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ABSTRACT

EXPERIMENTAL SETUP FOR MEASURING THE
MAGNETO-OPTICAL KERR EFFECT UNDER HIGH ISOTROPIC PRESSURE

by
BRIAN CHRISTOPHER DONEHEW, B.S., M.S.
Southwest Texas State University
December 2001

SUPERVISING PROFESSOR: Wilhelmus Geerts

I investigated the optimal experimental setup for measuring the magneto-optical(MO)
Kerr Effect under high isotropic pressure. Currently, most MO digital data storage
devices use red laser light to read/write data. Theoretical calculations predict that MO
materials will show a larger Kerr Effect at shorter wavelengths if placed under high
pressure.’ If shorter wavelength lasers could be used in data storage devices, data density
might be increased 2-3 times. A brass sapphire ball cell(SBC), similar to a diamond anvil
cell, is used to create the isotropic pressures. Theoretically, up to 2 GPa of pressure may
be created. The Kerr Effect is measured using an intensity-stabilized laser, a photo-
elastic modulator, and an electromagnet. This setup is normally used to measure the
hysteresis curves for thin films, but the hysteresis curves can be rescaled to show Kerr
Rotation or Kerr Ellipticity as a function of applied magnetic field. I investigated various
issues including alignment, sample creation and preparation, chemical mechanical
polishing of the sapphire spheres and creation of the gaskets, calibration of the setup,

measuring pressure, and optimizing pressure in the chamber.
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Chapter 1
Introduction and Theory
1.1 Focus of Research
This thesis focuses on research to increase the data density of magneto-optical
data storage devices, thus increasing the efficacy of this technology.

One of the main limitations to data density in magneto-optical storage devices is
the spot size of the laser. Magnetic domains that are smaller than the laser spot size
cannot be read. More accurately, their signal is mixed in with the signals from adjacent
domains, producing noise. Most magneto-optical materials show a more pronounced
Kerr effect for red light than for shorter wavelengths. Consequently, red laser light is
used to read data on a magneto-optical storage device. Below is a graph depicting the
measured Kerr Rotation for iron over a range of photon energies from infrared light (<1.0
eV) up to ultraviolet light (5 eV). Note that the maximum absolute Kerr Rotation occurs
for red light. In this thesis, the wavelength of light that shows the maximum Kerr

Rotation is called the Kerr peak.
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Figure 1.1 Kerr Rotation versus Wavelength"




The minimum spot size for red light is greater than the minimum spot size for
blue light, or for any other shorter wavelength. According to the Rayleigh criteria, spot
size is proportional to wavelength. In other words, as the wavelength of the laser

becomes smaller, the minimum spot size of the laser also decreases.

The Rayleigh criteria: S =A/Na
Where S = spot size
A = wavelength of laser

Na = numerical aperture of the lens system

If the Kerr peak for magneto-optical materials could somehow be shifted into the blue,
then blue lasers could be used in magneto-optical hard drives. The blue laser, having a
smaller spot size, could read smaller domains. Data density could be increased 2-3 times
over its current value.

The Kerr Effect is dependent on spin-orbit coupling and the magnetization of the
domains. However, the work of Dr. Oppenner, et al, suggests that lattice spacing may
also influence the Kerr Effect. Dr. Oppeneer and associates have made first principles
calculations to evaluate the relationship between lattice spacing and the Kerr Effect.
Their theoretical models for nickel show a significant shift in the Kerr peak (~ 1 eV) if
the lattice spacing is increased by 5.9 %." This shift is towards the red wavelengths, and
is shown in Figure 1.2. Tt is logical to suspect that if the lattice spacing is decreased, the
Kerr peak will shift towards bluer wavelengths. One way to decrease the lattice spacing

in a material is to place it under high pressure.
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Figure 1.2 Shift of the Kerr Peak’

The focus of the research in this thesis is to develop an experimental setup to
measure the influence that high pressure has on the Kerr Effect for magneto-optical
materials. The materials are placed under high pressure in a sapphire ball cell. The Kerr
Effect for each material was measured with a laser using a technique originally developed

to measure complex indices of refraction.

1.2 Polarization of E-M Waves

Light is a travelling electromagnetic (E-M) wave. An E-M wave is composed of
an oscillating electric (E) and magnetic (B) field. The E-field and B-field are
perpendicular to each other, and both are perpendicular to the direction of propagation
(Figure 1.3). In general, the E-field interacts more strongly with materials than the B-

field. For polarization, only the E-field component is considered.



E

Figure 1.3 Electro-Magnetic Wave”

For most light sources, the E-fields of the individual photons are randomly
oriented with respect to each other. This is unpolarized light. 1f, however, the E-fields of
the light are made to be oriented in the same direction, the light is polarized. Polarized
light can occur naturally (through reflection, for example), or unpolarized light can be
made polarized through polarization filters.

The electric field of polarized light can be described with the following equation.




E,cos( wt—2nmz/A+5,)
E(z,t) =
E,) cos( wt—27z/ A+ 6y)

Where the wave propagates along the positive z-direction and
Ex = maximum component of the E-field in the x-direction
Ey = maximum component of the E-field in the y-direction

A = wavelength of the light

o = angular frequency of the light

i

O0x = phase shift of Exatt=10

8y = phase shift of Eyatt=0
For polarization, the behavior of the E-field is what is of interest. The actual position of
the wave has little bearing on understanding the polarization, so let z = zero. In addition,

due to the sinusoidal behavior of the wave, the time dependent part of the equation can be

suppressed. This simplifies the above equation to

This is the Jones vector for an E-M wave. Jones matrices are used to describe polarized
light because they contain complete information about the amplitude and phase
difference of the Ex and E, component of the light wave’s electric field. In general, only
the difference between 8« and 0y is of interest, so one of them (usually d,) is often

assumed to be zero.



The figures below show the behavior of the E-field for some special cases. The
vantage point is from the direction of propagation and looking into the E-M wave. The

Jones vector for the wave is also given for each case.
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Figure 1.4 Special Cases of Polarized Light’

For linearly polarized light, there is no phase difference between Ex and E,
(8« - 8, =0). For right circularly polarized (RCP) light, Ex lags behind E, by 90 degrees.
For left circularly polarized (LCP) light, Ex leads Ey by 90 degrees. For both RCP and
LCP light, Ex equals Ey. Qualitatively, for RCP light, the E-field rotates in a clockwise
direction over time. The E-field for LCP light rotates in a counterclockwise direction

over time. If Ex does not equal E,, or if the phase difference between E, and E, is not




—90, 0, or 90 degrees, the light is elliptically polarized. The E-field traces out an ellipse

over time.

1.3 The Kerr Effect — Macroscopic Description

When polarized light reflects off a magneto-optical material, both the ellipticity
and the orientation of the polarization will change. This is the Kerr Effect. The change
in the ellipticity of the light is the Kerr Ellipticity, and the change in the orientation of
polarization is the Kerr Rotation. All polarized light can be thought of as the
superposition of a right circularly polarized wave with a left circularly polarized wave.
The Kerr Effect is due to a difference in the reflectivity of RCP light versus LCP light.
The reflectivity is related to the Kerr Ellipticity and the Kerr Rotation by

(N"-D/N"+1) 1+taneg,
X = F'/F = =

* exp(-2i0y)
N -D/(N+1) 1 —tang,
where ¥ = polarization variable
F'= amplitude of Fresnel reflection coefficient for RCP light
"= amplitude of Fresnel reflection coefficient for LCP light
N"= complex refractive index for RCP light
= complex refractive index for LCP light
g« = Kerr Ellipticity angle
0= Kerr Rotation angle
Therefore, as a result of the Kerr Rotation and Kerr Ellipticity, the reflected light will
also change in intensity as the incident light changes its polarization.

The complex index of refraction, N, is related to the dielectric constant, €, by



N+/—‘ — 8+/—

In most materials the dielectric tensor is given, in Cartesian coordinates, by

\ 0 0 822)

However, in a magneto-optical material with a crystal structure of high symmetry (i.e.

cubic), and with magnetization along the z-axis, the dielectric tensor is given by

& +g, 0
e=-¢, & 0
0 0 g

The off diagonal non-zero terms are the origin of the Kerr Effect. Relating the index of

refraction to the dielectric tensor leads to

+/—42 .
(N7 )" =g Tigy,

More importantly, in the case of small 6y and e, the relationship between Kerr Rotation,

Kerr Ellipticity and the elements of the dielectric tensor are given by



€

xy
(1 ~Exx )\/a

9]{ +i6‘k =

For a more detailed description of the relationship between the dielectric tensor and the

Kerr Effect, see the theses of H. Feil and W. Van Drent listed in the bibliography.

1.4 Orientation of the Magnetic Domains

The orientation of the magnetic domains in a material affects the RCP and LCP
reflectivity of the material, and therefore affects the Kerr Effect (see Figure 1.5). If the
domain orientation is in the plane of incidence and in the plane of the surface, a
longitudinal Kerr Effect results. The maximum Kerr Rotation in this case is about four
minutes of arc, and occurs at an angle of incidence of around 60 degrees. If orientation

of the domains is perpendicular to the plane of incidence but in the plane of the material,
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Figure 1.5 Polar, Transverse, and Longitudinal Kerr Effect’



a transverse Kerr Effect results. The Kerr Rotation in this case is similar to that of the
longitudinal Kerr Effect. If the domain of orientation is perpendicular the surface of the
material, the polar Kerr effect results. In this case the maximum Kerr Rotation may be

up to 20 minutes of arc, and occurs when the angle of incidence equals zero degrees.*

1.5 Kerr Effect — Microscopic Description

Absorption, and therefore reflection, of light is caused by interband and intraband
electron transitions in a material. In general, in individual atoms with more than one
electron, electron energy is determined by the electron’s principal quantum number 7,
and the angular momentum quantum number /. This leads to degeneracy in the electron
energy levels, where electrons with different values of m; and m; have the same energy.
If the atom is placed in a weak magnetic field, each energy level is split in two. The
electrons having m; = +1/2 go into one of the energy levels, and electrons having
ms = -1/2 go into the second energy level. In addition, for magnetic-optical materials,
spin-orbit coupling causes these energy levels to further split according to the my quantum

number, as in Figure 1.6. This phenomenon is known as the Zeeman Effect.

1=0 <13 1> . -
-1 + ~ ] ~j+ — ] el- _ Jd=3s2
Spin m -z32Z-7
_ 3 === =z~
- - r -ZZ . 3 - s,
1=1 6> (3> 4= I T/ E oo s J=1-2
ferromagnet —= L S coupl:ing

Figure 1.6 Electronic Level Splitting
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This split in the energy levels also occurs in the energy bands of magneto-optical
materials. For magneto-optical materials, the selection rule for electronic transitions
differs for RCP and LCP light. For RCP light, Am; = +1, and for LCP light, Amy =-1.7
Consequently, the reflectivity of RCP light is different from the reflectivity of LCP light.
After reflection, the change in the magnitude of the E-field for RCP light differs from the
change for LCP light. This change in the E-field’s magnitude leads to a change in the
ellipticity of the light. This is the origin of Kerr Ellipticity. Figure 1.7 shows a graphical

representation of Kerr Ellipticity.
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Figure 1.7 Kerr Ellipticity Upon Reflection
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Kerr Rotation (see Figure 1.8) is also the result of the difference in absorbtion
between RCP and LCP light. A phase shift occurs between the two components. The E-
field of the combined RCP and LCP light will reach a maximum (i.e. their E-fields will

“line up” with each other) along a different axis of polarization

Polarization of Light Before RHeflection
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Kerr Rotation After Reflection

NI

N

N
NN

W

Figure 1.8 Kerr Rotation Upon Reflection

1.6 Applications of Magneto-Optical Materials

Digital data storage is one of the many applications for magneto-optical materials.
In this application, a laser reads data stored on a magneto-optical disk. The data is in the
form of magnetic domains on the disk. Depending on the orientation of its

magnetization, a magnetic domain is either a ‘1’ bit or a ‘0’ bit.
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Currently, most hard drives are standard magnetic hard drives. In order for
magneto-optical storage devices to be a viable alternative to magnetic hard drive
technologies, it must be competitive in both price and capability, while offering other
advantages. A standard magnetic hard drive uses an electric coil to write data onto the
hard drive and a magneto-resistor to read data on the hard drive. When a current flows
through the electric coil, it produces a magnetic field that is strong enough to reverse the
orientation of a magnetic domain. In this way data is changed or written. The resistance
of a magneto-resistor changes as it moves through a magnetic field. As the magneto-
resistor passes over a domain, its resistance will either decrease or increase depending on
the orientation of the domain. In this way, a ‘1’ bit can be differentiated from a ‘0’ bit.

In contrast, a magneto-optical hard drive uses a laser to read data, and the
combination of the laser plus an electric coil to write data. The domains in a magneto-
optical hard drive are perpendicular to the plane of the hard drive. The laser strikes the
hard drive at a right angle. The beam first travels through a transparent film, which
focuses the beam down to less than a micrometer. The beam then reflects off a single
domain. The polar Kerr Rotation for the laser depends on the orientation of the domains.
The data is read by measuring the polar Kerr Rotation for the laser. For example, a
clockwise Kerr Rotation may be a ‘1’ bit, while a counter clockwise Kerr Rotation would

be a ‘0’ bit. Figure 1.8 shows a laser head reading a magnetic bit.

13
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Figure 1.8 Reading a Bit on a Magneto-Optical Disk’

At room temperature, magneto-optical materials have high coercivities, and the
magnetic field produced by an electric coil is not sufficient to flip the orientation of a
domain. To write data on the disk, the laser first heats the domain to between 200-300
degrees Celsius. At this temperature, the coercivity of the material is much smaller. The
electric coil can then be used to switch the orientation of the domain.” Figure 1.9 shows
the process of writing a bit.

Magneto-optical hard drives have two primary advantages over conventional
magnetic hard drives. The first advantage for magneto-optical storage devices is their

durability. At room temperature, they have very high coercivities. The orientation of the

14



magnetic domains is relatively impervious to stray electromagnetic fields, thermal

excitation, or rough handling of the data disk. This makes magneto-optical storage

g’i Magnetic
p o o Field

Magnetic
Fitm

Transparent
Disk

Figure 1.9 Writing a Bit Into a Magneto-Optical Disk’
devices ideal for archiving data. Secondly, conventional magnetic hard drives require the
read and write head to travel at high speeds only a few hundred nanometers above the
surface of the hard drive. If there is any particle contamination on the hard drive or if the
hard drive is roughly handled, the head can crash into the disk. This risk is greatly
reduced in magneto-optical hard drives, where the distance from the disk to the laser is

much greater. Magneto-optical disks combine the durability and portability of floppy

15



disks and zip-disks with a data storage capacity within an order of magnitude of many
magnetic hard drives. They are also faster and more energy efficient than read/recordable

compact disks.
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Chapter 2

Experimental Setup
2.1 Setup of the Optical Table for Measuring the Longitudinal Kerr Effect

The optical table equipment should be laid out as in Figure 2.1, which is a top-
down view of the optical table. A Melles Griote Model 05 STP901 produces a 632.8 nm
laser beam. Using an adapter, a Zoom Beam Expander from Edmund Scientific is
attached to the front of the laser. The beam expandér increases the diameter of the laser
beam and decreases its divergence. After passing through the beam expander, the width
of the laser beam is approximately one cm. For a more detailed description of the laser
and beam expander, see chapter 2, Section 4. The beam then passes through a quarter
wave plate. The quarter-wave plate causes a 90-degree phase shift between the E-
component parallel to its transmission axis and the E-component perpendicular to this
axis. Since the laser light is polarized, by rotating the quarter-wave plate, the intensity of
the beam can be adjusted. The polarizer is set at 45 degrees from horizontal. The
polarizer transmits the component of the laser beam that is parallel to the transmittance
axis. Therefore, the beam that enters the photoelastic modulator (PEM) is linearly
polarized at 45 degrees from horizontal. In other words, after the beam passes through
the polarizer, it has equal s- and p-components. Both the polarizer and analyzer are Glan-
Taylor U-V prism polarizers, model MGTYS15, from the Karl Lambrecht Company
The PEM (model PEM-90 from Hinds Instruments) contains a crystal that expands and
contracts at a rate of 50 KHz. As the light travels through the crystal, the oscillating
crystal structure causes a phase shift between the s- and p-components. The net effect is

that, after leaving the PEM, the laser beam shifts from RCP light to LCP light and back

17



again at a rate of 50 KHz. See chapter 2, Section 5, for a more detailed description of the

PEM.

Melles Griot 632 nm
Intensity Stabilized
Laser

To Voltmeter
To PEM-90 Controller

Hinds PEM-90
Electronic Head

Sapphire Ball Cell

Mirror
Fused Silica Lens . Electromagnet
Wave Plate with Micrometer Base

Figure 2.1 Optical Table Setup for Measuring the Longitudinal Kerr Effect

The laser beam then passes through a fused silica lens with a focal length of 200
mm. Because it is made of fused silica, the lens does not produce an unwanted change in
the state of polarization of the laser light. The lens, in combination with the beam

expander, reduces the laser beam to its smallest possible spot size at the lens’ focal
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length, while preserving intensity. A 3-D micrometer base has been constructed that
allows fine adjustment of the lens position. The lens can then be used to aim the laser
beam onto the sample in the Sapphire Ball Cell (SBC). The SBC and the Cenco
Instruments 60V electromagnet are placed at the focal length. The magnet is capable of
producing fields up to 700 gauss. The SBC and the magnet should be tilted at a
maximum angle of ten degrees from perpendicular to the beam. The SBC should be
approximately halfway between the pole pieces of the magnet. Use either the Ardel
Kinematic base or the 3-D micrometer base to hold the SBC between the pole pieces.
Both allow for fine adjustment of the SBC’s position. A model 912 gaussmeter
manufactured by Magnetic Instruments, Inc. is used to measure the magnetic field
between the pole pieces. A metal arm has been attached to the magnet to hold the gauss
probe in position. After the beam reflects off the sample and exits the SBC, it should be
at an angle of approximately 20 degrees from the incident beam. The reflected beam may
diverge significantly, such that it is too wide to go through the analyzer. A fused silica
lens can be used to contract the size of the reflected beam so it can pass through the
analyzer. The transmittance axis of the analyzer should be along the horizontal, parallel
to the surface of the optical table. Finally, the laser beam should strike the face of the
Thorlabs, Inc. model PDASO photodetector. For more information on the polarizer,
analyzer, gaussmeter and photodetector, consult Patrick Holland’s thesis “Magnetic

Hysteresis Curves of Thin Films under Isotropic Stress.”
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2.2 Electronic Setup for Measuring and Analyzing Data
Figure 2.2 shows the connections for the electronic components, and Table 2.1
gives a list of the principle electronic components. The Lock-In Amplifier (LIA),

Voltmeter, Gaussmeter, Magnet Power Supply, and Switching Unit are plugged into the

Kerr Signal
{from photodetector)

HP3465A YoRmeter  lmout Agilent
Oscilloscope

Reference Signal

RS-232 DBIM Cable
/ P

PEM-90 Controller

GPIB
Connections .
-
Supply
|| ==
|  HP3488A Switching
Unit
=
= Switching Electronics
Gaussmeter

Figure 2.2 Setup of Electronic Components
GPIB port on the computer. The PEM controller is plugged into the left nine-pin port

(RS-232 DBO9M cable) on the computer. The LIA measures the AC components of the

20




photodetector signal. The voltmeter measures the DC component, which represents the
intensity of the light beam. The DC power supply provides voltage and current for

the electromagnet. The gaussmeter measures the magnetic field between the poles. All
of these components interface directly with the computer. The switching unit, polarity
switch and polarity switch power supply act as a unit to switch the polarity of the
electromagnet (see figure 2,?;), The switching unit interfaces with the computer, but its
electronics are too delicate to handle the high current (1-2 amps) through the
electromagnet. The polarity switch has relays that can handle the magnet current. When

the voltage in the magnet is (nearly) zero, the switching unit instructs the polarity switch

HP6633A Power Supply HP34588A Switching Unit
[
[ d

.r/

Figure 2.3 Polarity Switch Electronics
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to flip its relays. This will switch the direction of current and flip the magnetic field
created by the electromagnet. The setup for the switching electronics is shown below.

The Polarity Switch Power Supply should be set to 12 Volts.

Table 2.1 List of Electronic Components

Instrument Model Manufacturer
Lock-In Amplifier SR830 DSP Stanford Research Systems
DC Power Supply HP6633A Hewlett Packard
Digital Volt Meter HP3455A Hewlett Packard
Switching Unit HP3488A Hewlett Packard
Polarity Switch One of a Kind Southwest Texas State
Polarity Switch PLS50-1 Systron-Donner Corp.
Power Supply
Oscilloscope 54622D Agilent
Computer 486 Dell

During a measurement, the computer software will control and/or monitor the
LIA, voltmeter, gaussmeter, switching unit and magnet power supply. Use coaxial cables
to carry the Kerr signal and reference signal from component to component. The Kerr
signal from the photodetector must first go to the two input terminals on the voltmeter. A
coaxial-double banana adapter will be necessary The Kerr signal then goes to terminal

"1" on the oscilloscope. From there, the signal should go to terminal “A/I” on the LIA.

A 50 Q resistor cap should also be placed on this terminal. The reference signal goes

22




from the “1f” terminal on the PEM to the “REF IN” terminal on the LIA. The reference

signal should then go to terminal "2" on the oscilloscope.

2.3 Laser

The laser on the optical table is a model 05 STP901 manufactured by Melles Griot.
A stabilized HeNe laser produces a highly stable beam of collimated, polarized, single
mode, 632.8 nm wavelength laser light at stable frequency or stable intensity. Since the
Kerr effect is calculated from small fluctuations in the intensity of the beam, the laser is
operated in the intensity-stabilized mode. Once the laser is turned on, it takes
approximately 20 minutes for the intensity to stabilize The laser controller will make
several clicking sounds to indicate that the intensity has stabilized.

For resonance of light to occur in the laser cavity, one round trip in the cavity must

equal an integral number of wavelengths.

NA=2L

Where N is an integer equal to the number of wavelengths, A is the wavelength of light,
and L is the cavity length. Each allowable wavelength is called a steady state
longitudinal mode, and each mode is separated, in Hz, from its nearest neighbor by the
value ¢/2L, where ¢ is the speed of light. For this laser, the modes are separated by
approximately 640 MHz.

The light emitted by the atoms in the plasma undergoes a Doppler shift due to the

motions of the atoms. This leads to a Gaussian distribution in the emitted wavelengths.
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The half-power width of this distribution is approximately 1400 MHz. There will be only
two steady state modes within the half-power width; each separated by 640 MHz. In the
intensity-stabilized mode, control circuitry monitors the intensity of one of the allowed

modes and thermally controls the length of the cavity to maintain the intensity.®

2.4 Beam Expander and Focusing Lens

The Edmund Scientific Zoom Beam Expander is a reverse Galilean telescope (see
Figure 2.4). The beam expander, as the name implies, increases the size of the beam
diameter. However, it also decreases the divergence of the beam. The decrease in
divergence is directly proportional to the increase in diameter. The Zoom Beam
expander has a variable expansion power of 10X-20X. Because of the beam expander,

the beam is more highly collimated when it reaches the fused silica lens, resulting in a
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Figure 2.4 Reverse Galilean Beam Expander
cleaner spot at the sample. The beam expander can also be used to focus the beam at

long distance. The Zoom Beam Expander has a variable focal point of 1.2 m to infinity.
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The beam expander and the focusing lens work together to minimize the spot size
of the beam at the sample. It is important that the laser beam only hits the sample during
a measurement, and not “overlap” into the gasket or the SBC or anything else The Kerr
signal from the sample should not be mixed in with signals from the other materials in the
SBC. The uhmodiﬁed laser beam is approximately one mm in diameter, which is at least
twice as large as the sample. The laser beam needs to be shrunk down to a size smaller
than the sample. The photodetector measures changes in the intensity of the reflected
beam. Therefore, the entire beam should continually strike the sample throughout the
measurement. If the sample’s position with respect to the beam shifts during a
measurement, a smaller spot size helps to ensure that the entire beam stays on the sample.
The spot size produced by the fused silica lens is primarily determined by the spherical
aberration of the lens and the f-stop number (F/#) of the lens. Spherical aberration is the
result of the spherical shape of the lens. Light that enters the lens near the central axis
has a different focal point than light that enters the lens away from the central axis
(Figure 2.5a). This causes an interference pattern known as an Airy pattern (Figure 2.5b).
It is apparent from Figure 2.5 that, as the diameter of the laser beam decreases, the Airy
pattern produced by spherical aberration also decreases. More of the laser light is

concentrated around the central axis
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Figure 2.5 Spherical Aberration and the Airy Pattern’

The spot size of the laser at the sample is linearly dependent on the wavelength of

the laser and