed-circularly polarized waves is the magnitude of the
circular birefringence. This magnitude is proportional to the optical rotation of the polarized wave
caused by the effect. This optical rotation is the other parameter that this spectrometer measures.

Two final terms that should be defined here are the Kerr and Faraday effect. The Kerr effect is
the term used to describe both the rotétion and ellipticity when the measurements are taken as the
wave is reflected off of the surface of the film. The Faraday effect is used to describe the changes
when the measurements are done after the wave is transmitted through the material. This system is

currently designed and setup to measure the Faraday effect.



2. Optical Setup
2.1. Optical Path

The optical setup for the Faraday, or transmission, measurement is shown below. The setup
for the Kerr, or reflection, measurement is nearly identical to the one shown except that the

analyzer and the detector are moved to the opposite side of the sample.

1000 W Xenon  Monochrometer Polarizer Sample and Photomultiplier
Arc Lamp Magnet Tube
1 XK K

-

KK
Focusing Photoelastic
Lens Lens Modulator Analyzer

Figure 2.1: Optical Setup for Faraday Measurements

The light source for the experimental setup is a 1000 watt xenon arc lamp. It is used for its
large spectral range of light that it emits. A McPherson 275 monochrometer is used to split the
white light of the arc lamp into individual wavelengths. The monochrometer accepts the light and
reflects it off of a grating. The precise angle at which the reflection occurs controls the wavelength
of light emitted. The wavelength range of the monochrometer used is from 400 - 800 nm.

The beam exiting the monochrometer is focused on the detector at the end of the optical path
using an achromatic lens. After the lens sits a linear polarizer, a HINDS Intemationali’EM—SO
photoelastic modulator (PEM), and an analyzer. The polarizer is used to set the initial polarization
at 45° with respect to the PEM optical axis. The PEM changes the linear polarized light into
elliptically polarized light and back at a fundamental frequency, f. A more detailed description of
photoelastic modulation is given below. The changes in the light polarization also affect the light
as it passes through the analyzer, another linear polarizer. The polarization shifts are detected by a
photo-multiplier tube (PMT) as intensity changes.

The sample under investigation is placed between the PEM and the analyzer. It is also placed



inside a magnetic field large enough to saturate the material. The magneto-optical properties of the
sample, subjected to the magnetic field, cause the light polarization to be altered from the
previously known states. It is from these changes that the magneto-optical rotation and ellipticity

can be determined.

2.2. Photoelastic Modulation

Photoelastic, piezobirefringent, phase modulation (PEM) is chosen in this set-up because of its
high precision, low sensitivity to parasitic birefringence effects and suitability for computer
automation.[3] In the simplest form of PEM, a rectangular bar of solid material, transparent in the
wavelength region of interest, vibrates at its lowest frequency of standing compression sound
waves. The modulator used contains fused silica for operation in the visible, near IR and near UV
regions.

The standing sound wave causes a time varying birefringence at the center of the bar. The
vibrations are sustained and the magnitude controlled electronically by bonding the optical element
to a quartz transducer tuned to the same frequency, 50 kHz in this case.

[ ] Neutral

[ 1 Extended

C J Neutral

C— 1] Compressed

Figure 2.2: Longitudinal Vibration of Bar Optical Element. -

When the bar is unstrained, at the neutral position, the two components of the light, described
by the electric field, pass through the modulator and remain exactly in phase. When the bar is
either extended or compressed the refractive indices for the x-polarized light and the y-polarized
light are changed causing the speed of the light in the two polarization directions within the crystal
to be different. The extended and compressed optical bar will cause the x-component to either lead

or lag the y-component.



component waves
ara in phase

Figure 2.3: Effects of Vibration on Light Polarization [3].

The instantaneous phase difference between the two polarizations shown in figure 2.3 is
called retardation. A special case of half wave retardation is shown in ﬁghre 2.4. The polarization

state alternates between linear polarization states 90° apart, with intermediate states being elliptically
or circularly polarized.
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Figure 2.4: Half-Wave Retardation [3].
The retardation used in the spectrometer set-up is very nearly have-wave retardation.

2.3. Jones Matrix Calculus

The Jones matrix calculus representation of polarized light [2,4,5] was developed in 1941 by
the American physicist R. Clark Jones. While this technique can only be applied to polarized
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waves, it has the advantage of handling coherent beams. The electric field is used to describe the

polarization of light waves. Written in column format, the Jones vector is:

{34

(2.1)

where Ex(t) and Ey(t) are the instantaneous scalar components of E. Knowing E we know
everything about the polarization state. Preserving the phase information allows the Jones matrix

calculus to handle coherent waves.

E=

- EOxei¢‘ }
_ Eqyeity 2.2)

where ¢x and ¢y are the appropriate phases.
Passing a beam, Ei, through an optical material causes the beam to be transformed into Et.

This process is described mathematically by a 2x2 transformation matrix, A.

E; = AE; —>[Etx}=[ a a12][EixJ

Ey a1 a2 Il Eyy (2.3)

expanding the matrix equation gives:
Eix=anEix+ alZEiy 2.4)
Ety = a21Eix + a22Ejy (2.5)

Each component in the optical path will result in equations of the same form. If a wave passes

through a series of optical components represented by the matrices A1, A2, . . ., An, then

E¢=Ap - -AsAE; (2.6)

The matrices do not commute and must be applied in the proper order to get the correct

transmitted polarization.



2.4. Mathematical Description

The mathematics of the system [6] is best described using Jones matrices. The beam

polarization, as described by the electric field, is calculated in front of the PMT.

Eevr=A S circ MP = [EM*J

Epemry

2.7

where P is the initial polarizer, M represents the modulator, circ transforms the coordinate system
from rectangular to circular coordinates, S is the sample contribution, and A represents the
analyzer.

Using the modulator axis as the reference point, the light after the first polarizer, which is set

to a 45° angle with respect to the PEM, is described by

wa/% ” 2.8)

The modulator is represented by the matrix M

A

M= ]
0 ex -_13)

2 (2.9)

where ¢ is the phase retardation of the modulator.
The circ matrix is the transformation from the rectangular coordinates used to describe the

initial polarizer and modulator to the circular coordinates of the dichroic and birefringent material.

1 li}
etre Ti[l i (2.10)

The matrix S is used to describe the sample under investigation. It contains terms identifying
both the circular dichroism and circular birefringence of the material, as well as the absorption, o,

and thickness of the sample, d.



N { expl-i8¢d +&) 0 }
2

0 expliopd -€) 2.11)

Finally, the matrix A is used to describe the final optical component in the system, the linear

analyzer.

A=l 1 exp(-i29) }
2 .
expli26) 1 (2.12)
The intensity at the PMT is determined by
I = EdnrxEpmrs + EpuryEemry (2.13)

where Epm x* and Epmt,y* are complex conjugates of Epmr x and Epmt,y. The intensity is

I= %exp(ad{cosh(zep) + sinh(2e) sing + sin(26pd - 20) cos] (2.14)

Since the phase retardation ¢ imposed on the beam by the modulator oscillates according to ¢

= ¢m Sin(wt), the intensity can be expanded into Bessel functions J,, of the first kind.

[=lex p(od cosh(2€g) + sinh(2¢f) {2] 1(¢m) SinGot + - - }
=3 + sin(26pd - 26) {J 0(¢m) + 2Jo(¢m) cos2mt + - - } 2.15)

where o = 2xf and f is the modulation frequency.
When grouped by frequency components the first three terms in the intensity, I, are a dc term,

an f dependent term, and a 2f dependent term.

Ly = %—exp(adicosh(ZeF) + sin(291=d - 29) {J 0(¢m)}] (2.16)
Iis= %exp(ocd{sinh(Zep) {21 1(¢m)}] (2.17)
Ios = Lexp(adsin(20¢d - 26) {230{00)] 2.18)
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The Faraday rotation is measured directly from the position of the analyzer as measured by the

2f signal, while the ellipticity is calculated from the normalized version of the 1f signal.

gr =L sinh" l[—————llf Jz(¢m) }

2 | Xl T1(6m) (2.19)

where [Id is the magnitude of the 2f signal. This equation gives the result in radians. Conversion

to degrees is done simply by muitiplying the result by 180/rx.
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3. Data Collection
3.1. Rotating Analyzer Controller

The method employed in measuring the MO properties of the new materials uses a rotating
analyzer stage. The analyzer in this set-up is set for a constant rotation. This requires that an index
signal, one pulse per revolution, be present so data acquisition can always begin at the same
analyzer position. The rotation stage, a Newport 495-A Series, has two encoder signals 90° out of

phase as its output.

Encoder Phase | ] _jJ
Encoder Phase 2

Figure 3.1: Encoder Timing Diagram

Each encoder gives out 90,000 pulses per revolution. In order to try to maximize the accuracy
of the rotation stage, which has a resolution of 0.001°, a circuit was constructed to convert the two
90,000 pulse per revolution encoders into one 360,000 pulse per revolution signal. The circuit

constructed to accomplish this task is shown below.

Buffers Schmitt Triggers Edge Detectors
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Encoder 1 ‘ @ B
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Figure 3.2: TTL Circuit Diagram
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