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Abstract 

This dissertation presents instrumentation developed for the optical characterizations of 

magneto-optic (M-O) recording media and explores the magneto-optic Kerr effect in optical 

recording applications. We developed an accurate method to measure the wavelength 

dependencies of the magneto-optic Kerr rotation angle Ok> ellipticity Ek and reflectivity R and 

applied it to the characterization of TbFe and TbFeCo rare earth-transition metal (RE-TM) 

samples and Co/Pt and Co/Pd superlattice thin films. A variable-angle photometric ellipsometer 

system is developed for the dielectric tensor characterization of the M-O media. A series of 

Co/Pd samples with different thicknesses are studied for the understanding of M-O Kerr effect. 

The composition dependencies of the dielectric tensor for both Co/Pt and Co/Pd superlattice 

samples are measured, and the enhancement of the magneto-optic Kerr effect for these samples 

is studied. We also characterized many RE-TM samples and some non-magnetic dielectric, 

organic, sol-gel and metallic thin films. 

A semiclassical theory is proposed to describe the wavelength dependence of the magneto

optical Kerr effect. The theory takes into account the effects of the spin-orbit interaction, the 

band structure of the magnetic electrons and the phenomenological elements of the classical 

Drude model for the dielectric constant. Analytical formulas for the dielectric constants 

demonstrate explicitly how the Kerr rotation, the ellipticity and the reflectivity are related to the 

spin-orbit interaction, the band structure and several phenomenological parameters, such as the 

number density and relaxation time of the free electrons. This model is applied to the bulk Co 

materials and the physics of the magneto-optic Kerr effect in these media is studied. Then we 

apply the theory to our measurements of the wavelength dependence of Ok' Ek and R in a series 
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of multilayered Co/Pt and Co/Pd thin films, covering the range of the 1.2-3.6 eV. With several 

adjustable parameters we have obtained a satisfactory match between the theory and the 

experimental data. 
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Chapter 1 

Introduction 

In today's information age, we generate information at an unprecedented rate. To 

efficiently process and store the huge wealth of information, development of data storage 

technology plays a crucial role. Magnetic tape and disk products have been evolving for decades, 

and they completely dominate digital data storage applications. In recent years, many kinds of 

new data storage techniques have been introduced to compete with conventional magnetic data 

storage technology. Among the various techniques, optical data storage techniques have shown 

remarkable advantages (Marchant, 1990). Optical recording systems utilize diode laser light, 

focusing it onto the optical disk and detecting the modulation of the reflected beam to retrieve 

the stored data. The main advantage of optical recording, compared with magnetic tape and disk 

products, is high data density - the amount of information that can be stored per unit area on the 

media surface. The other advantage is the potential for much greater reliability and removability, 

as the optical recording systems provide a large working distance between any part of the head 

and the rotating disk. The primary disadvantages of optical recording systems are the slow access 

times, due to a heavy optical head, and the relatively high costs. As the technology matures, the 

disadvantages should be substantially remedied. 

There are three types of optical recording schemes in application now. The read-only 

disks, including CD audio and CORaM (Compact Disk Read Only Memory) for computer 

applications, store replicated digital information and the information cannot be altered. The 
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second type, write-once systems, use several types of write once materials. The data is written 

once by a strong laser beam, and retrieving data is similar to the read-only systems. For both 

systems, the data is retrieved by detecting reflectivity variations on the recorded disks. The third 

(also the most promising) optical recording scheme involves erasable optical recording systems 

using magneto-optical and phase-change media. For phase-change recording media, the recording 

and erasure are accomplished by different thermal cycles. Marks are recorded by melting a small 

area and then rapidly freezing it in an amorphous state. Erasure results from slower heating, 

which anneals the media back to a polycrystalline condition. The performance of erasable phase

change media depends critically on composition. 

The dominant erasable optical recording system in use today is the magneto-optical (M-O) 

recording system (Mansuripur et aI., 1985). Like all practical optical recording methods, M-O 

recording relies on well-defined thermal effects. Writing data in M-O material is accomplished 

by creating magnetic domains in the media, using Kerr (MO) effect domains are read. 

At room temperature and below, the recording layer is very resistant to changes in its 

magnetic domain structure. This stability is described in terms of the coercivity, the applied 

magnetic field required to change the magnetization direction. However, all magnetic materials 

become paramagnetic at an elevated temperature called the Curie temperature, or Tcurie ' When 

the M-O material is heated by a focused laser beam above Tcune , the magnetic structure is 

disordered and the coercivity disappears; all memory of its prior magnetization is lost. As it 

cools back through T cune, the film assumes a magnetization determined by an external bias 

magnet. The magnetic domain left in the M-O material represents written information. Practical 

M-O recording film possesses vertical magnetic anisotropy, so that the magnetic domains are 

always oriented vertically, either "up" or "down", which corresponds to the 0 or 1 state of digital 
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recording. 

Data readout for the M-O storage systems utilizes the magneto-optic (polar) Kerr effect. 

When a linearly-polarized laser beam shines on the M-O disk, the reflected beam is elliptically 

polarized with the axis rotated by angle Ok and ellipticity of q.. Ok is called Kerr rotation angle, 

and fk the ellipticity of the magneto-optic Kerr effect. The Kerr rotation angle and ellipticity' 

depend on the magneto-optical interaction within the M-O material. It is also proportional to the 

net magnetization parallel to the direction of light propagation. If the magnetization is reversed 

(Le., by recording or erasure) the Kerr angle is reversed. Detection of the Kerr rotation 

identifies the state of the magnetization, hence the digital information in the disk. With proper 

phase compensation, the ellipticity can be converted to Kerr rotation. The M-O signal also 

increases with higher reflectivity (R) of the disk. For disk application, the figure of merit, 

defined as FOM = [R(Ok2 + f/)]1I2, is directly proportional to the signal-to-shot-noise ratio, and 

is the measure of disk performance. 

Crucial to the success of the M-O recording business has been the development of suitable 

M-O media; so far the amorphous rare-earth transition-metal (RE-TM) alloys (TbFeCo or 

GdTbCo) fulfil today's requirements. Despite their success, there are some drawbacks in these 

materials. They need to be coated with a protective layer to overcome their considerable 

susceptibility to oxidation and corrosion. Their material costs are high, and their preparation is 

difficult. Their performance is not as good at the shorter wavelengths anticipated for future 

higher-density data storage. This has motivated searches for alternative materials. In recent 

years, Co/Pt and Co/Pd multilayers have emerged as a new class of M-O materials (Carcia et aI., 

1985; Zepper et al., 1989). These multilayers consist of ultrathin alternating layers of Co and 

Pt or Pd with thicknesses in the 2 - 20 A range. These multilayered M-O media are more 
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resistant to oxidation and corrosion, and provide better performance with short wavelengths. 

Optical characterization of these M-O recording media are essential to their successful 

development. Accurate measurements of the magneto-optical Kerr effect for these media not only 

provide the direction to enhance the figure of the merit for the readout signal, but also provide 

information leading to increased understandings of the properties of these materials (Suzuki et al., 

1988; Well et al., 1988; Zepper et al., 1989). Since M-O recording has the potential for higher 

data density with short wavelengths, and diode laser technology is developing toward this 

direction (Yamanaka et aI., 1988), it is important to characterize the storage media over a broad 

range of optical frequencies. The range of interest may in fact span the near ultraviolet to the 

near infrared. Progress in understanding the physics of magneto-optical interactions is also 

dependent upon the availability of experimental data on the wavelength dependence of the Kerr 

rotation and ellipticity. In chapter 2 we present a simple and accurate method for the 

spectroscopy of M-O media (Mansuripur et al., 1990b; Zhou et al., 1991a), by means of an 

instrument called the magneto-optic Kerr spectrometer (MOKS). Unlike the standard technique 

of photo elastic modulation ellipsometry (Jasperson et al., 1969; Kemp, 1969; Hipps et al., 1979), 

there is no need here for modulation of the incident polarization and there are no difficult 

calibrations. We use this MOKS system to characterize the wavelength dependencies of the Kerr 

rotation, ellipticity, reflectivity and the figure of merit for RE-TM alloy films (Zhou et al., 

1991a) in chapter 5, and for Co/Pt and Co/Pd multilayers (Zhou et aI., 1991b) in chapter 6. 

Dielectric tensor measurement is another approach for M-O media optical 

characterization. The dielectric tensor e of a medium determines its intrinsic optical properties, 

and the magneto-optical Kerr effect can be derived from it. Thus, measurement of the dielectric 

tensor is an important step for both understanding and applying M-O materials. In chapter 3, we 
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present a new and comprehensive method (Ruane et al., 1986; Mansuripur et al., 1989; Zhou et 

al., 1992b) to characterize the dielectric tensor of magneto-optical thin films. This technique can 

measure samples with different thicknesses, unlike the traditional method, which usually requires 

that the M-O films be thick enough to be opaque (thicker than 400 A for TbFe and multilayered 

samples). Analyses of the random and systematic errors of the system are carried out. The 

dielectric tensor characterization for RE-TM samples and a few multilayered ColPt samples are 

also presented in this chapter. In chapter 4, we systematically study the thickness dependence 

of the dielectric tensor for a series of Co/Pd samples. The composition dependencies of the 

dielectric tensor for both Co/Pt and Co/Pd superlattice samples are also presented (Zhou et al., 

1992a). 

We present a semiclassical theory to explain the wavelength dependence of the magneto

optical Kerr effect in chapter 7 (Zhou et aI., 1992c). The theory takes into account the effects 

of the spin-orbit interaction, the energy band structure of the magnetic electrons, and the 

phenomenological elements of the classical Drude model for dielectric constant. In contrast to 

the quantum theory, we describe the spin-orbit interaction by an effective magnetic field, which 

on the average is in the direction of the magnetization. Therefore, the physics of the magneto

optical Kerr effect in magnetic material can be easily understood in the context of the classical 

Faraday effect (Faraday, 1846). An even more important advantage of the semiclassical theory 

is that it provides simple formulas for the diagonal and off-diagonal dielectric matrix elements. 

Therefore, with a little assistance of numerical calculations we are able to demonstrate how the 

Kerr rotation, the ellipticity and the reflectivity are contributed by the spin-orbit interaction, the 

band structure and several phenomenological parameters such as the number' density and 

relaxation time of the free electrons. Thus, the theory provides a guide for the search of 
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magneto-optical recording media with better performance. We applied the theory to the bulk Co 

material and the physics of the magneto-optic Kerr effect in these media is studied. Then we 

applied the theory to our experimental measurements of the wavelength dependence in the range 

of 350 -1050 om (1.2-3.6 eV) of the Kerr rotation, ellipticity and reflectivity of a series of 

multilayered Co/Pt and Co/Pd thin films. With several adjustable parameters, such as the free 

electron relaxation time, the free electron density and the average spin polarization of the excited 

magnetic electrons, we have obtained good agreement between the theory and the experimental 

data. The parameters found in the match show a systematic trend as a function of the Co content 

of the measured films. Therefore, our theory provides directions for searching for improved 

magneto-optic materials. 



21 

Chapter 2 

Instrumentation of the Magneto-Optic Kerr Spectrometer 

2.1. Introduction 

For M-O recording media, the Kerr rotation Ok and ellipticity €k amount to some tenths 

of a degree only, and thus a sensitive method of detecting both Ok and €k is desirable. Many kinds 

of detecting methods have been developed (Azzam et al., 1977). A widely used method for Kerr 

rotation and ellipticity measurements has been the polarization-modulated ellipsometer (PME), 

in which the state of polarization of the ellipsometer light beam at a suitable point along its path 

is modulated in a prescribed fashion so that information on the optical system under measurement 

is retrievable from harmonic analysis of the resulting time-varying detected photoelectric current. 

A photo-elastic modulator has been widely used for the polarization modulation (Jasperson et al., 

1969; Kemp, 1969; Hipps et al., 1979). In a PME system all optical components remain 

stationary. This freedom of mechanical movement is a distinct advantage and allows very high 

speed of measurement. The drawback of this technique is that it only uses the DC, first harmonic 

and second harmonic terms in the calculation, and the third harmonic term and terms higher are 

wasted. 

We present here a new photometric ellipsometric system to characterize the wavelength 

dependencies of Kerr rotation angle Ok' ellipticity fk and reflectivity R of magneto-optical 
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recording media (Mansuripur et al., 1990b; Zhou et al., 1991a), which is called a magneto-optic 

Kerr spectrometer (MOKS). The features of this technique are: i) we use a Wollaston prism 

instead of the analyzer in the PME systems; this allows both the p and s polarized output light 

to be collected, and differential detection is used to take full advantage of this extra information; 

ii) only the DC signal is needed; the calibration in a PME (due to polarization modulation) can 

be avoided; also the extra cost of the lock-in amplifiers can be saved. Figure 2-1 shows the 

experimental setup of the MOKS system. Light from an arc lamp passes a monochromator to 

provide light with wavelengths ranging from 350 nm to 1050 nm. The light is polarized at 450 

to the x axis by the polarizer, and is relayed and focused on the M-O sample. An electro-magnet 

behind the sample provides a magnetic field up to 4.5 KOe. The reflected light passes the 

Fresnel rhomb (a wide-band A/4-plate) with fast axis on the x direction; a Wollaston prism 

divides the incident light into p and s polarized lights; two detectors on back of the Wollaston 

prism detect the light. The Wollaston prism and the photodetectors sit on a rotation stage whose 

axis is aligned with the beam. A stepper motor is used to rotate the rotation stage in small steps 

between -900 to +900 for automated measurements. 

In the next section, the necessary background and the operation principles will be 

developed. The detailed system design, calibration and analysis will be described in Sec. 2.3. 

Some sample measurements are the subject of Sec. 2.4. 

2.2. Background and Principles 

A perpendicularly magnetized medium, illuminated by collimated monochromatic light 

at normal incidence, is described by the refractive indices N + and N. for left circular polarized 
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(LCP) and right circularly polarized (RCP) light, respectively. We shall develop the notation for 

reflected light, referring in the process to the magneto-optic Kerr effect. The reader, however, 

should bear in mind that the relations developed and the methods described apply equally to the 

Faraday effect which is observed in transmission. 

Defining r + and r. as complex amplitude reflectivities for LCP and RCP, one can express 

a linearly polarized incident beam as an equal mixture of RCP and LCP and write the reflected 

state of polarization as follows: 

£+iy" £-iy" = r_ + r --"-
Ii + Ii (2-1) 

All reflectivities in Eq. 2-1 are complex and, in the following discussion, we shall denote their 

magnitudes by I r I and phase angles by cpo Switching the medium's magnetization direction from 

up to down will reverse the roles of r + and r., causing a 1800 phase shift in ry, i.e., CPy -+ CPy + 

1r. The polarization rotation angle Ok and the ellipticity q. are related to r + and r. as follows: 

IrJ - Ir-l 
IrJ + Ir-l 

One may also express the Kerr angles in terms of rx and ry, namely, 

(2-2a) 

(2-2b) 

(2-3a) 
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(2-3b) 

Another subject that must be addressed here is the characteristics of the optical elements. 

The Fresnel rhomb is a quarterwave plate with a relatively wide bandwidth. A commercial 

product made from BK7 glass is quoted as having a phase retardation of 90 ± 40 in the 

wavelength range of 350 - 1200 nm (OFR, 1989). For the purposes of this work, the 

quarterwave plate need not be perfect and a phase error of several degrees may be tolerated. 

This phase error, however, should be measured in advance for the wavelengths of interest, so that 

the final results may be adjusted for the corresponding errors. At the end of this section, we 

show how the system of Figure 2-1, with a small modification, may be used to measure the phase 

error of the quarterwave plate. Denoting the phase deviation from 90° by 0, where 0 is a function 

of the wavelength, the Jones matrix of an imperfect A/4-plate may be written as 

[~ i~"l (2-4) 

The other optical element in the system is the polarizing beam splitter (PBS). Although 

any crystal PBS with sufficient bandwidth may be used, we recommend the Wollaston prism for 

this use. The usual description of the PBS maintains that the components of incident polarization 

parallel and perpendicular to the axis of the PBS are separated from each other and sent out in 

different directions. An equally valid but more appropriate description in the context of this work 

is that the PBS divides any circularly polarized incident beam, whether RCP or LCP, into equal 

halves and sends them out in different directions. The resulting beams will be linearly polarized, 
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with their intensities independent of the orientation of the PBS. The phase of the light in each 

branch, however, depends on the nature of the incident beam (RCP or LCP) as well as on the 

orientation of the PBS. 

Finally, the photodiodes have a finite range of wavelengths over which they operate 

efficiently. Silicon photodiodes, for instance, operate between 200 and 1100 run with a 

responsivity ranging from 0.1 to 0.6 AIW (EG&E, 1990). The signals thus generated will be 

of sufficient strength for our purpose. Since the signals will eventually be normalized by the sum 

signal from detectors 1 and 2, there is no need for calibrations with respect to the responsivity 

of the photodetectors. 

With the aid of the Jones calculus one can easily determine the photodetector signals in 

the system of Figure 2-1. Let the incident beam power be Po and assume that the direction of 

the incident linear polarization is x. The magneto-optic reflectivities are rx and ry as described 

earlier. The imperfect A/4-plate has its fast axis rotated from x by an angle t, while the axis of 

the PBS is rotated from x by 71. The sum and difference signals from the photodetectors are 

given by 

SI - S2 = poe,; - ,~[cos(2() cos(2" -2,) 
+ sin(2,) sin(2" -2() sino] 
± 2Po',x'y[sin(2,) cos(2" -2() cos(4)y -4» 
- sin(2" -2() [sin2(,) sin(4)y -4>,x -0) 

+ cos2( sin(4)y -4>,x +0)] ] 

(2-Sa) 

(2-Sb) 

The ± signs in Eq. 2-5b correspond to up and down magnetized states of the sample, 

respectively. Let us set the orientation of the quarterwave plate to t = 45° and normalize the 
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difference signals by the sum signal. We obtain 

(2-6) 

An immediate consequence of Eq. 2-6 is that if the sample is nonmagnetic (Le., an 

aluminum mirror), the system can directly measure 0, the phase error of the quarterwave plate. 

To see this, set ry = 0 in Eq. 2-6 to obtain 

= - cos(211) sino (2-7) 

Thus, measuring (SI - S2)/(SI + S0 as a function of 7J (the orientation angle of the detection 

module) will produce a cosine function whose amplitude will be equal to sin o. We will calibrate 

the phase error angle 0 in this way in the next section. 

Next we define the angle 'Y and the coefficient C as follows: 

tany = tan(<J>y - <J» coso 

c = 1 

1t 1t 
-<y~-
2 2 

(2-8a) 

(2-8b) 

Note that for 0 = 0 the angles 'Y and (¢y - ¢J are the same, but when 0 deviates from zero there 

will be a small difference between the two angles. Equation 2-6 can now be written 
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= 

(2-9) 

'x ± _-.!.....;;.!... sin(2" + y) 

::r 1 + 

Thus, if we measure (SI - S2)/(SI + S~ as a function of 7] for both directions of magnetization 

and then subtract the two curves, we shall obtain 

(2-10) 

When the sinusoidal function in Eq. 2-10 is plotted versus 27] its zero-crossing will immediately 

give the value of 'Y. Since 0 is already known for the particular wavelength, we obtain the phase 

difference (cJ>y - cJ>J and the coefficient C from Eqs. 2-8. The remaining unknown I r/rx I can 

now be determined from the amplitude of the sinusoidal signal in Eq. 2-10. With the measured 

(cJ>y - cJ>J and I r/rx I, the Kerr rotation and ellipticity can be calculated from the Equation 2-3. 

A simple example of a Co/Pt sample at 650 nm is shown in Fig. 2-6. From the amplitude, the 

Ir/r.1 = 0.0036, and phase difference (cJ>y - cJ>J is 2S. The Kerr rotation and ellipticity are 

0.21° and -0.01", respectively. 

2.3. System Design, Calibration and Analysis 



29 

The optical system of the MOKS consists of the follows: a monochromatic light source 

system; a few polarizing and phase retarding elements; and an optical relay and focusing system. 

We used a 2oo-Watt Hg arc lamp for our light source (Oriel, 1989). It provides enough 

light power in the 350 - 1050 om wavelength range of interest. With proper utilization of the 

intensity peaks in the near ultraviolet range, our amplifier circuitry can get the same level of 

photo-electric signal for this wavelength range without adjusting the gain. This also makes the 

automation easier. A higher power arc lamp could increase signal, but the necessary extra 

cooling apparatus and the shorter lamp lifetime make it less attractive. The arc lamp is cooled 

using forced air. Air, as well as ozone produced by the arc lamp, is drawn from the housing 

through a flexible hose to a fan/filter unit, which is isolated from the experiment to minimize 

vibration. 

To monochromatize the light, we used a 1/4 m grating monochromator (Oriel, 1989). 

The grating we chose is ruled with a groove of 1200 l/mm, which gives a reciprocal dispersion 

of 3.2 nm/mm on the exit slit. We chose the exit slit width of 3 mm (same width for the 

entrance slit for best throughput), which gives a wavelength bandpass of9.6 om. Since we know 

that the magneto-optical Kerr effect for RE-TM and multilayered Co/Pt and Co/Pd materials 

changes smoothly with wavelengths (Weller et aI., 1989; Zepper et al., 1989), we chose about 

50 nm for the measurement wavelength interval. For matching the peaks on the near UV range 

and avoiding a few extreme strong peaks at the green and red ranges, the intervals are a little bit 

more or less than 50 nm in these wavelength ranges. The blaze wavelength of the grating is 500 

nm, which gives the monochromator throughput efficiency a peak of about 80% at 500 nm, 

monotonically decreasing to 35% for 1050 nm on IR side and 45% for 350 nm on the UV side. 

The cutoff wavelengths for this grating are about 250 nm on the UV side and 1600 nm on the 
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IR side. For a diffraction grating monochromator, there is always a grating order overlapping 

problem. A line of 900 nm in the first order will have precisely the same position as a 450 om 

line in the second order or a 300 nm line in the third order. Although the primary order contains 

most of the light, the side order lines could still cause problems, especially when some side order 

wavelength line happens to have a much higher intensity than the primary order lines. Using an 

order sorting long pass filter can fix this problem. We used a long pass filter with a cut-on 

wavelength of 620 nm, which has a transmittance of 1 % at and below 620 nm and a transmittance 

of 91 % in the operation range of 655 - 1240 om. We use the filter only when we do 

measurements at wavelengths larger than 650 nm. Also, a digital-controlled wavelength scanning 

stepper motor is included in the monochromator system. 

We used a Glan-Thompson polarizing prism as the polarizer of the system (Melles Griot, 

1988). The large ±6° half angular field of view allows higher system throughput by maximizing 

the cone angles. An extinction ratio of 1O-~ gives a good quality of polarization. We use a 

Wollaston prism as the analyzer (Melles Griot, 1988). The Wollaston prism allows ±5° half field 

of view, and the extinction ratio is 1O-~. The beam separation angles between the orthogonal 

plane polarized outputs are 17° for 350 nm and 14° for 1050 nm. The wavelength dependence 

of the separation angle limits the image spot sizes allowed on the two detectors, such that light 

falling off the detectors could be avoided. 

For the wideband -""/4, we used a Fresnel rhomb made from BK7 glass (OFR, 1989). 

The operation of the rhomb is based on total internal reflection from the glass/air interface which, 

when the angle of incidence is around 55°, introduces near 45° of phase shift between the p and 

s components of polarization. Two reflections of this type are, thus, required for a -""/4 plate. 

For a medium of refractive index n and at an angle of incidence 0, the phase difference ~ 
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between p and s is (Wood, 1988) 

(2-11) 

The phase retardation is 2.:l. The wavelength dependence of the phase retardation depends solely 

on the dispersion of the refractive index. The phase error from the )../4 plate for the wavelength 

range of 350 nm to 1050 nm is characterized by our MOKS system using Eq. 2-7. Figure 2-2 

shows the measured phase error of the Fresnel rhomb as a function of wavelength. The phase 

errors are indeed less than 4° for the wavelength range of our interests. These measurements are 

actually the averaged phase retardation errors for a cone of incident light, with half field angle 

less than ±5°. To analyze the field angle sensitivity ofthe Fresnel rhomb, we calculated the field 

angle dependence of the phase retardation in Fig. 2-3. For the calculation, we used Equation 2-

11, and chose n = 1.517 for BK7 glass at 587.6 nm. The phase retardation error is about 8° for 

the 5° half field angle, while for the other side of the field angle the phase retardation error is 

much smaller. Thus, we must minimize the field angle of the incident light cone. 

There are several considerations for the design of the optical relay and focusing system. 

First, since the arc lamp light after the monochromator is quite weak for good detection, we 

should try to get the maximum throughput of the system. This requires good light coupling 

between the arc lamp and the monochromator and the light loss in each optical element to be 

minimized. Another consideration is that the beam can not converge or diverge too fast, 

otherwise, the angular field angles on the polarizer, the Fresnel rhomb and the Wollaston prism 

could exceed the maximum allowances and the polarization quality can be degraded. The third 

consideration requires that the beam sizes on the sample and the detectors be small enough that 

no light falls off the sample hole or the detector surfaces. Additionally, the field angle of the 



-~95~--------------------------------~ 
(1) 

'd --
d 90 
o .... 

+<I as 
'E 85 
as 

+<I 
(1) 

Il:: 80 
(1) 
en as 
.d 
~75~~~~~~~~~~~~~~~~~~ 

-8 -6 -4 -2 0 2 4 6 8 
Half-Field Angle (deg.) 

Figure 2-3. Calculated field angle dependence of the phase 
retardation for the Fresnel rhomb. 
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light cone on the sample can not be too large. Although an incident angle of < 20° has little 

effect on the Kerr rotation and ellipticity (Mansuripur, 1990a), there is an A = tOO incident angle 

on the sample already. Hence only a maximum of ± tOO for half field angle of the light cone is 

allowed; otherwise, the measurement can no longer be considered as that at normal incidence. 

To fully characterize the beam property on the detectors, CODE V lens design software 

is used to analyze the optical system. Figure 2-4 illustrates the effective optical relay and 

focusing system. The spot size (diameter) on the detector at the 650 nm wavelength is observed 

to be about 2 mm. To make sure the spot sizes of other wavelengths, especially in the invisible 

IR and UV ranges, are within the detector size of 6 mm, we have run the CODE V to plot the 

spot diagrams for all the wavelengths used. The spot sizes are measured from the spot diagrams, 

and they are plotted in Fig. 2-5. The calculated results from the lens design program at visible 

range agree with the observed ones. The light spot on the detector is largest size at A = 350 nm 

and it is less than 3 mm. 

The phenomena that the measured sinusoidal functions of (SI - Sz}/(SI + Sz) versus 1/ are 

shifted upward (e.g., a DC term) indicate that there is slight misalignment in the optical system. 

The way to solve this problem is to use the subtraction [(SI - S2)/(SI + Sz}]up - [(SI - S2)/(SI + 

Sz}]dO'Ml' instead of (SI - Sz}/(SI + S2) for up or down only, to get the magneto-optical signals. 

Since the misalignment is same for both magnetic field up and down cases, the misalignment is 

canceled out by this subtraction operation. A typical example of a Co/Pt sample at 650 nm is 

shown in Fig. 2-6. 

Aligning the light beam on the axis of the Wollaston prism and detector rotation module 

is another key alignment of the optical system. For Kerr rotation and ellipticity measurement, 

the module needs to be rotated 180°. If the light beam is off-axis, the light will falloff the 
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detectors for some rotation angles, while not for other angles, and this, in turn, will give false 

measurement. We first adjusted the front surface of the Wollaston prism to coincide with the 

stepper motor plane. Then we accomplished the normal reflection of the incident beam by 

adjusting the module's angle. This was done by employing a HeNe laser. 

To make accurate measurements of the polarization states, the relative angles between the 

polarizer's axis, the fast (or slow) axis of the Fresnel rhomb and the axis (p or s state) of the 

Wollaston prism need to be determined accurately. The first step is to measure the relative angle 

t between the polarizer and the Fresnel rhomb. The calibration system is set up by inserting a 

mirror 2 after the Fresnel rhomb, and a beam splitter in front of the polarizer as shown in Fig. 

2-7. A HeNe laser is used as the light source and the mirrors are adjusted to reflect the beam 

back along the same path. As the polarizer is rotated, the signal on the detector changes 

accordingly. Since the Fresnel rhomb behaves as a A/2 plate for the reflected beam, the reflected 

beam before passing the polarizer is linearly polarized with polarization axis at an angle of 2t 

relative to the polarizer. Using Malus' law, we can get t from the dependence of the detector 

signal on the polarizer angle. When the angle between the polarizer and the Fresnel rhomb is 

45°, the signal is zero. In the experimental setup of Figure 2-1, we set the Fresnel rhomb to the 

x axis (sitting on a flat surface) for convenience, and the polarizer to -45°. Because the incident 

light can be considered as normal to the sample for the Kerr rotation and ellipticity measurements 

as discussed above, the experimental setup is equivalent to the setting of the Fresnel rhomb to 

45° and the polarizer to x axis of section 2.2. To calibrate the Wollaston prism, we remove the 

mirror 2 and the beam splitter in Fig. 2-7, and let the beam hit the two detectors after passing 

the Wollaston prism. The axis of the Wollaston prism is easily calibrated with the polarizer at 

x axis, which generates linear polarized light before entering the Wollaston prism. The 
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Wollaston rotation angle 1/ is set relative to the axis of the polarizer. 

For low noise detection, we used two photovoltaic detectors with zero bias voltage. The 

amplifiers for both detectors provide cascade four-stage amplifications. The first stage is actually 

a current-voltage converter, with a converting resistor of 100 KG. The last three stages are 

basically low-frequency amplifiers with a bandwidth of 10 Hz and total amplification coefficient 

of about 2000. Hence for an amplifier output of 8 Von the average for the aluminum mirror, 

the detector current is about 0.4 p.A, which corresponds to an approximate incident light power 

of 0.2 p.W at 650 nm. An extra differential amplifying channel is used to amplify the differential 

signal of the two detectors before the data sampling. This enables a larger range of the digitized 

differential signal. 

The whole data sampling, sample magnetization, wavelength increment, and data 

analyzing are controlled by a personal computer (80286 CPU) through an interfacing board 

(MetraByte DASH-16F). QuickBasic computer language is used for programming. The 

automated data taking is controlled by the following process: i} The monochromator is 

incremented to a designated wavelength by a two-bit output from the interfacing board {lB}. ii) 

A current flows through the electro-magnet coil, and generates a magnetic field to saturate the 

sample in an up or down direction depending on the current directions. A maximum field of 4.5 

KOe can be generated by this magnet and power supply set. It is also controlled by a two-bit 

output from the lB. iii} The stepper motor on the detector module starts to rotate from 0 to 180'. 

Concurrently, the IB samples the signals for both detector channels and the differential channel 

at 10 KHz frequency, for each 10° of the rotation. A two-bit output from the IB controls the 

stepper motor, and the sampled analog data pass through a 12-bit AID converter and are sent to 

the computer for further processing. Each channel is sampled 10 times within a 5 second period; 
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the signals are averaged, and a standard deviation is calculated. The normalized differential 

signals, (SI - SJ/(SI + SJ, for up or down magnetization are obtained as a function of the angle 

11. iv) By sending a current on the opposite direction of ii), the sample is saturated in the 

opposite direction. By doing the same sampling as performed in iii), the normalized difference 

signals as a function of the angle 11 for the other direction, are obtained. From the angle 11 

dependence of the [(SI - SJ/(SI + SJ1up - [(SI - SJ/(SI + SJ1down' the Kerr rotation and ellipticity 

are calculated by our analyzing program. v) By repeating these procedures for all the 

wavelengths from 350 om to 1050 om, the Kerr spectra are obtained. All the data are saved by 

the analyzing program and prepared in different plotting formats. 

The wavelength dependence of the reflectivity is measured separately. We use a Pt 

mirror as our reflectivity reference. We use the relative reflectivity spectrum from the reference 

(Weaver, 1989), while the absolute values are calibrated from the dielectric tensor measurement 

for the 633 om wavelength by using our variable-angle magneto-optic ellipsometer system which 

is discussed in the next chapter. Another way is to buy a calibrated mirror from the National 

Institute of Standards and Technology, but it is too expensive for us. To do the reflectivity 

measurement, only the summation signal of two detector channels is needed and no magnetic field 

is needed. The reflectivity is measured as follows: i) By mounting the reference mirror on the 

sample stage, we measure the sum signal for the reference mirror as a function of wavelength, 

i.e., Sumrefm(A). ii) Replacing the reference mirror with the sample, we get the sum signal for 

the sample as a function of wavelength, i.e., SUIn.amp(A). iii) With the calibrated reflectivity 

spectrum for the reference mirror of Rrefm(A), the wavelength dependence of the reflectivity of 

the sample is calculated as R",mp(A)=Rrefm(A)xSUIn.amp(A)/Sumrefm(A). Since the output of the arc 

lamp fluctuates 5% within 1 hour and the Sumrerm(A) and SUll1.amp(A) are measured not at the same 
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time, the measured reflectivity data could easily have an uncertainty of 5%. This is the limitation 

of this measurement. One way to improve the accuracy of the reflectivity measurement is to use 

a monitor detector to calibrate the output of the arc lamp. 

The operation manual is in Appendix A. A few typical examples are discussed in the 

next section. 

2.4. Examples 

To check the precision of the system, we measured a MBE grown thin cobalt sample. 

The structure of the sample is: GaAs as substrate, 500 A of Au on top of the substrate, then 10 

A of Co on top of the Au, and finally 40 A of Au as overcoating to the Co film. The hysteresis 

loop is square with coercivity of 1.4 KOe. The measured Kerr rotation, ellipticity and reflectivity 

spectra are shown in Fig. 2-8. A Kerr rotation angle as small as 0.0020 can be measured by our 

MOKS system. 

The measured spectra of the Kerr rotation, ellipticity and reflectivity for two samples are 

shown in Figs. 2-9. The sample measured in (a) is a sputtered TbFe sample with 28.1 at. % Tb 

and 71.9 at. % Fe. The film has 1354 A MO film thickness and is overcoated with SiO of 1264 

A thickness. The substrate is glass, and the hysteresis loop is square with 1.63 KOe coercivity. 

Note that the Ok and fk are multiplied by a factor of (-1) for convenience of comparison. The 

sample in (b) is an evaporated Co/Pt sample with multilayered structure of 4 A Co and 10 A Pt, 

and total layer thickness of 294 A. The hysteresis loop is square with coercivity of 0.91 KOe. 

There is no overcoating on top of the film, and the glass is the substrate. Figure 2-9 shows that 

the Kerr rotation decreases as the wavelength decreases for the TbFe sample, while for the Co/Pt 
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sample, the opposite trend is observed. This enhanced Kerr rotation on the short wavelength side 

makes the Co/Pt type multilayered films very attractive for future MO recording application using 

blue diode lasers. 



Chapter 3 

Instrumentation of the Variable-Angle Magneto-Optic Ellipsometer 

and Its Application to M-O Media and Other Non-Magnetic Films 

3.1. Introduction 

42 

Dielectric tensor e characterization of M-O recording media is important for their 

application. The traditional method of measuring e consists of two steps. First, using an 

ellipsometer (Azzam et a1., 1977) one obtains the refractive index n and absorption coefficient 

k, which are directly related to the diagonal element of the dielectric tensor. The second step 

consists of measuring the Kerr rotation angle Ok and ellipticity €k using one of several available 

techniques (Azzam et a1., 1977; Well et aI., 1988; Shin et aI., 1990; Zeper et a1., 1989; 

Mansuripur et aI., 1990b; Zhou et aI., 1991a; He et a1.) at normal incidence. From these 

measurements and the knowledge of n and k, the off-diagonal element of the dielectric tensor is 

calculated (Argyres, 1955). Connell used this method to obtain the dielectric tensor for a set of 

rare earth-transition metal alloy thin films (Connell, 1983). Recently there have been some 

reported measurements for Co/Pt and Co/Pd superlattice samples (Hashimoto et aI., 1990a; 

Palumbo et aI., 1990). This traditional method usually requires that the magneto-optical film is 

thick enough to be opaque (thicker than 400 A for TbFe and superlattice samples). This limits 

the application of this method and is not suitable for very thin samples which are important for 
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applicatinn, especially the superlattice samples. 

In this chapter we use a new and comprehensive method (Ruane et al., 1986; Mansuripur 

et al., 1989) to characterize the dielectric tensor of magneto-optical thin film samples. This 

method applies for all thicknesses and the measurements are done with a single apparatus. With 

a multilayer analysis program (Mansuripur, 1990a), the dielectric tensor as well as the film 

thickness for each layer of a multilayered film can be determined. The apparatus is also useful 

for determining the refractive index n, absorption coefficient k and film thickness of various 

layers of a multilayered non-magnetic film. 

The chapter is arranged as follows. In Sec. 3.2, We discuss the principles of the 

technique. The experimental setup, calibration and performance analysis are discussed in detail. 

In Sec. 3.3, we present some measurement results of TbFe and Co/Pt samples with various 

thicknesses and compositions. Various non-magnetic samples of glass, dielectric, sol-gel, organic 

polymer, and metals are studied in Sec. 3.4. Section 3.5 is the summary. 

3.2. System Setup and Analysis 

We first define the physical content of the dielectric tensor measured by this system. 

With the magnetization along the z-axis (perpendicular to the x-y plane of the film), the dielectric 

tensor c is written as (Laudau, 1958): 

en exy 0 

£ = -exy eyy 0 (3-1) 

o 0 £u 

Since the film is believed to be structurally isotropic, we shall assume c"" = cyy = ClZ' In 
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general, the elements of the tensor are complex. c"" (the diagonal element) describes the optical 

properties of the film in the absence of the magneto-optical effects according to the following 

relation 

F:s = n + ik . (3-2) 

The off-diagonal element CX)' is responsible for the magneto-optical Kerr and Faraday effects. 

Assuming that the Kerr rotation angle Ok and ellipticity Ek are small, and light is at normal 

incidence on a thick film with no overcoating, the relation between Ok' Ek. e"", and CX)' can be 

written as 

(3-3) 

This relationship indicates that the magneto-optical Kerr effect is proportional to the off-diagonal 

element eX)'. 

Measurement of the dielectric tensor consists of measuring the complex reflection 

coefficients of the sample and fitting the parameters into the multilayer analysis program. 

3.2.1. Experimental Setup 

Figure 3-1 shows the experimental setup (Ruane et al.. 1986), called variable-angle 

magneto-optic ellipsometer (V AMOE). The incident angle A varies from 30° to 88°. The HeNe 

laser beam (A = 632.8 nm) passes through a polarizer and a quarter-wave plate whose fast axis 

is at 45° to the transmission axis of the polarizer; The polarizer helps to clean the laser beam to 

be linearly-polarized, and the quarter-wave plate causes the light to become circularly polarized. 
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1 . HeNe Laser 
2. Polarizer 
3. 1/4 Wave Plate 
4. PBS 
5. Monitor Detector 
6. 9. Focus Lens 

7 
8 

®'J 
7. Sample 
8. Electro-Mag'net 
10. 1/4 Wave Plate 
11. Wollaston Prism 
12. 13. Detectors 

A --- Variable Incident Angle 

Figure 3-1. System setup for the variable-angle magneto-optic ellipsometer. 

The polarizing beam splitter (PBS) divides the beam into two parts, sending one onto the monitor 

detector for laser power calibration. The other half passes through the PBS and is focused onto 

the sample. The PBS sits on a rotating mount and can polarize the incident beam at angle f3 with 

the plane of reference. Of those angles, the directions of p (paraIJel), s (perpendicular), and 45° 

are the ones used. The circularized light before the PBS keeps the light power incident on the 

sample constant for any f3 angle, which lets us use a constant gain for the detecting circuitry. 

The electro-magnet behind the sample applies a magnetic field with the strength of ± 7.5 kOe. 

After reflecting from the sample, the beam passes through another quarter-wave plate 

whose fast axis is at t = 45° to the reference plane. The beam then goes through a WolJaston 

prism and is finaIJy detected by two detectors. The Wollaston prism and the photodetectors sit 

on a rotation stage whose axis is aligned with the beam. This rotation stage allows the axis of 



46 

the Wollaston to be set at angle 1] relative to the reference plane; 1] = 0' and 45° are used in this 

experiment. The two photodetectors are identical, and their conversion factor, defined as the 

ratio of the output voltage to the input light intensity, is a. We will denote the individual 

detector outputs by SI and S2' their sum by (J, and their difference, which appears at the output 

of the differential amplifier, by ~S. 

To normalize the measurement results we must know the effective light amplitude that 

goes through the system. This can be measured by removing the sample and setting the incident 

angle A = 90°. If the effective light amplitude is denoted C, the sum of the signals SI and S2 

will be given by 

(3-4) 

In the following discussion we will assume that the results are normalized by (Jo. 

As for the discussion of the measurement technique, let us define the notation. The 

linearly polarized incident light with polarization direction in the plane of incidence (also the 

plane of reference) is the p light, while the light polarized perpendicular to this plane is the s 

light. For p incident light, the ordinary reflected amplitude and phase are defined as rp and q,p, 

respectively. Similarly for s incident light, the ordinary reflected amplitude and phase are r. and 

q,.. For magneto-optical samples the p (or s) incident light not only causes ordinary reflection 

in p (or s) direction but also induces a magneto-optical component in the s (or p) direction. We 

denote the amplitude and phase of this magneto-optical reflection coefficient by r.l and CP.l' 

respectively. 

When the sample is placed in the system, the signals SI and S2 will in general depend on 

rp' q,p, r., cp., r land q, l' as well as on {j, t and 1]. Then, the sum and difference signals between 



SI and S2 are derived (Ruane et al., 1986) 

and 

0/00 = T:cos'-~ + T;sin2~ + T; 
+ [TpTJ. cos(<<1>p -«1» - T /'J. cos(<<1>.r -«1»1 sin2~ , 

IlS/oo = [(T:cos2~ - T;sin2~) cos2{ 

- T;cos(2~ -2{)] cos(21l-2{) 
+ TpT,[Sin2{ cos(<<1>p -«1>,) cos(2'l-2{) 
+ sin(cJlp -cJl,) sin(2'l-2C)] sin2~ 
- 2TpTJCOS~ sin(«1>p-<<1» sin(2'l-2C) 
+ sin(2C-~) cos(«Pp-<<P) cos(2'l-2C)] cos~ 
- 2T /'JsinP sin(<<1>$ -«1» sin(2'l-2{) 
- cos(2{ -~) cos(<<1>" -41) cos(2'l-2C)] sin~ 
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(3-5) 

(3-6) 

Seven different experimental setups are used to fully characterize the sample. They are 

combinations of different angles of {J and 71, while keeping t = 45°. The seven curves with the 

setting specifications are listed at Table 3-l. 

For measuring the dielectric tensor, these seven different combinations of reflection 

coefficients versus the incident angle A are measured. Of these, three curves are optical 

reflectivities, which are independent of magnetic states of the samples, and are obtained with the 

magnet turned off. The other four curves are measured with the sample saturated by the 

magnetic field and are called magneto-optic reflectivity curves. For non-magnetic materials, all 

the M-O reflection coefficients are zero and only the first three curves are measured. 

After measuring these seven curves, a multilayer analysis program (Mansuripur, 1990a) 

is used to analyze the data and estimate the dielectric tensor of the film. This analysis program 

can deal with multilayer structures containing an arbitrary number of dielectric, metal and 

magnetic layers. An algorithm based on 2 x 2 matrices is used for the reflection calculation. 
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Table 3-1. The measured reflectivity curves. r = 45° for all the measurements. 

Detector PBS Wollaston 
Curve # Signal Setting Setting Physical description 

Used (3(") 71(") 

1 utrIo 0 45 r2 p 

2 u/uo 90 45 r2 
I 

3 t::.S/uo 45 45 rprl cos( I/>p - 1/>.) 

4 t::.S/uo 0 45 rpr1 cos(l/>p - 1/>1) 

5 t::.S/uo 0 0 rpr1 sin(l/>p - 1/>1) 

6 t::.S/uo 90 45 rlr 1 cos( 1/>1 - I/> 1) 

7 t::.S/uo 90 0 rlr1 sin(1/>1 - 1/>1) 

In this calculation, the incident beam is assumed to be plane monochromatic with arbitrary angle 

of incidence. There are no approximations involved and the results are direct consequences of 

Maxwell's equations. 

3.2.2. Error Analysis 

There are basically two types of error, random and systematic, in this dielectric tensor 

characterization system. Random errors come from the vibration of the system, fluctuations of 

the laser power, the random noise in the circuitry and the numerical errors of the multilayer 

analysis program. Since the individual analysis of them is complicated, we choose to 

experimentally measure their combined effect. 

The random error in the V AMOE system is expressed in the random fluctuation of the 
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measured data. The effect of this error could be different for different types of samples, due to 

their different shapes of reflectivity curves. To obtain reasonable estimates, we measured three 

typical samples. A piece of glass (microscope-slide) that has only real n values (k is so close to 

zero, that its measurement is below the resolution of this system) is typical for dielectric 

materials. A Co/Pd multilayered thin film with thickness of 165 A is used as a typical sample· 

for the superlattice materials. A TbFe sample (with overcoating) is typical for the RE-TM 

materials. 

Figure 3-2 shows the measured reflectivity curves for four independent measurements of 

the glass sample. The back of the microscope-slide was ground and blackened by ink, in order 

to reduce reflection from the back surface. As can be seen in Fig. 3-2, the four independent 

measurements coincide with each other. Table 3.2 lists the matched n values for each 

measurement. The data matching error (DME) in this and later tables is the average percent 

deviation for each data point between the measured data and the calculated data from the 

multilayer analysis program by using matched parameter(s). The matching error is less than 3% 

and the standard deviation of the four results is 0.5%. 

Table 3-2. Matched values of n for the four measurements of glass. 

# 1 2 3 4 average (1._\ 

n 1.496 1.499 1.498 1.512 1.501 0.007 

DME 1.9 2.8 2.9 1.1 - -
(%) 

Figure 3-3 is the corresponding three independent measurements for a Co(2A)/Pd(9A) 
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sample. This sample is sputtered on glass at 7 mtorr of Kr gas, and the total thickness is 165 A. 

There is no overcoating. The M-O reflectivity curves have larger difference among the three 

independent measurements than the curves 1 to 3, which is due to the much smaller signal for 

these M-O data. Table 3-3 is the corresponding results for the Co/Pd sample. The results in the 

parenthesis (also in the later tables) are measured by our variable wavelength Kerr rotation angle 

and ellipticity measuring system called magneto-optic Kerr spectrometer (MOKS) (Mansuripur 

et aI., 1990b; Zhou et aI., 1991a), discussed in chapter 2. MOKS measures the Kerr rotation 

angle and ellipticity using a different method from that of the V AMOE system .. 

Table 3-3. Three measurements for the Co/Pd sample. The results in the parenthesis are 
measured from the MOKS system. 

# 1 2 3 average (1n-1 

n 1.46 1.42 1.75 1.54 0.2 

k 3.81 3.71 3.84 3.79 0.07 

-12.4 -ll.8 -12.0 -12.1 0.3 
en + + + + + 

il1.1 itO.5 it2.6 il1.4 i1.0 

0.148 0.138 0.148 0.145 0.006 
eX)' - - - - -

iO.100 iO.100 iO.122 iO.107 iO.013 

DME(%) 2.8 3.0 3.0 - -

Ok 0.202 0.205 0.201 0.203 0.002 
(0.19) 

fk 0.074 0.080 0.073 0.075 0.004 
(0.06) 

R 0.450 0.436 0.451 0.446 0.008 
(0.46) 
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The three measurements of the seven reflection curves for a ~.IFe71.9 sample are shown 

in Fig. 3-4. The M-O film thickness is 1354 A. The overcoating is Si32.I067.9 and the estimated 

thickness is 1264 A. The thickness measured by this system (the 1siO in the table) is 1326 A. For 

the SiO overcoating we use n = 1.449 and k = 0 for the calculation. Table 3-4 lists the 

computed parameters for the TbFe sample. Connell's measurement for a Tb2IFe,g sample is cited 

here for comparison (Connell, 1983). 

Table 3-4. Three measurements for the TbFe sample. The results in the parenthesis are 
measured from the MOKS system. 

# 1 2 3 average Un. 1 Connell's 

n 2.32 2.38 2.40 2.37 0.04 -
k 3.08 3.10 3.14 3.11 0.03 -

tsio(A) 1332 1323 1322 1326 6 -
-3.94 -3.82 -3.99 -3.92 0.09 -2.87 

C"" + + + + + + 
i15.5 i15.9 it5.5 i15.6 iO.2 i19.9 

-0.250 -0.254 -0.247 -0.250 0.004 -0.338 
Cxy - - - - - -

iO.069 iO.065 iO.065 iO.066 iO.002 iO.028 

DME(%) 3.0 3.0 4.9 - - -

Ok -0.310 -0.311 -0.312 -0.311 0.001 -0.305 
(-0.31) 

fk 0.131 0.131 0.125 0.129 0.003 0.127 
(0.12) 

R 0.422 0.417 0.418 0.419 0.003 0.420 
(0.42) 

From the measurements for the three typical samples, we can see that the data matching 

error is less than 5% and the random error is within the range of tolerance. The slightly larger 

DME for the TbFe sample is due to its higher complexity with overcoating. The random errors 
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for the Kerr rotation angle, ellipticity and reflectivity are much smaller, which indicates that they 

are less sensitive to fluctuation. The smaller random error for the off-diagonal element of the 

TbFe sample is due to its much larger magneto-optical reflectivity. 

There are at least five possible systematic error sources in the system. One is the incident 

angle error. We measured this angle by the top view pictures, taken by a camera, for angles 

from 260 to 900 (with one degree increment). After this angle calibration, the error on the angle 

measurements, or the error on the mechanical movements on the rail will be random and they 

fall into the category of the random error analysis discussed above. The second error source is 

the gains in the two signal channels and the differential channel of the amplifier circuit. The 

circuit has been stabilized and calibration was done to remove any sizable systematic error on this 

part. The other three error sources are the accuracy of the polarizer angle for the incident beam, 

the accuracy of the quarterwave plate angle and the accuracy on the angle readings of the detector 

box. 

To study the possible effect of the three remaining systematic error sources, we measured 

the dielectric tensor with the polarizer, quarterwave plate and detector module deviated ±2° off 

the given angle, respectively, for the same Co/Pd sample which was used for the random error 

analysis. Figure 3-5 shows the measured reflection curves for the polarizer at normal position, 

off +20 and off _20 positions. The same measurements for the quarterwave plate and detector 

module are shown in Figs. 3-6 and 3-7, respectively. The calculated variation on the dielectric 

tensor, Kerr rotation, ellipticity and reflectivity for these systematic angle changes are listed in 

Tables 3-5, 3-6, and 3-7. 

The variation on the measured results for the polarizer ±2° off is small and even within 

the random error range. Since the accuracy of the polarizer angle is better than that, it will cause 



58 

0.50 
~ 

d 
Q) .... 

. ~ 0.40 ..... ..... 
Q) 

0 
U 0.30 
d 
0 .... 
~ 

~ 0.20 -..... Q) 

~ 
0.1020 40 50 60 70 80 90 

Incident Angle (deg) 

1.00 
~ b) 
d 
Q) .... 
0 .... ..... 

'Q) 0.80 
0 

U 

d 
0 , ~ :;:: 0.60 -:.r':;-' 
0 /<" 
Q) .. ..--

;;:: :.: ... :;.~:-:"'''''' 
ill 
~ 

0.4020 30 40 50 60 70 80 90 
Incident Angle (deg) 

0.50 ..... c) 
d ~" 

ill .... 
0 .... ..... 

0.00 ..... 
~ Q) 
~\ 0 

U ~ 

d ~ 

.9 -0.50 " ..... \. 
0 
Q) -..... Q) 

Ct: 
-1.0%0 30 40 50 60 70 80 90 

Incident Angle (deg) 



0.08 .... d) s:: / ~ 
100 • curve 4 ... 

CJ ... .... 
0.00 .... 

III 
0 

C,.) 
100 • curve 5 

d 
0 

:;: -0.08 
CJ 
~ 
;:: 
~ 
~ 

-0.1~0 40 50 60 70 80 90 
Incident Angle (deg) 

0.24 .... e) 100 • curve 6 s:: 
~ -::-... ....... ... ;J"- ... 
CJ 0.16 :.:-~-=-= - --~ iC .... ..... 
~ 
0 

C,.) 
0.08 \ 100 • curve 7 

..... - .. >or-..::. .. 

0.00 

30 40 50 60 70 80 90 
Incident Angle (deg) 

Figure 3-5. Reflection coefficient measurements for the case that the polarizer 
angles are at the calibrated angle ("-----" line), 2° off ("- - - _" line) and -
2° off ("- - -" line), respectively, for systematic error analysis. 

59 



60 

0.60 
+> a) s:: 

11) .... 
() .... .... 

'Q) 0.40 
0 
u 
s:: 
0 

:;:: 0.20 
() 
11) 

;;:: 
11) 

~ 
0.0020 30 40 50 60 70 80 90 

Incident Angle (deg) 

1.00 
+> b) s:: , , , 
11) ,0 .... 

~ () .... /-.... /..' 'Q) 0.80 ,-; 
0 /!: 
u ~ 

~' 

s:: 
?,-

0 
:;:: 0.60 
() 
11) 

;;:: 
11) 

~ 
0.4020 30 40 50 60 70 80 90 

Incident Angle (deg) 

0.50 
+> c) s:: - - ................. 
11) ..... , .... ..... " 
tJ " " ..... " "', ..... 

0.00 ..... " " 11) ,,-
0 , 

U \ '-
s:: \\ 

~\ 
.9 -0.50 

, 
+> '\\ 
tJ \' 
11) -..... 11) 

0:: 
-1·°UzO 30 40 50 60 70 80 90 

Incident Angle (deg) 



0.08 r-------------------, 
.-..J d) 
s:: 
~ .... 
~ .... 

:::: 0.00 
~ 
o 
u 
s:: 
.~ -0.08 
.-..J 
~ 
~ 

100 • 

100 • curve 5 
, " , " " , " , ---

~ 
~ 
~ 

-0.16z""0 L...J....JL..J,.J3""0 L....I....J.....L...,J40~....L..I;l50~....L..I-;t60~....L..Ioi:70~-'-'~80..-'-'~90' 

Incident Angle (deg) 

0.24 
.-..J 
s:: e) 
~ .... 
~ 0.16 .... .... .... 
OJ 
0 
u 0.08 

Figure 3-6. Reflection coefficient measurements for the case that the quarterwave 
plate are at the calibrated angle ("-----" line), 2° off("- - - -" line) and _2° 
off ("- - -" line), respectively, for systematic error analysis. 

61 



62 

0.50 ..., a) 
d 
!1) .... 

. ~ 0.40 ..... ..... 
!1) 

0 
U O.30 
d 
0 .... ..., 
~ 0.20 

r;:: 
!1) 

~ 
0.1020 30 40 50 60 70 80 90 

Incident Angle (deg) 

1.00 ..., b) 
d ~ 
!1) / .... 1'," CJ .... 4' ..... 

1" ~ 0.60 4' 
0 ~' 

U 4' 
-:;" .... 

d .-< 

0 
~ 0.60 
CJ 
!1) -..... !1) 

~ 
0.4020 30 40 50 60 70 80 90 

Incident Angle (deg) 

0.50 ..., c) 
d 
!1) .... 
CJ .... ..... 

0.00 ", ..... 
!1) '\' , 
0 ~\ U 

~\ 
d 

, , 
.9 -0.50 

, , ..., 
CJ 
!1) -..... !1) 

~ 
-1.0~0 70 60 90 

(deg) 



0.08 ... d) 
~ 
Q) 

100 • curve 4 .... 
CJ ~ .... 

:::: 
Q) 

0.00 
0 

t.,) 
100 • curve 5 

d ---
.S -0.08 .... ... 
CJ 
Q) -.... Q) 

~ 
-0.1t20 60 70 80 90 

Angle (deg) 

0.24 ... e) 
100 • 6 ~ curve 

Q) -= .... 
CJ 0.16 

~ .. -:::- .. .... .... .... 
Q) 
0 

t.,) 
0.08 100 • curve 7 ---- ... __ ......... ---- ... .. _-- .. ------ ..... ---
0.00 

30 40 50 60 70 80 90 
Incident Angle (deg) 

Figure 3-7. Reflection coefficient measurements for the case that the detector 
angles are at the calibrated angle ("-----" line), 20 off ("- - - _" line) and -
20 off ("- - -" line), respectively, for systematic error analysis. 

63 



Table 3-5. Measurements for the case that the polarizer angle is ± 2° off the calibrated angle 
for the Co/Pd sample.Three measurements for the Co/Pd sample. 

average Un-I polarizer a polarizer a 
(no shift) (no shift) off 2° (off 2°) off _2° (off _2°) 

n 1.54 0.2 1.67 0.13 1.53 -0.01 

k 3.79 0.07 3.78 -0.01 3.72 -0.07 

-12.1 0.3 -11.4 -0.7 -11.7 0.4 

t"" + + + + + + 
i11.4 i1.0 i12.4 i1.0 ilO.6 -iO.8 

0.145 0.006 0.140 -0.005 0.137 -0.008 
txy - - - - - -

iO.107 iO.013 iO.124 iO.017 iO.101 iO.OO6 

DME(%) 3.0 - 3.1 - 3.9 -
Ok 0.203 0.002 0.203 0 0.205 0.002 

Ek 0.075 0.004 0.075 0 0.080 0.005 

R 0.446 0.008 0.441 -0.005 0.436 -0.010 
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no systematic error problem. The variation on the measured results for the quarterwave plate, 

±2° off is much larger and more attention needs to be paid for the accuracy of this angle. The 

resolution of this angle is about 0.25° and an accuracy of less than 1° can be achieved. This 

could make the possible systematic error much smaller. The variation on the results for the 

detector box angle ±2° off is between the above two cases. The accuracy of this angle is about 

r and the systematic error should therefore be under control. 

Another way to check the systematic error is to compare the measured Kerr rotation 

angle, ellipticity and reflectivity with other established characterization systems, like the MOKS 

system. The good agreement on the Kerr rotation, ellipticity and reflectivity measurements 

between these two systems (see Tables 3-3 and 3-4) also indicates that the systematic error in this 

V AMOE system is insignificant. 



Table 3-6. Measurements for the case that the quarterwave plate angle is ±2° off the 
calibrated angle for the Co/Pd sample. 

average Un-I 114 A A 114 A A 
(no shift) (no shift) off 2° (off 2°) off _2° (off _2°) 

n 1.54 0.2 1.58 0.04 0.92 -0.62 

k 3.79 0.07 3.78 -0.01 3.67 -0.12 

-12.1 0.3 -11.5 0.06 -12.43 -0.3 

t"" + + + + + + 
il1.4 il.O il2.7 i1.3 i6.77 -i4.6 

0.145 0.006 0.135 -0.01 0.130 -0.015 
txy - - - - - -

iO.107 iO.013 iO.132 iO.025 iO.047 -iO.06O 

DME(%) 3.0 - 5.5 - 4.0 -
Ok 0.203 0.002 0.196 -0.007 0.208 0.005 

fk 0.075 0.004 0.082 0.007 0.078 0.003 

R 0.446 0.008 0.444 -0.002 0.441 -0.005 

3.3. Dielectric Tensor for TbFe and ColPt Samples 
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Dielectric tensor characterization for the M-O samples is important for both understanding 

and application of these materials. Thickness dependence of the dielectric tensor for Co/Pd 

superlattice multilayered film is presented in next chapter (Zhou et at., 1992a), and we found that 

both diagonal and off-diagonal elements of the tensor are more or less constant for film 

thicknesses greater than 150 A. Also in next chapter, we study the composition dependence of 

the dielectric tensor for both Co/Pt and Co/Pd multilayered films. The enhancement of the off-

diagonal element for the multilayered samples over diluted pure cobalt explains the larger M-O 

Kerr effect for these multilayered samples. In this section, we first present the dielectric tensor 

measurement for several TbFe and TbFeCo samples with different compositions. Then, more 



Table 3-7. Measurements for the case that the detector angle is ± 2° off the calibrated angle 
for the Co/Pd sample. 

average O'D_I detector ~ detector ~ 

(no shift) (no shift) off 2° (off 2°) off _2° (off _2°) 

n 1.54 0.2 1.77 0.23 1.33 -0.21 

k 3.79 0.07 3.78 -0.01 3.68 -0.11 

-12.1 0.3 -11.1 1.0 -11.77 0.33 

C"" + + + + + + 
il1.4 i1.0 i13.5 i2.1 i9.44 -i2.0 

0.145 0.006 0.135 -0.010 0.140 -0.005 
Cxy - - - - - -

iO.107 iO.013 iO.149 iO.042 iO.086 -iO.021 

Q 1.3 - 1.2 - 1.6 -

DME 3.0 - 2.9 - 4.0 -
(%) 

Ok 0.203 0.002 0.201 -0.002 0.215 0.012 

Ek 0.075 0.004 0.084 0.009 0.079 0.004 

R 0.446 0.008 0.443 -0.003 0.432 -0.014 
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measurements for Co/Pt samples are presented, which extends both the thickness and composition 

range of the samples for study. 

For these TbFe and TbFeCo samples, they all have overcoating, and are with glass 

substrates. Their hysteresis loops are square. The detailed structural and magnetic data for all 

the TbFe and TbFeCo samples are listed in Table 3-8. Figure 3-8 shows a typical measurement 

of the seven reflection curves along with the calculated curves from the matched dielectric tensor 

values, for sample TF6. The matching between the experimental and calculated reflectivity 

curves is excellent. All of the data matching errors are less than 6%, as listed in Table 3-8. The 

DME decreases for larger reflectivity values, which provide better signal-to-noise ratio. The 
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slightly larger difference on the Kerr rotation, ellipticity and reflectivity between the V AMOE 

and MOKS systems for TbFe and TbFeCo samples than that of the superlattice samples is caused 

by the higher complexity of the former types of sample. One notices that as the TbFe sample 

changes from the Tb-rich (sample TF6) to Fe-rich (the rest), the off-diagonal element changes 

sign as does the Kerr rotation. 

Table 3-9 lists all the structural and magnetic data for the ColPt samples studied here. 

There is no overcoating for any of them and their hysteresis loops are all square. (They are 

deposited on glass substrates.) Figure 3-9 shows a typical measurement for sample COPT3. The 

typical data for a Co/Pd sample has been shown in the previous error analysis section. 

3.4. Optical Measurements for Non-Magnetic Samples 

The V AMOE system developed for M-O media can also be used to measure the optical 

properties for various non-magnetic films. Since M-O data storage application also involves the 

characterization of the substrate, overcoating and reflecting layer materials, it is useful that this 

system is able to perform this characterization. In this section, we present the optical refractive 

index n, absorption coefficient k and film thickness measurements for some non-magnetic 

materials. 

Figures 3-10 to 3-13 show the measured reflection coefficient curves as a function of the 

incident angle for a glass substrate, a dielectric thin film, a sol-gel thin film and an organic 

polymer film. Table 3-10 lists the measurement results for these and other samples. The 

dielectric and organic polymer films are coated on glass substrate and the sol-gel films are coated 

on a GaAs substrate with n = 3.85 and k = 0.077. 
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Table 3-8. Measurement results of the TbFeCo and TbFe samples with various film 
compositions at A=633nm. The values in the parentheses are measured by the magneto
optic Kerr spectrometer (MOKS) system. 

Samples TFI TF2 TF3 TF4 TF5 TF6 TF7 

MO Tb:16.1 Tb:20.1 Tb:20.3 Tb:16.7 Tb:14.5 Tb:28.1 Tb:18.3 
composition Fe:77.0 Fe:71.3 Fe:70.9 Fe:83.3 Fe:85.6 Fe:71.9 Fe:74.5 

(at. %) Co: 6.9 Co: 8.6 Co: 8.9 Ar: 3.6 

overcoating SiN SiN SiN SiN SiN SiO SiO 
thickness (A) 647 800 800 757 791 1264 1615 

MO film 431 1000 500 733 726 1354 554 
thickness (A) 

underlayer - - - SiN SiN - -
thickness (A) 716 723 

coercivity 2.42 3 2.22 2.24 0.92 1.63 1.26 
(kOe) 

n 2.32 2.43 2.91 2.30 2.42 2.37 2.72 

k 3.78 3.24 3.31 3.23 3.19 3.11 2.85 

t"" -8.90 -4.60 -2.49 -5.14 -4.22 -3.92 -3.74 
+ + + + + + + 

il7.54 il5.80 il8.52 il4.83 il4.67 il5.60 i8.68 

txy 0.665 0.319 0.417 0.294 0.273 -0.250 0.121 
+ + - + + - + 

iO.160 iO.118 iO.033 iO.105 iO.074 iO.066 iO.041 

DME (%) 5.4 3.2 3.1 3.0 3.5 3.0 1.2 

6k(o) 0.675 0.631 0.679 0.738 0.682 -0.311 0.189 
(0.617) (0.591) (0.660) (0.699) (0.642) (-0.310) (0.193) 

tk(o) -0.245 0.033 0.077 0.044 0.034 0.129 -0.088 
(-0.319) (0.047) (0.081) (0.039) (0.036) (0.120) (-0.077) 

R 0.180 0.301 0.221 0.246 0.240 0.419 0.501 
(0.186) (0.316) (0.229) (0.250) (0.242) (0.416) (0.457) 
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A series of metallic films of AI, AI-Ti, CUsAI, AI2Cr, Cu and Pt with different 
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Table 3-9. Measurement results of the Co/Pt samples with various film compositions at 
X=633nm. The values in the parentheses are measured by the magneto-optic Kerr 
spectrometer (MOKS) system. 

sample COPT 1 COPT2 COPT3 COPT4 

composition of 2.4/9.6 7.2/23.8 2.417.2 3/10 
Co/Pt in A 

Co content 0.20 0.23 0.25 0.23 

number 14 12 17 20 
of bilayers 

MO film 180 180 180 260 
thickness (A) 

coercivity 0.62 0.70 0.44 2.24 
(kOe) 

n 1.71 1.99 2.19 2.18 

k 4.67 4.67 4.45 4.13 

C"" -18.9 -17.9 -15.3 -13.2 
+ + + + 

il6.0 il5.8 il7.6 il4.8 

Cxy 0.251 0.390 0.365 0.165 
- - - -

iO.040 iO.040 iO.070 iO.OO8 

DME (%) 4.9 4.3 3.4 2.8 

8k(o) 0.165 0.243 0.255 0.119 
(0.16) (0.23) (0.24) (0.114) 

Ck(o) 0.017 -0.018 -0.030 -0.013 
(0.01) (-0.02) (-0.03) (-0.012) 

R 0.59 0.58 0.55 0.604 
(0.60) (0.57) (0.53) (0.612) 
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thicknesses are measured and their results are listed on Table 3-11. The typical reflection 

coefficient curves for each kind are shown in Figs. 3-14 to 3-19. The matching between the 
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Table 3-10. Measurement results of several non-magnetic and non-metal materials at 
A=633nm. 

film under-
sample n k thickness 

(A) 
layer 
(A) 

OME (%) 

Coming 
micro slide 1.500 0 101 0 2.3 

#2941 

ZrOz 2.120 0 235 0 2.3 
dielectric 

Sol-gel 2.17 0 83 0 .0.8 
(high index) 

Sol-gel 1.45 0 84 0 1.1 
(low index) 

Organic polymer 1.71 0.010 5300 265 6.0 
7-0 (ITO) 

Organic polymer 1.61 0.044 1500 265 4.7 
9-B (ITO) 

Organic polymer 1.68 0.030 2700 265 4.7 
9-0 (ITO) 
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experimentally measured curves and those computer calculated from the estimated optical 

constants is quite good. All the OME are less than 3 %. Also in this table, we cited the n, k 

values for AI, Cu and Pt from the handbook (Weaver, 1989). 

3.5. Summary 

In summary, we have constructed a new and comprehensive dielectric tensor 

characterization system, both for magneto-optical and non-magnetic thin films, at A = 632.8 nm. 



Table 3-11. Measurement results of several non-magnetic metal samples with various film 
thicknesses at A=633nm. 

over- film 
sample coating n k thickness DME 

(A) (A) (%) 

AI #1 0 1.01 6.25 223 2.7 

AI #2 0 1.05 5.83 500 2.3 

AI #3 0 1.05 5.88 800 1.5 

Al #4 0 1.03 5.97 1000 2.1 

AI-Ti #1 0 1.67 6.08 438 1.9 

AI-Ti #2 0 1.45 6.11 1000 1.1 

AI-Ti #3 0 1.60 6.32 488 2.1 

AI-Ti #4 0 1.35 5.51 650 1.5 

CUsAI #1 166 1.41 4.53 500 1.9 
(ZrO:J 

CUsAI #2 138 1.31 4.59 1000 1.8 
(Zr0:J 

AI2Cr #1 0 1.76 5.65 500 1.8 

AI2Cr #2 0 1.76 5.53 800 1.9 

Cu #1 165 0.48 5.42 500 2.3 
(ZrOJ 

Cu #2 173 0.41 5.83 1000 1.3 
(ZrO:J 

Pt 0 1.72 4.05 1510 1.4 

AI from - 1.396 7.650 infinite -
handbook 

Cu from - 0.24 3.450 infinite -
handbook 

Pt from - 2.330 4.150 infinite -
handbook 
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The random and systematic error analysis of the system was carried out to assure the accuracy 
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Figure 3-14. Three reflection coefficients as function of the angle of incidence 
for the aluminium sample #3, listed on Table 3-11. The symbols (star, circle and 
cross) are the measured ones and the continuous curves are calculated with the 
estimated n = 1.05, k = 5.88 and film thickness = 800 A from the multilayer 
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Figure 3-16. Three reflection coefficients as function of the angle of incidence 
for the CUsAI sample #1, listed on Table 3-11. The symbols (star, circle and 
cross) are the measured ones and the continuous curves are calculated with the 
estimated n = 1.41, k = 4.53 and film thickness = 500 A from the multilayer 
analysis program. 
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Figure 3-17. Three reflection coefficients as function of the angle of incidence 
for the AI2Cr sample #2, listed on Table 3-11. The symbols (star, circle and 
cross) are the measured ones and the continuous curves are calculated with the 
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Figure 3-18. Three reflection coefficients as function of the angle of incidence 
for the copper sample #2, listed on Table 3-11. The symbols (star, circle and 
cross) are the measured ones and the continuous curves are calculated with the 
estimated n = 0.41, k = 5.83 and film thickness = 1000 A from the multilayer 
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and precision of the measurements. The dielectric tensor measurements for TbFe, TbFeCo, 

ColPt and Co/Pd thin films reveal valuable information about their optical and magneto-optical 

properties, and it helps their application performance improvement. This system also gives an 

accurate way to characterize the optical properties for non-magnetic multilayered thin films. 
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Chapter 4 

Dielectric Tensor Characterization for Magneto-Optical Recording Media 

4.1. Introduction 

The magneto-optical Kerr effect (or Faraday effect in transmission), is the basis of the 

readout mechanism for most erasable optical recording systems in use today. A physical 

understanding of the magneto-optical Kerr effects in these media is important for their successful 

application. The dielectric tensor e of a medium determines its electronic properties, and the 

magneto-optical Kerr effect can be derived from it. Thus, measurement of the dielectric tensor 

is an important step for both understanding and application of magneto-optical materials. We 

have presented our dielectric tensor characterization instrument, called variable-angle magneto

optic ellipsometer (V AMOE) in the previous chapter. In this chapter we use this V AMOE system 

to conduct systematic measurements of Co/Pd and Co/Pt superlattice samples. In Sec. 4.2, the 

measurement results on Co/Pd samples with various thicknesses are described together with their 

physical interpretation. The composition dependencies of the dielectric tensor for Co/Pt and 

Co/Pd samples are studied in Sec. 4.3. Section 4.4 is the summary. 

4.2. Dielectric Tensor of ColPd Samples with Various Thicknesses 
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The Co/Pd samples were made by a sputtering process on glass substrates (n= 1.5). No 

underlayer or overcoating layer was present in these samples. The structural, magnetic and 

magneto-optic parameters of these samples are listed in Table 4-1. In the caption of this table, 

the abbreviation MOKS refers to our magneto-optical Kerr spectrometer system discussed in 

chapter 2. 

Table 4-1. Parameters of the ColPd samples with various film thicknesses. The values in 
the parentheses are measured by the MOKS system. 

Sample COP01 COP02 COP03 COP04 COPOS COP06 

composition 2/9 2/9 2/9 2/9 2/9 2/9 
Co/Pd in A 

number of bilayers 5 10 15 20 25 30 

MO film 55 110 165 220 275 330 
thickness (A) 

coercivity (kOe) 0.42 1.57 2.42 2.08 2.29 2.29 

-15.6 -10.4 -12.6 -10.4 -10.5 -11.5 
En + + + + + + 

il2.9 ilLS it3.8 i13.3 il3.7 it3.1 

0.045 0.099 0.153 0.128 0.141 0.156 
Exy - - - - - -

iO.075 iO.099 iO.127 iO.132 iO.130 iO.118 

Ok n 0.10 0.20 0.19 0.17 0.15 0.13 
(0.12) (0.20) (0.19) (0.16) (0.15) (0.13) 

Ek n 0.04 0.05 0.07 0.08 0.08 0.08 
(0.02) (0.04) (0.06) (0.08) (0.08) (0.08) 

R 0.19 0.31 0.47 0.51 0.57 0.62 
(0.19) (0.33) (0.46) (0.52) (0.55) (0.62) 

Figures 4-1(a), (b), and (c) display both the measured and simulated curves for sample 

COP03. The symbols (star, circle, and cross) in these figures are the data points measured using 



1.00 .------------------.~;--... -.-:O' .... :""1 

a) .... "" • 

!' . ~ ... 
0.50 

t 0.00 
CI) 

t:: 
CI) 

~ -0.50 

.. --.-.-.-........ 
- -.:.-.:..0-0..0...0 .. 0.. .... 

-
........... 

0 ..... 

-1.00 0 10 20 30 40 
Angle 

II, 

'3 "\ 
\ , 

\ 

g 0.05 r--b-)---------------~ 

...c 
en -0.00 
CI) 

S ::::-0.05 -
!'-0.10 
.~ 

:::: 

-------------~~-------. . . . _.'Oa _. __ ._ 

~ -0.15 F------
t:: 
CI) 

, .. ,.- ...... -.. " 

1 
.1 
I 

~ -0 .20 0~ .......... 1';:i0u....L."';:;2~0 ........... ';;'3'it0 ...L...L.4~0;:!-'-.L.J5iP';0;t-'--'~6;t;0t-'-'~7t;,0~ .... 6;;;0~~90 

-0 
0.20 

0 
...c 

en 0.15 
CI) 

S 0.10 ... .... -
!' 0.05 
'S 
:::: 
~ -0.00 -.... CI) 

Angle (deg.) 

c) 6 

-------------w?-r-~ ......................... . -... ...... ............. 

~ - 0 .05 0!;-'-'--'-";'1'it0 ...L.1..~20;:!-'-~3:t.0;:t-'-L..I4t;0t-'-''-';5t;0~ .... 6;';;0~-=7~0'-'-'-"';:;6~0 .......... ~90' 

Angle (deg.) 

Figure 4-1 (a), (b) and (c). Seven reflection coefficients as function of the angle 
of incidence. The symbols (star, circle and cross) are the measured ones and the 
continuous curves are calculated with the estimated dielectric tensor. 
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the V AMOE system and the solid and dashed curves are calculated with the estimated dielectric 

tensor. The match between the measured data and the calculated curves for this and other 

samples was quite good. For thinner samples, the reflection coefficients are usually smaller and 

the data fluctuation is larger, but the accuracy of the match in all cases was better than 5 % . 

Figure 4-2(a) shows the thickness dependence of the diagonal element en of the dielectric tensor. 

Except for the two thinnest samples, the values are more or less flat. The thickness dependence 

of the off-diagonal element eX)' is shown in Fig. 4-2(b). There is clear indication that eX)' is 

smaUer for thinner films. For film thickness less than 150 A, there are only a few Co/Pd 

bilayers. The atomic structure of the glass substrate is very different from that of the Co/Pd fiiffi. 

Thus the crystal structure for the first several bilayers is of poor qUality. In thicker films, on the 

other hand, the upper layers are grown on a base of Co/Pd and are more uniform and structured. 

It has been observed (Hashimoto et a1., 1990b) that as the film thickness increases (from a few 

tens of A to several hundred A), the film changes from an island structure to a continuous 

structure. We believe that this difference in structure causes the dielectric tensor to be different 

for thin and thick films. Special attention, therefore, must be paid in fabricating thin films, 

because the non-uniformity and disorder can degrade the magneto-optical performance of the 

media. Figure 4-3 shows the thickness dependence of the Kerr rotation angle and ellipticity for 

the six Co/Pd samples under consideration. The circle and square symbols in this figure are, 

respectively, the Ok and €k calculated from the dielectric tensor. The star and cross symbols are 

the corresponding values that have been measured directly in our magneto-optic Kerr 

spectrometer. The measured Ok and €k from these two independent systems (V AMOE and MOKS) 

agree, which indicates that systematic errors were absent in both systems. The solid line in the 

figure is the Kerr rotation angle calculated using the dielectric tensor of sample COPD5. The 
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higher Ok value for thinner samples is due to optical interference. Because of the reduced value 

of the off-diagonal element for thin samples, the measured Ok values are below those calculated 

based on the parameters of the thick film. Similar considerations apply to the dashed curve in 

Fig. 4-3, which shows ellipticity versus film thickness, calculated with the dielectric tensor of 

sample COPOS. 
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Figure 4-3. The "0" and "0" are the calculated Kerr rotation 
and el1ipticity from e. The "*" and "+" are directly measured 
ones from MOKS. The curves are calculated with a fixed e from 
sample COPDS. 

4.3. Composition Dependencies of Dielectric Tensor for Co/Pt and Co/Pd Samples 

It is known that the Kerr effect in Co/Pt and Co/Pd superlattice samples is quite different 

from that in pure Co samples. The superlattice multilayered structure not only changes the 

magnetic properties significantly, e.g. from in-plane to perpendicular anisotropy, but also 

enhances the magneto-optical Kerr effect. The basis of the magneto-optical Kerr effect is the 

spin-orbit interaction (Hulme, 1932). We discuss the physics in detail in chapter 7. With the 

measurement of the dielectric tensor, the magneto-optical Kerr effect can be studied directly. The 
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enhancement of the Kerr effect for superlattice samples and the larger effect for Co/Pt are 

reflected in their measured dielectric tensor. 

Table 4-2 lists the structural, magnetic, and magneto-optical properties of four Co/Pt 

samples, as well as those of bulk Pt and bulk Co. The ColPt samples are evaporated with Co 
I 

atomic content varying from 16.7% to 28.6%. Table 4-3 lists the structural, magnetic, and 

magneto-optic properties of six sputtered ColPd samples with the atomic content of Co between 

12.9% and 30.8%. The hysteresis loops for all the samples are square. These samples have no 

overcoating. The dielectric tensor of bulk Pt, Pd and Co quoted here are from the references 

(Krinchik et aI., 1968; Weaver, 1989). 

Figures 4-4(a) and (b) are the diagonal and off-diagonal elements, respectively, of 

dielectric tensor for the ColPt samples (COPT5 to COPT8). The diagonal and off-diagonal 

elements of the dielectric tensor for the Co/Pd samples (COP07 to COPDI2) are shown in Figs. 

4-5(a) and (b). The difference between the interpolated solid lines and the measured values are 

the alteration of the dielectric tensor elements for multilayered superlattice samples. The changes 

of the diagonal element are small for both types of samples, being less than 35% for ColPt and 

less than 20% for ColPd. Therefore the optical properties of the superlattice films, in the 

absence of magneto-optical effects, are close to those expected based on simple dilution of Pt or 

Pd by Co. On the other hand, the off-diagonal element for Co/Pt and Co/Pd thin films are very 

different from the interpolated elemental values. Figure 4-6 shows the composition dependencies 

of I exy I for the Co/Pt and Co/Pd samples. The maximum enhancement of I exy I was about 370% 

for Co/Pt and about 210% for ColPd, corresponding to 20% of Co for both types of samples. 

These large increases of exy values can explain the enhancement of the magneto-optical Kerr effect 

for the superlattice material. The increase of I e,"y I for Co/Pt was larger than that of Co/Pd, 



Table 4-2. Parameters of the Co/Pt samples with various compositions. The values in the 
parentheses are measured by MOKS system. 

Sample Pt COPTS COPT6 COPT7 COPT8 Co 

composition of 
ColPt in A 

- 2/10 2.5/10 3/10 4/10 -

Co content (at. %) 0 16.7 20 23.1 28.6 100 

MO film thickness (A) bulk 300 300 299 294 bulk 

coercivity (kOe) - 1.45 l.69 1.45 0.91 -

Ms (per Co volume) 0 1380 1380 1423 1255 1430 
(emu/cc) 

-11.79 -15.92 -15.72 -15.17 -14.79 -1l.89 
En + + + + + + 

il9.34 il7.77 il7.49 il5.24 il7.27 il9.17 

0 0.291 0.326 0.303 0.404 0.429 
Exy - - - - - -

0 iO.050 iO.050 iO.012 iO.024 iO.I46 

Ok n - 0.15 0.17 0.18 0.22 -
(0.14) (0.16) (0.18) (0.21) 

Ek C) - 0.02 0.02 0.01 -0.01 -
(0.02) (0.01) (0.01) (-0.01) 

R - 0.67 0.67 0.66 0.66 -
(0.69) (0.68) (0.67) (0.66) 
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which explains the higher enhancement of the magneto-optical Kerr effect for the former samples. 

The increase of the real and imaginary part of exy for Co/Pt was also different from that for 

Co/Pd. For Co/Pt, the increase in the real part of exy was the main contributor to total increase, 

while for Co/Pd the increase mainly comes from the imaginary part of exy. One also observes 

that the dielectric tensor and Kerr rotation values were almost identical for Co/Pd samples 

COP011 and COP012 (fable 4-3 or Figs. 4-5(a)-(b». These two samples have the same atomic 

Co content and same total thickness, but sample COPOll had only half the number of bilayers 



Table 4-3. Parameters of the Co/Pd samples with various compositions. The values in the 
parentheses are measured by MOKS system. 

88 

Sample Pd COPD7 COPD8 COPD9 COPDlO COPDll COPD12 

composition of 
ColPd in A 

0 2/13.5 4/18 4/13.5 6/18 4/9 2/4.5 

Co content (at. %) 0 12.9 18.2 22.9 25 30.8 30.8 

MO film thickness bulk 150 150 150 150 150 150 
(A) 

coercivity (kOe) - 1.49 1.16 0.65 0.20 0.52 0.76 

-14.93 -16.65 -14.52 -13.66 -10.99 -11.0.7 -11.09 
Exx + + + + + + + 

it5.05 it6.86 i14.67 i14.86 i14.43 i15.19 i15.38 

0 0.120 0.143 0.191 0.143 0.220 0.220 
Exy - - - - - - -

0 iO.149 iO.l09 iO.118 iO.102 iO.12l iO.117 

Ok (") - 0.12 0.16 0.21 0.19 0.25 0.25 
(0.11) (0.15) (0.20) (0.19) (0.25) (0.23) 

Ek C) - 0.08 0.06 0.04 0.02 -0.01 -0.01 
(0.07) (0.05) (0.04) (0.01) (-0.02) (-0.02) 

R - 0.51 0.47 0.46 0.42 0.43 0.43 
(0.52) (0.45) (0.47) (0.43) (0.43) (0.43) 

of sample COPDI2. 

4.4. Summary 

The thickness dependence of the dielectric tensor for the Co/Pd superlattice samples 

indicated that both diagonal and off-diagonal elements of the tensor were more or less constant 

for film thicknesses greater than 150 A. The smaller values of the off-diagonal elements for film 
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thicknesses less than 150 A were probably due to the disorder and non-uniformity of the first few 

layers. The much higher Kerr rotation angle for very thin films was caused by optical 

interference. From composition dependence studies of the Co/Pt and ColPd samples, it was clear 

that the dielectric tensor for these multilayered samples was different from that of elemental 

cobalt. The enhancement of exy for superlattice samples over pure cobalt explained the larger 

magneto-optical Kerr effect for superlattice samples. I exy I was much larger for ColPt than that 

for ColPd, and it was the reason for the higher magneto-optical Kerr effect of the former. 



Chapter 5 

Wavelength Dependencies of Kerr Rotation, EUipticity 

and Reflectivity for RE-1M Thin Films 

5.1. Introduction 
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Amorphous rare earth-transition metal alloys are the conventional media of erasable 

optical storage. Measurements of the wavelength dependence of the magneto-optical (M-O) Kerr 

rotation and ellipticity helps in evaluating the application of these materials at short wavelengths, 

which has potential for higher data density. Understanding the physics of the magneto-optical 

Kerr effect is also dependent on the availability of Kerr spectra. In this chapter we report on 

measurements of wavelength dependencies of Kerr rotation, ellipticity and reflectivity for TbFe 

and TbFeCo samples. We used the multilayer analysis program (Mansuripur, 1990a) and the 

dielectric tensor spectra from Connell's paper (Connell, 1983) for a TbFe sample to simulate the 

wavelength dependencies of Ok> 10k and R, and to discuss the interference effect. 

5.2. Kerr Spectra of RE-TM Thin Films 

The samples measured are seven TbFeCo and TbFe samples sputtered on glass substrate 
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with different film thicknesses and overcoatings. All the samples have square hysteresis loops 

and have the coercivity fields between 0.9 kOe and 3 kOe. The detailed structural and magnetic 

properties are listed at Table 3-8 (TFI to TF7) of chapter 3. All the wavelength dependence 

measurements are done from the film side. 

The wavelength dependencies of the Kerr rotation, ellipticity and reflectivity always 

consist of two contributions: one is the interference of the overcoating, the film and the substrate 

and the other is the electronic structure of the material. It is well known that the interference 

effect plays an important role in the enhancement of the magneto-optical signal in practice 

(Connell, 1982). To investigate the effect of the electronic structure of the materials, separation 

of these two effects is needed. The material properties are determined by the dielectric tensor 

of the M-O film while the interference also depends on the overcoating and the substrate. 

The measured wavelength dependencies of Kerr rotation, ellipticity and reflectivity for 

sample TF6 are shown in Fig. 5-1(a) - (c). On the same figure, the computed results are also 

presented. For convenience of comparison we change the signs of the Kerr rotation angle and 

ellipticity, for this sample only, from the one we use consistently. For numerical simulation we 

use the multilayer analysis program and Connell's dielectric tensor spectra data for a TbFe 

sample. From the figure we can see that the results from numerical simulation are in good 

agreement with the measured experimental data. This shows that the dielectric tensor we used 

is valid for this sample. One notices that the reflectivities are much smaller in the 750 nm to 900 

nm wavelength range, and this corresponds to an antireflection quarterwave layer of thickness 

between 125 nm and 150 nm, which is close to the sample overcoating thickness of 126.4 nm. 

Since the M-O film is as thick as 135.4 nm, the light vanishes at the substrate surface and the 

interference is almost independent of the substrate. For the antireflection coating wavelengths, 
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more light interacts with the fiim and the Kerr rotations are higher. To compare the case without 

the overcoating interference, we carry out the calculations for the same sample with no 

overcoating, as shown in Fig. 5-2. All the wavelength dependencies are much smoother and it 

shows that the material itself is not so sensitive to the wavelength change and that the sharp 

increase on the spectra for TbFe samples are due primarily to the overcoating interference. 
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Figure 5-2. Computed wavelength dependencies of Ok ("0"), fJc 
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Figures 5-3 to 5-8 show the measured wavelength dependencies of Ok> Ek and R for 

samples TFI - TF5 and TF7. The different overcoatings on the samples cause the Kerr rotation 

enhancement at different wavelengths and the reflectivity reduction at the same wavelength. For 

all the samples studied, the wavelength dependency of ellipticity had a sharp change whenever 

the Kerr rotation angle was enhanced. 
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Chapter 6 

Wavelength Dependencies of Kerr Rotation, Ellipticity 

and Reflectivity for ColPt and ColPd Superlattice Thin Films 

6.1. Introduction 

99 

Erasable magneto-optical disks based on amorphous rare earth-transition metal (RE-TM) 

alloys have recently appeared in the market. In contrast to the conventional RE-TM alloys, thin 

film superlattice structures of Co/Pt and Co/Pd have some very promising features, like better 

oxidation and corrosion resistance and higher Kerr rotation on the short wavelength range 

(Zepper et aI., 1989; Weller et aI., 1989; Hashimoto et aI., 1990b; Palumbo et aI., 1990; Zhou 

et aI., 1991a). Understanding these media is important for their application. Measurements of 

the wavelength dependence of the magneto-optical Kerr rotation and ellipticity not only provides 

some of the optical properties of these media, but also helps to evaluate their performance for the 

whole wavelength range. In this chapter we present wavelength dependence measurements of 

Kerr rotation angle, ellipticity and reflectivity for a Co/Pt sample and a series of Co/Pd samples 

with varying film thicknesses. All the measurements are performed by the Magneto-Optic Kerr 

Spectrometer (MOKS), which is discussed in chapter 2. The induced magnetization in the Pt of 

Co/Pt samples or in the Pd of Co/Pd samples plays an important role in the magneto-optical 
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activity (Victora et al., 1991), and it is confirmed with our measurements. 

6.2. Kerr Spectra ror Super lattice Samples 

The Co/Pd samples were made by a sputtering process and have film thicknesses ranging 

from 55 A to 330 A. They have a layer structure of 2 A Co and 9 A Pd. All samples were 

sputtered on glass substrates and have no overcoating. Measurements were made from the film 

side. The detailed structural and magnetic parameters of the Co/Pd samples are listed in Table 

4-1 of chapter 4. The Co/Pt sample is the sample COPTS of Table 4-2. Its composition is 4 A 

Co and 10 A Pt and a total thickness of 294 A was evaporated on glass, with no dielectric 

overcoating. Its hysteresis loop is also square. 

Figure 6-1 shows the measured wavelength dependence of Ok> fie and R for the 

Co(4)/Pt(10) sample. The Kerr rotation angle peaks at the short wavelength end of the spectrum. 

The ellipticities are negative and their values vary from 0 to -0.05°. Reflectivity is smaller at 

short wavelengths. The error bars on the curves indicate the standard deviation obtained from 

several measurements. 

In Fig. 6-2 the wavelength dependence of Ok> fie and R for Co(2)/Pd(9) sample with 220 

A thickness is shown (sample COPD4). This sample was thin and the interference had a strong 

effect on the spectra. This is a typical figure for all the Co(2)/Pd(9) samples measured. 

Ellipticity is large and negative for very short wavelengths and becomes positive for longer 

wavelengths. In Fig. 6-3 the wavelength dependence of Ole is plotted for all six Co/Pd samples 

(in this and other figures, #1 corresponds to sample COPDl, #2 to sample COPD2, etc). The 

samples have similar wavelength dependencies except the peak of Ok is shifted from about 400 
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nm for the 330 A thick film to about 540 nm for the 55 A thick film. This peak shift is believed 

to be due to interference. The behavior of Ok vs. film thickness for a given wavelength can be 

inferred from this figure. Below 560 nm, the Ok peak is at a thickness of 165 A (curve #3). 

Above 560 nm, the peak is at a thickness of 110 A (curve #2). The two curves in Fig. 6-4 show 

Ok vs. film thickness for wavelengths of 450 nm and 750 nm, respectively. As the wavelength. 

decreases the peak shifts towards larger film thickness. 

In Fig. 6-5, the wavelength dependence of Ek is shown for all ColPd samples. When the 

film thickness increases from 55 A (COPDl) to 330 A (COPD6), the ellipticity curve shifts 

upwards with a little tilt downwards on the long wavelength side. Figure 6-6 shows the 

wavelength dependence of R for all Co/Pd samples. The curves are similar in shape, but their 

magnitude increases with increasing film thickness. For disk applications, one important 

parameter is the shot noise limited signal-to-noise ratio which is known as the figure of merit 

(pOM) and is defined as 

FOM = JR (ei + ei) . (6-1) 

The wavelength dependence of FOM for all Co/Pd samples is plotted in Fig. 6-7. The curves 

have more or less the same shape and peak at about the same wavelength of 480 nm. The highest 

FOM belongs to the film with 165 A thi~kness. 

Comparing the Co/Pt sample with the Co/Pd samples, the shapes of Ok and fJc curves vs. 

A for the two types of samples are quite different, and this is true for many other Co/Pt and 

Co/Pd samples as well. This indicates different interlayer interactions for these two types of 

materials. More detailed analysis is presented in next chapter when we apply our semiclassical 

model to study the multilayered samples. Ok values of the Co/Pt sample are much larger than 
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those for Co/Pd samples. The wavelength dependence of reflectivity is very similar for the two 

types of sample, indicating that their refractive indices and absorption coefficients have similar 

wavelength dependencies. 
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Chapter 7 

Magneto-Optical Kerr Effect Studies for Optical Recording Media 

7.1. Introduction 

The magneto-optical Kerr effect has been widely used to read information in magneto

optical data storage systems. This effect occurs when linearly polarized light is reflected from 

a magnetic medium; it becomes elliptically polarized with its major axis rotated from the 

polarization plane of the incident beam. The extensive experimental knowledge of the magneto

optical Kerr effect can be found in the excellent review papers by Buschow (Buschow, 1988) and 

by Reim and Schoenes (Reim et al., 1990). A thorough understanding of the magneto-optical 

Kerr effect, including how the Kerr rotation varies with different wavelengths and how it depends 

on the physical characteristics of magneto-optical recording media, is the key for further 

improvement of the performance of these media. 

The theory of magneto-optical Kerr effect has been mainly developed in the framework 

of quantum mechanics. Hulme first proposed the quantum theory for the Kerr effect and 

correctly recognized that this effect originates from the spin-orbit interaction in magnetic 

materials (Hulme, 1932). The theory has been extended by many authors to consider different 

aspects of the Kerr effect (Argyres, 1955; Wang et aI., 1974; Erskine et aI., 1974), and in some 

cases, for example for Fe, the ab initio calculated Kerr rotation (Oppeneer et aI., 1991) is in good 
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agreement with the experiments. However, all the present quantum theories have two weak 

points. First, since the spin-orbit interaction is taken into account in the Hamiltonian operator 

as an additional potential energy, whose sign and magnitude are sensitive to the position and 

velocity of the moving electron, the physics of the spin-orbital contribution to the Kerr effect is 

very complicated. Finding a clear physical picture has been a purpose of almost every paper 

dealing with the magneto-optical Kerr effect and the extraordinary Hall effect, where the latter 

is a dc counterpart of the Kerr effect and also has its root in the spin-orbit interaction in magnetic 

materials (Karplus et al., 1954; Smit, 1955; Smit, 1958; Luttinger, 1958; Strachan et al., 1957; 

Berger, 1970). Second, quantum mechanical calculations can only be carried out for simple 

models. This implies that some defect-related effects may be excluded by the artificial 

assumptions of the model. It is unrealistic to demand even qualitative relations between the Kerr 

effect and material properties from the quantum theory for non-crystalline materials, like the 

amorphous rare earth-transition metal thin films or polycrystallic Co/Pt and Co/Pd multilayers, 

which are the main candidates for high density magneto-optical recording materials. 

Attempts to describe the magneto-optic Kerr effect using a semiclassical theory were 

made by Doniach (Doniach, 1966) for Fe and Ni, and by Erskine and Stern (Erskine et al., 1973) 

for Gd. Both theories describe the effects of spin-orbit interaction based on the formalism of the 

quantum theory (Le. based on the skew scattering life time). Therefore, they did not present a 

better physical picture of the spin-orbit interaction. In addition, the two semiclassical theories 

did not take into account the influence of the band structure on the Kerr effect, which is 

important in determining the wavelength dependence of the Kerr effect (Buschow, 1988; Reim 

et aI., 1990). Connell and Bloomberg (Connell et aI., 1985) extended Doniach's theory to 

amorphous rare earth-transition metal alloys. In their work the coefficient of the extraordinary 
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Hall effect was used to calculate the Kerr effect. This treatment avoids a direct confrontation 

with the spin-orbit interaction (Le. it is hidden in the coefficient of the extraordinary Hall effect), 

and hence does not give a picture about spin-orbit interaction. In the next section we shall point 

out that it is generally inadequate to assume a simple relation between the Hall effect and the Kerr 

effect. 

In this chapter we present a semiclassical theory of the magneto-optical Kerr effect. The 

theory takes into account the effects of the spin-orbit interaction, the energy band structure of the 

magnetic electrons, and the phenomenological elements of the classical Drude model for the 

dielectric constant. In contrast to the quantum theory, we describe the spin-orbit interaction by 

an effective magnetic field, which on the average is in the direction of the magnetization. As the 

free electrons move along the electric field of the incident light, they will bend around the 

effective magnetic field via interacting with localized magnetic electrons (e.g. 3d electrons). The 

bending produces the off-diagonal matrix element of the conductivity tensor and the dielectric 

tensor, and thus causes the magneto-optical Kerr effect. In addition to the clear physical picture, 

the semiclassical theory also provides simple formulas for the diagonal and off-diagonal dielectric 

matrix elements. We are able to demonstrate how the Kerr rotation, the ellipticity and the 

reflectivity are contributed by the spin-orbit interaction, the band structure and several 

phenomenological parameters such as the number density and relaxation time of the free 

electrons. Therefore, the theory provides a guide for the search of magneto-optical recording 

media with better performance. 

Another purpose of this chapter is to compare the theory with our experimental 

measurements of the wavelength dependence in the range of 350 -1050 nm (1.2-3.6 eV) of the 

Kerr rotation, ellipticity and reflectivity of a series of multilayered Co/Pt and Co/Pd thin films. 
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These materials have an enhanced Kerr rotation in the range of blue end of the spectrum, where 

a larger data recording density is allowed. With several adjustable parameters, such as the free 

electron relaxation time, the free electron density and the average spin polarization of the excited 

magnetic electrons, we have obtained good agreement between the theoretical and the 

experimental results. The parameters found in the match show a systematic trend as a function 

of the Co content of the measured films. Therefore, our theory provides a better understanding 

of magneto-optic recording media. 

The chapter is organized as follows. The first part of Sec. 7.2 contains a standard 

macroscopic theory which relates the Kerr rotation, ellipticity and reflectivity with the dielectric 

tensor. In the second part we propose a semiclassical theory for the dielectric tensor. In Sec. 

7.3 we match the calculated curves of our theory with the measured wavelength dependence 

curves of the Kerr effect by adjusting several parameters. The roles of the individual parameters 

in the Kerr effect are discussed in detail. Sec. 7.4 contains a summary of the results and some 

concluding remarks. 

7.2. Theory of Magneto-Optic Kerr Effect 

The theory of the magneto-optic Kerr effect contains generally two parts: a classical light 

propagation theory which relates the Kerr rotation, the ellipticity and reflectivity with the 

dielectric tensor, and a microscopic (quantum mechanical or semiclassical) theory of the dielectric 
,. 

tensor for the magneto-optic material. We will describe the classical light propagation theory 

briefly and the semiclassical microscopic theory extensively in the following subsections. 



110 

7.2.1 Relations Between Kerr Effect and Dielectric Tensor 

The magneto-optic Kerr effect occurs when linearly polarized light incident upon a 

magnetic material becomes elliptically polarized when it is reflected. This phenomenon is 

characterized by two real quantities, namely, the Kerr rotation angle Ok> which is the angle 

between the polarization direction of the incident light and the major axis of the elliptically 

polarized reflected light, and the Kerr ellipticity Ek of the reflected light. The classical light 

propagation theory shows that the Kerr effect is fully described by the dielectric tensor of the 

material (Buschow, 1988). The basic physics is that the right hand and the left hand circularly 

polarized wave components (which are denoted by RCP and LCP) of the linearly polarized 

incident light experience different complex refractive indices. In magneto-optical data storage 

one usually deals with a single layered or multilayered magneto-optic thin film which is located 

on the top of a substrate. The interference effects caused by the geometric configuration should 

be taken into account. The influence of the multilayered structure on the Kerr effect has been 

considered by Mansuripur, Connell and Goodman (Mansuripur et al., 1982). For our purpose 

we only write down their results for the case of a single layer film on the top of a substrate with 

perpendicular incident light. This configuration is shown in Fig. 7-1. The multilayered 

structures of the films in our measurement (to be discussed in Sec. 7-3) do not cause the 

interference effect, because the thickness of each layer is less than 10 A, which is much less than 

the shortest wavelength (3500 A) of the light we applied to measure the Kerr effect. 

In magnetic materials with perpendicular magnetization, the dielectric tensor has been 

discussed in chapter 3 and can be written in the form 



Incident Light Beam Ref1ected Light Beam 

Sing1e-Layer MO Fi1m 

Substrate 

Figure 7·1. The geometric configuration of the Kerr effect to be discussed in this 
chapter. The multilayered structures of our films can be neglected since the 
thickness of each layer is much smaller than the incident light wavelength. 
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e
lX eX)' 0 

e = -eX)' eY)' 0 (7-1) 

0 0 eu 

where the matrix elements are generally complex numbers, and the z-axis of the cartesian 

coordinate system (x,y,z) has been assigned to be along the magnetization direction. Ignoring 

birefringence and assuming isotropy has Cn = Cyy = Czz. Light propagating in the z-direction 

with the polarization (electric field) in the x-direction can be decomposed into LCP and RCP in 

the following way 

(7-2) 

It is easy to check that the real part of the first term in the right hand side of Eq.(7-2) 

is proportional to (~ cos wt + 9 sin wt), which, according to the convention of Born and Wolf 

(Born et a1., 1959), is a LCP. The second term corresponds to a RCP. As in chapter 2 we use 

the subscript "+" and "-" to denote LCP and RCP, respectively. From the identities 

(7-3) 

we see that the dielectric tensor for the LCP and RCP are respectively equivalent to the dielectric 

constants C + and c. defined by 

(7-4) 

Accordingly, the refractive indices for the LCP and RCP are given by 
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(7-5) 

For the case of a single layer film on the top of the substrate with perpendicular incident light, 

the interference effects for the LCP and Rep are described by the constants 

(

N _ ) /41CN.d 

r' = ~ e " 
= N + 

t n" 

(7-6) 

where n. is the refractive index of the substrate, d is the thickness of the film and A is the 

wavelength of the incident light in free space. The complex reflective coefficients of the LCP 

and RCP are given by 

'oJ:, = 
I-N +(1 +N )r' = ., = 

1 +N +(l-N )r' = t = 

(7-7) 

where the real numbers ~± are the accumulated rotation angles of the LCP and RCP. The Kerr 

rotation Ok and the ellipticity Ek are given by 

a = cI>+ -cI>_ 
Ir. 2 

(7-8) 

and 

(7-9) 

In the case of infinite film thickness (d > > A) the interference constants r' ± vanish, and 

Eqs.(7-8) and (7-9) reduce to the familiar form (Reim et aI., 1990) 

( 
N -N ) air. = 1m + -

N+N_ -1 

(7-10) 
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and 

( 
N -N ) 

E,t = 1& + - • 
N N-1 

+ -

(7-11) 

Since lexyl < < le""l, Eqs. (7-10) and (7-11) can be combined into one equation (Buschow, 

1988) 

(7-12) 

Obviously, it is the off-diagonal matrix element that causes the Kerr effect. 

The total reflectivity of the light intensity is only related to the diagonal matrix element 

of the dielectric tensor. In analogy to Eqs.(7-5),(7-6) and (7-7), when lexyl < < le",,1 we 

define 

and 

Then the total reflectivity is given by 

r' = __ 8 e .l. 
(

N-n) j4ftNd 

r = 

N+n8 

1-N+(1 +N)r' 

1 +N+(1-N)r' 

(7-13) 

(7-14) 

(7-15) 

(7-16) 

Since the dielectric tensor and interference factors (r' ± and r') depend on the frequency of the 
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incident light, Ok, €k and R are functions of w. 

7.2.2 Semiclassical Theory of the Dielectric Tensor 

The dielectric tensor t relevant to the magneto-optic properties of the material is 

contributed by the bound electrons and free electrons in the form (Ashcroft et al., 1976) 

A( ) _ ~ ( ) 41tio(00) e 00 - t;o 00 + , 
00 

(7-17) 

where w is the frequency of the incident light, to(w) the dielectric constant contributed by the 

bound electrons and o(w) the conductivity tensor contributed by both bound and free electrons 

(a detailed discussion will be given later). In magnetic materials we distinguish three kinds of 

electrons: the non-magnetic bound electrons, the magnetic bound electrons (primarily 3d 

electrons I), and the free conduction electrons. For the non-magnetic bound electrons we use the 

classical theory of atomic polarizability to calculate the dielectric constant (Ashcroft et al., 1976). 

That is, we treat the bound electrons as an electronic shell of charge -20 e (in this chapter e 

denotes the absolute value of the electron charge) and mass 20 m tied to a heavy, immobile, 

undeformable ion core, by a harmonic spring of spring constant K = Zo m W0
2

• Since the charge 

center of the non-magnetic electrons only has a displacement along the direction of the electric 

field, the corresponding dielectric tensor only has a diagonal element given by 

IFor Co, Fe and Ni, 95%, 93% and 99% of the magnetic electrons are 3d electrons, respectively 
(papaconstantopoulos, 1986). 
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(7-18) 

where No is the atomic number density and Wo the circular frequency of the bound electron that 

is nearest to the optic frequency range of interest. For simplicity we have assumed that each 

atom has one electron in the range of the optic frequency of interest, and that the relaxation rate 

of the electron is negligible. The contribution from the other non-magnetic bound electrons are 

assumed energetically far away from the incident photon energy and hence have negligible 

response to the incident light. This assumption can be easily lifted if more than one frequency 

needs to be considered. 

The magnetic bound electrons may contribute to the Kerr effect in two different ways. 

First, as the electric field of the incident light is in the x-direction, a bound electron remains 

localized, but the charge center of its orbit oscillates around a point which is shifted from the 

nucleus both in the x and y-directions. The shift in y-direction is due to the spin-orbit 

interaction. The polarization in y-direction means that the dielectric tensor has a non-zero off 

diagonal element, which, according to Eq.(7-12), gives rise to a non-zero Kerr effect. This 

contribution corresponds to the intraband contribution in the quantum theory. The other way 

that the magnetic bound electrons contribute to the Kerr effect is that they interact with the non-

magnetic free electrons. The free electrons generally consist of equal number of spin-up and 

spin-down electrons and hence the net spin-orbit field for the free electrons alone is equal to zero. 

But when the free electrons interact with the magnetic bound electrons (Le. exchange their 

position and momentum), which experience a net spin-orbit field, the free electrons also 

experience (indirectly) the spin-orbit field. That is, the free electrons contribute to the Kerr effect 

only when they interact with the magnetic bound electrons. We will come back to this point 



117 

later. This contribution by both the magnetic bound electrons and the free electrons is the so-

called interband contribution in the quantum theory. It is currently accepted that the intraband 

contributions are mainly restricted to the low-energy part of the magneto-optic spectra, while the 

interband contributions are important for higher frequencies (Buschow, 1988), which are of 

interest for magneto-optic data storage. First-principle calculations show that the interband theory 

is perfectly applicable for Fe, Ni and FeCo alloys (Oppeneer et al., 1991). In the following we 

only consider the interband contributions. 

To calculate the optic conductivity tensor a(w), we need to know the electric and magnetic 

forces on the free electrons. The electric force can be easily described using the electric field 

of the incident light. The magnetic force is related to the spin-orbit interaction and needs a more 

detailed consideration. As mentioned by Strachan and Murray (Strachan et aI., 1958), the spin

orbit interaction produces an effective magnetic field acting on the moving electron. Since the 

effective magnetic fieid gives a clear picture of the effect of the spin-orbit interaction and plays 

a key role in understanding the magneto-optic Kerr effect and extraordinary Hall effect, we 

present a detailed discussion in Appendix C. 

Returning to the conductivity tensor, we assume that the free electrons consist of the same 

amount of spin up and spin down electrons. Therefore, without interacting with the magnetic 

electrons the free electrons do not see the spin-orbit field as a whole. When interacting with the 

magnetic electrons, the free electrons change momentum with the magnetic electrons which 

experience a net spin-orbit field B.-o (f). Thus the free electrons driven by the external electric 

field will bend its direction of motion around B.}), as if they see the magnetic field themselves. 

There are two ways in which the free electrons can interact with the magnetic electrons. One is 

that they interact with those magnetic electrons which are near the Fermi energy level. These 
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magnetic electrons are almost in the same energy level as the free electrons and hence the 

interaction can happen by scattering. This interaction causes the extraordinary Hall effect in 3d 

ferromagnetic materials. Another case in which the free electrons can interact with the magnetic 

electrons is when light is applied to the magnetic material. The light induces transitions between 

the free electrons, whose energy is approximately '!qual to the Fermi energy Er, and those 

magnetic electrons whose energy is approximately equal to Er - hw, where h is the Planck 

constant and w is the frequency of the incident light. This interaction, which is not available in 

the extraordinary Hall effect, gives the dominant contribution to the magneto-optic Kerr effect. 

The different locations (in the energy band) of the magnetic electrons involved in the afore 

mentioned two kinds of interactions are illustrated in Fig. 7-2. Since the electrons contributing 

to extraordinary Hall effect and the Kerr effect come from different regions in the energy band, 

it is inadequate to establish a direct relation between the extraordinary Hall effect and the Kerr 

effect as was assumed in Connell and Bloomberg's paper (Connell et a1., 1985). In this 

dissertation we only consider the interaction induced by the incident light. 

We now derive the conductivity tensor in a classic way. Let us consider the motion of 

the free electron under the Lorentz force produced by the electric field E(t) of the incident light 

and the spin-orbit magnetic field. The electric field is of the form 

E(t) ;:: Re [E(w)e-i""] • 
(7-19) 

This field induces transitions (exchanges) between magnetic electrons located at or near the 

energy Er - h w (see Figure 7-2) and the free electrons. Let n,(w) [nj(w)] be the excited number 

of spin-up (s,) [spin-down (Sj)] magnetic electrons per atom, then there are a total of No n,(w) 

spin-up [No nj(w) spin-down] magnetic electrons interacting and exchanging momentum with the 
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Figure 7-2. The locations of the excited spin-up and spin-down magnetic 
electrons in the energy band diagram. The electrons in the shaded area contribute 
to the Kerr effect, while those near the Fermi level contribute to the 
extraordinary Hall effect. 
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spin-up [spin-down] free electrons. In other words, among the free electrons there are No n,(w) 

spin-up [No nl(w) spin-down] free electrons experiencing the spin-orbit magnetic field B.-o(f) 2 

[-B.-o(f) 2], where B.-o(f) is the magnitude of the magnetic field experienced by a spin-up electron 

due to spin-orbit interaction (Appendix C). Let the free electron density be Nr, then, for a free 

electron, the average spin-orbit magnetic field is given by 

(7-20) 

Since B.-o (0 is the magnetic field seen by a spin-up electron, the factor in the right-hand side of 

Eq.(7-20) manifests itself as an average spin carried by each free electron. Therefore, we shall 

call this factor the average spin number of a free electron 

(7-21) 

Therefore, as far as the spin-orbit magnetic field is concerned, each free electron carries a spin 

of s(w) s,. This phenomenon can be interpreted as that the free electrons are polarized by the 

magnetic electrons through interaction. The numbers n,(w) and nl(w) depend on the frequency 

of the incident light and the structure of the energy band. We will describe an approximate 

approach to calculate them in the end of this section. 

Having known the electric field and the magnetic field, the equation of motion in terms 

of the linear momentum p of a free electron can be written as 

dp(t) = _p(t) -eE(t)-~p(t)x [S(w)Bs~o z] , 
dt t' me 

(7-22) 

where T is the relaxation time of the free electrons. Using the frequency 
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(7-23) 

to describe the spin-orbit field strength, Eq.(7-22) can be written in the form 

(7-24) 

This equation can be easily solved by the ansatz 

pet) = Re [Pc oo)e -ilolf] . 
(7-25) 

Putting Eqs.(7-19) and (7-25) in Eq.(7-24), we obtain that 

(7-26) 

Since the electric current density j is related to the linear momentum p in the manner 

jet) = - Nr p(t) , j(oo) = _ Nr p(oo) , (7-27) 
m m 

where Nr is the number density of the free electrons and m is the effective mass of the free 

electron, Eq.(7-26) can be written in terms of the free electron current density 

(7-28) 

For light normally incident upon the plane of a perpendicularly magnetized thin film, the spin-

orbit field is in the z-direction, and the electric field and the current density are in the x-y plane. 

Thus, Eq.(7-28) can be written in terms of x and y components 
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(7-29) 

and 

(7-30) 

These two equations can be cast into the matrix form 

(7-31) 

The matrix in the left hand side of Eq.(7-31) can be easily inverted so that the equation becomes 

j(w) = (j (w) E(w). In this way we find the conductivity tensor (j (w) 

(7-32) 

Putting Eq.(7-IS) and Eq.(7-32) into Eq.(7-17), we find that the dielectric tensor ~(w) has a 

diagonal matrix element 

(7-33) 

and the off-diagonal matrix element 

41tiNr 2S( '" )°.s-o (7-34) 

These are the semiclassical expressions for the dielectric matrix elements. Since liT > 1016 Hz, 

1.S X 1015 Hz < w < 5.4 X 1015 Hz (i.e. 1.2 - 3.6 Ev), and s(w) 0'-0 S; 5 X 1014 Hz (see Sec. 
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7.3), we can safely drop the term s(w) 0.", in the denominators in Eqs.(7-33) and (7-34). 

Substituting s(w) with Eq.(7-21), we thus have 

and 

4niNoe 20,,_o[n,( c.» -n ,( c.> )] 

c.>m (l/-c -ic.»2 

(7-35) 

(7-36) 

We shall use Eqs.(7-35) and (7-36) in our numerical calculations. For convenience of notation, 

we define ~n(w) = nt(w)-nl(w). From Eq. (7-36) one sees that the off-diagonal element txy 

would vanish if there is no spin-orbit interaction (0.", = 0) or if there is no magnetization (~(w) 

= 0). Taking into account Eq.(7-12), this shows explicitly that the Kerr effect (both Ok and eJ 

is originated from the spin-orbit interaction in magnetic materials. Eqs.(7-35) and (7-36) also 

show that if the relaxation time is infinite, then t"" becomes real and txy becomes purely 

imaginary, which means, as can be seen from Eq.(7-12), that the Kerr rotation Ok = O. The 

physics is very clear. If there is no absorption, the reflection coefficients for both LCP and RCP 

are real but non-equal. Therefore, the reflected LCP and RCP lights have the same phase but 

different amplitudes. Consequently, as can be seen in Eq. (7-8) and (7-9), one has Ok = 0 and 

ek ;c O. We mention in passing that the phase difference between the transmitted LCP and RCP 

could be non-zero. This is why one can observe Faraday rotation but not Kerr rotation in a 

transparent media (Faraday, 1846). A more detailed discussion of how the phenomenological 

constants affect the Kerr effect is given in Sec. 7.3. 

In the following we discuss how n,(w) and n,(w) can be approximately calculated when 
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the band structure of the magnetic electrons is known. We take n t (w) as an example. When light 

of frequency w is applied to the film, the magnetic electrons can be excited to above the fermi 

energy level when the following three conditions are satisfied. First, the frequency of the 

incident light beam must be large enough to bring the electron to above the fermi energy level. 

Therefore, the excited magnetic electrons must originally have an energy higher than Er - 11 w. 

Second, there must be a vacancy available which will accommodate the excited electron. From 

the band structure shown in Fig. 7-2, we see that this requirement puts another limitation on the 

excited electrons. That is, the original energy of the excited electrons must be below the energy 

level E t •max - 11 w, where E t •max is the maximum energy of the energy band, above which there 

is no allowed states for the magnetic electrons. Third, the total number of the excitable electrons, 

i.e. those that satisfy Er - 11 w ~ E ~ Et •max - 11 w, must not exceed the total number of the 

vacancy states. Taking into account tht'.se three points and letting Pt(E) be the number density 

of the spin-up states, we have 

(7-37) 

Similarly, we have 

(7-38) 

In this way the matrix elements of the dielectric tensor is related to the band structure of the 

magnetic electrons. Since integration is involved. a peak in the band structure does not 

necessarily correspond to a peak in s(w), but a peak in the function of s(w) does lead to a peak 

in the Kerr rotation spectrum. We have thus completed the semiclassical derivation of the 
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dielectric tensor. 

It should be noted that Erskine and Stone also derived a semiclassical theory of the 

dielectric tensor (Erskine et aI., 1973). The main difference between our theory and theirs is that 

they treated all the magnetic electrons as free electrons. Therefore, n, and n, in their theory are 

the total number of the spin-up and spin-down electrons and the resultant dielectric tensor and 

hence Kerr effect does not depend on the electronic band structure. However, it is generally 

recognized that the magneto-optic Kerr effect is sensitive to the band structure (Buschow, 1988; 

Reim et aI., 1990). In our model, we consider the magnetic electrons as localized and the free 

electrons as non-magnetic. The free electrons experience the spin-orbit field only when they 

interact with the magnetic electrons, which is made possible by the incident light beam. 

Therefore, n,(w) and n,(w) and hence the dielectric tensor in our model depend on the band 

structure, see Eqs.(7-37) and (7-38). In Sec. 7.3 we will show that the proposed model produces 

the features of the experimental data of Kerr rotation as a function of the incident I ight frequency 

for pure Co only when the band structure is taken into account. 

7.3. Comparison Between Theory and Experiment 

In this section we first apply the semiclassical theory proposed in Sec. 7-2 to the 

published experimental wavelength dependence data of pure Co (Krinchik et aI., 1968), and then 

to the experimental data measured for a series of Co/Pt and Co/Pd multilayered thin films using 

our MOKS system discussed in chapter 2. The purpose of comparing our model with the 

experimental Kerr data in pure Co is two-fold. First, since the band structure of pure Co is 

known (it is unknown for Co/Pt and Co/Pd) (Papaconstantopoulos, 1986), we can calculate the 
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~(w) of the excited magnetic electrons from Eqs.(7-37) and (7-38). Therefore, there is no 

adjustable parameter concerning the band structure. The good match between the calculated 

wavelength dependence and the experimental data thus provides evidence that the band structure 

has been adequately taken into account in our theory. In addition, the spin-orbit field B.-o(f) (or 

0.-0) always appears in the form of Lln(w) 0'-0 in the semiclassical theory. Therefore, we can 

determine the value ofB.-o(f) only if we know the band structure (and hence ~(w». For pure Co 

we found B._o(f) ::::: 3.5 x 1oo Gauss. As we mentioned in Appendix C, this value is consistent 

with the theory. Second, since in Co/Pt and Co/Pd the Kerr effect is mainly contributed by Co 

atoms, the parameters Wo and B._o(1) we found for pure Co could be used as known parameters for 

Co/Pt and Co/Pd. Thus, by matching the calculated curves with experimental ones, we can find 

out the band structure related function ~(w) for Co/Pt and Co/Pd samples. 

The motivation of studying Co/Pt and Co/Pd thin films lies in that they have the potential 

to be used as high density optical recording media, especially the Kerr rotation angle Ok shows 

peaks at shorter wavelengths in these materials. By matching the calculated curves with the 

experimental data, we can determine the parameters and the Lln(w) which carries some 

information of the band shape of the different samples. The parameters found in the match show 

a systematic trend as Co content changes, thus providing a direction to improve the magneto-optic 

property of these materials. 

There are six independent parameters in our theory, namely, (i) the atomic number 

density No; (ii) the circular frequency Wo of the bound electron; (iii) the density of the free 

electrons Nr; (iv) the relaxation time T of the free electrons; (v) the spin-orbit interaction field B._ 

0(1); and (vi) the Lln(w) of the excited magnetic electrons which is determined by the band 

structure. We analyze these six parameters in the following. 
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No: We choose the typical value No = 7 x 1<P cm-3 in all the calculations_ We also 

tried different values of No from 3 x 1022 to HP cm-3, but the results varied only slightly, 

indicating that theoretical results are not very sensitive to this parameter. 

"'0: As can be seen from Eqs. (7-35) this frequency affects the diagonal dielectric constant 

£"" crucially in the short wavelength range. Since the total reflectivity R depends only on £"" (but 

not £xy), we use the measured wavelength dependence of R in the short wavelength range to 

determine "'0 for each sample. All the results suggest that "'0 is somewhere around 1.1 x 1016 

Hz. Considering the fact that the Kerr effect in our measured Co/Pt and Co/Pd materials is 

mostly contributed by Co atoms, we choose "'0 to be the same value "'0 = 1.1 X 1016 Hz for all 

the Co, Co/Pt and Co/Pd samples. 

Nr and T: Nr contributes to the conductivity of the metal and it thus affects reflectivity. 

The relaxation time is a description of the loss of the momentum of the free electrons. The larger 

the T, the smaller the loss. As shown in Eq.(7-35), in the long wavelength range, the diagonal 

dielectric matrix element £"" and hence the reflectivity R is determined by both Nr and T. The 

larger the Nr and the smaller the T, the higher the R. There is a series combinations of Nr and 

T that can match with the reflectivity spectrum in the long wavelength range. On the other hand, 

Nr and T also affect the ellipticity spectrum. Thus, there is another series of combinations of Nr 

and T that can match the ellipticity spectrum. But there is only one combination of Nr and T that 

can match both the reflectivity and the ellipticity spectra. Therefore we uniquely fix Nr and T. 

The values found for Nr and T are different for Co, Co/Pt and Co/Pd, and vary with the atomic 

compositions. Nr is on the range of 10-"2 to UP cm->' and T is around 10-16 seconds. The exact 

physical meaning of T and its value (why it is so small) have been discussed in Connell and 

Bloomberg's paper (Connell et at, 1985). 
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BloOco (or 0 1-0) and &l{w): We follow the strategy explained in the beginning of this section 

to obtain these two parameters. In the numerical calculations for Co/Pt and Co/Pd multilayered 

samples, we assume &l{w) to have the form .1n{w) = Co + C1 :\ + C2 :\2 + ~ :\3. As will be 

shown later, the third order polynomial is enough to reproduce the shape of the experimental 

curves. The .1n{w) curves found for Co/Pt and Co/Pd samples by matching the experimental data 

show that, in the wavelength range 350 - 1050 nm (1.2 -3.6 Ev), the peaks of these &l(w) curves 

are shifted from that of pure Co. 

7.3.1. Match with the Kerr Spectra of Pure Bulk Co 

We now apply the semiclassical theory to the experimental magneto-optic Kerr spectra 

of pure Co (Krinchik et aI., 1968). In the theoretical calculations we use the measured energy 

band structure of pure Co (Papaconstantopoulos, 1986). Specifically, we use the measured 

density of states (DOS) Pt(E) and p,(E) to calculate nt (:\) and n,(A), hence the &l(w), from 

Eqs.(7-37) and (7-38). The calculated .1n(w) from known band structure is plotted in Fig. 7-3. 

The peaks of .1n(w) appear at about 400 nm and 900 nm. Having found .1n{w) we use Eqs~ 

(7-35) and (7-36) to calculate t",,(:\) and txy(A), and then use Eqs. (7-10), (7-11) and (7-16) (for 

r' = 0) to calculate the Kerr spectra 0k(:\), f\(:\) and R(:\). 

In the calculations No, Nr. T and 01-0 (assumed to be independent of :\) are adjustable 

parameters. We determine them by matching the calculated °k(:\) , Ek(:\) and R(:\) with the 

experimental spectra. To match the three curves simultaneously, we have to make some 

compromise in choosing the parameters, since a set of parameters may fit one curve very well, 

but may not fit the other two curves. Following the procedures described at the beginning of this 
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Figure 7-3. The tln(w) of the excited electrons for cobalt media. It is 
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down magnetic electrons. 
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section, we have tried different sets of parameters and found the following facts: (i) The shape 

of 0k(A) is predominantly determined by that of .1n(w), and the magnitude of 0k(A) depends 

proportionally on 0 • ...,. (ii) As in the experimental spectrum, the theoretical fk(A) also has a dip 

in the short wavelength range, whose position and depth depend sensitively on woo The overall 

magnitude of fk(A) outside the narrow region of the dip depends on Nr and T in a complicated 

manner, but it is not sensitive to the shape of .1n(w). (iii) By adjusting wo, Nr and T, the 

reflectivity R can be matched perfectly. However, we cannot match both the reflectivity and the 

dip in the ellipticity spectrum perfectly by using the same Wo. Considering these facts, a good 

match for pure Co can be obtained with Wo = 1.1 X 1016 Hz, No = Nr = 7 x 1()22 cm-3
, T = 

3.57 X 10-16 sec, and B.oO<O = 3.5 x 1()6 Gauss. These parameters are of the same order of 

magnitude as in other semiclassical theories (Erskine et aI., 1973; Connell et aI., 1985) and 

quantum theories (Hulme, 1932; Argyres, 1955; Karplus et aI., 1954; Berger, 1970). The 

experimental and the calculated Kerr spectra are shown in Fig. 7-4. The two maxima appearing 
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in the experimental Kerr rotation spectrum are qualitatively reproduced in the theoretical curve. 

These two maxima correspond to those of the .1n(w) of the excited magnetic electrons. Since 

there are no adjustable parameters concerning the shape (position of the peaks and the dips) of 

the Kerr rotation spectrum, the reasonably good match between the experimental and calculated 

Kerr rotation spectra gives us confidence that the band structure has been properly taken into 

account in our modeF, which appears in Eqs.(7-21), (7-36), (7-37) and (7-38). The match 

between the experimental and calculated reflectivities is very good. The match for ellipticity is 

good on both short (250-350 nm) and long (9OO-1050nm) wavelength ranges, but is less 

satisfactory in the intermediate wavelength range (400-850 nm). 

The wavelength dependence of the dielectric tensor E for Co material is calculated with 

the above matched parameters. Since the dielectric tensor spectra is less sensitive to the matching 

parameters, it is better to use Kerr spectra matching to obtain these parameters, as done here. 

Figure 7-5 shows both the experimental and calculated dielectric tensor spectra for Co. The 

general trend for the calculated dielectric tensor agrees with the experimental result. The match 

of the off-diagonal element Exy at the low energy range (long wavelength range) is less 

satisfactory. The reason could be that the intraband contribution has not been taken into account, 

which is known to be important in the low energy range (Buschow, 1988). 

7.3.2. ColPt and Co/Pd Multilayered Thin Films 

Co/Pt and Co/Pd multilayered thin films are the potential candidates for high density 

2 The calculated Kerr rotation spectrum fits the experiment very well in the short wavelength range, 
but less satisfactory in the long wavelength range. This could be caused by the fact that we have neglected 
the intraband contribution, which is known to be important in low energy range. 
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optical recording materials, since these materials show, among other advantages, larger Kerr 

rotation at short wavelengths (Zeper et al., 1989; Hashimoto et al., 1990b). A comprehensive 

understanding of the influences of different elements on the Kerr spectra would be helpful for 

making better combinations of materials and improving the magneto-optic performance. 

However, there have been no reported theoretical studies on the magneto-optic Kerr effect in 

ColPt and Co/Pd multilayered thin films. The difficulty for quantum theory has been that these 

polycrystalline films are too complicated for any quantum mechanical treatment, which requires 

the knowledge of the wave functions. Neither can the previously semiclassical theories (Doniach, 

1966; Erskine et al., 1973; Connell et a!., 1985) provide any help, since these theories do not take 

into account the band structure, which is the essential ingredient responsible for the shift of the 

Kerr rotation spectrum towards the longer wavelength in Co/Pt and Co/Pd thin films. In contrast 

to the present quantum and the previous semiclassical theories, our theory is free from the 

aforementioned limitations and can thus be applied to investigate the Kerr effect in these films. 

In all the theoretical calculations for Co/Pt and Co/Pd, we assume B1..,(f) = 3.5 x 1<1' 

Gauss, as was found for pure Co. This should be a reasonable approximation since both Pt and 

Pd are non-magnetic elements. Under this assumption, the function .l1n(w) and the four unknown 

constants wo, No, Nr and T can be determined by matching the theory with the experimental Kerr 

spectra. To find .l1n(W) , we assume that .l1n(w) = Co + c1 )0.. + Cz )0..2 + c3 )0..3 and use the 

experimental 0k()o..) to determine the coefficients Cj. Thus, there are a total of eight unknown 

constants to be determined by matching the calculated °k()o..) , €k(A) and R(A) with the 

corresponding experimental ones. To minimize artificial arbitrariness that may be introduced in 

the match, we further assume that Wo = 1.1 X 1016 Hz and No = 7 x lOZZ cm·3, as found for pure 
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Co.3 Thus, we are left with six constants to be determined, namely, the free electron density 

Nr. the free electron relaxation time T, and the four polynomial coefficients Cj. 

The structural, magnetic, and magneto-optical properties of the four Co/Pt samples 

(sample COPTS to COPTS) studied are listed in Table 4-2 of chapter 4. These Co/Pt samples 

are evaporated with different Co atomic content varied from 16.7% to 2S.6%. Table 4-3 of 

chapter 4 describes the properties of the six sputtered Co/Pd samples (sample COP07 to 

COPOI2), whose Co content varying from 12.9% to 30.S%. These samples have neither 

overcoating nor undercoating layers. We measured the hysteresis loops for the samples and 

found that they all have high squareness. All the experimental wavelength-dependent Kerr 

spectra (MX-) , €k(A) and R(A) in this chapter were measured by the our magneto-optic Kerr 

spectrometer system (discussed in chapter 2). 

We have matched the Kerr spectra °k(A) , €k(X-) and R(X-) for all the samples. The 

parameters found are listed in Table 7-1. The calculated and the experimental Kerr spectra Jor 

sample COPTS are plotted in Fig. 7-6. The matching curves for all the four Co/Pt samples are 

showed in Fig. 7-7. In the figures, the t5 corresponds to the sample COPTS, t6 to the sample 

COPT6, etc. We see that the Kerr rotation spectra are matched perfectly, and the reflectivities 

are also very good. The theory does not reproduce the peaks and dips of the experimental 

ellipticity spectra. The reason for this discrepancy may be that we have neglected the wavelength 

dependence of Nr and T.4 The Lln(w) of the excited electrons of the four samples are plotted in 

Fig. 7-S. Similarly, the calculated and experimental Kerr spectra and excited spin spectra for the 

3 In the vicinity of these values the calculated Kerr spectra are not sensitive to Wo and No. Therefore, 
we could make this assumption. 

4 Physically, T should be different for electrons of different energy, but the relationship is not clear. 
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Table 7-1. Calculated matching parameters for pure Co, Co/Pt and Co/Pd samples. 

Nr T Wo B (I) ..... 
(x 1 ()22 cm·3) (x 10-16 sec) (x 1016 Hz) (x 1()6 Gauss) 

Co 7.0 3.57 1.1 3.5 

COPT5 16 2.35 1.1 3.5 

COPT6 15 2.50 1.1 3.5 

COPT7 14 2.50 1.1 3.5 

COPT8 13 2.63 1.1 3.5 

COPD7 16 2.17 1.1 3.5 

COPD8 15 2.00 1.1 3.5 

COPD9 15 1.85 1.1 3.5 

COPDIO 13 1.82 1.1 3.5 

COPDll 14 1.72 1.1 3.5 

COPD12 14 1.72 1.1 3.5 

six Co/Pd samples COPD7 to COPD12 are plotted in Figs. 7-9, 7-10 and 7-11, respectively. In 

these figures, the d7 corresponds to the sample COPD7, d8 to the sample COPD8, etc. Since 

the sample COPD12 has the same Co content as sample COPD 11 and their Kerr spectra are the 

same, we plot the results for COPD 11 to represent them. The matched free electron density Nr 

and the free electron relaxation time T as functions of Co content are plotted in Figs. 7-12 and 

7-13. 

The above presented matches of theory and experiment for the Co/Pt and Co/Pd samples 

show the following systematic trends: (i) The Kerr rotation is mainly contributed by Co content. 

The more Co content, the larger the Kerr rotation, see Figs. 7-7 and 7-10. Microscopically, this 

is due to the fact that the average spin of the excited electrons increases with increasing Co 
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content, see Figs. 7-8 and 7-11. (ii) In the Co/Pt films the Pt content causes a shift of the band 

structure towards the longer wavelength range. The more Pt, the larger the shift. This can be 

seen by comparing the dipss of ~n(w) in Fig. 7-8, which appear between 550 nm (for COPTS, 

71.4 % Pt) and 650 nm (for COPT5, 83.3 % Pt), with that of pure Co in Fig. 7-3, which 

appears at about 450 nm. Similarly, the Pd content in the Co/Pd films also causes a shift of the 

band structure towards the longer wavelength. However, in the range of our samples (69.2 % 

Pd, sample COPO 11, to 87.1 % Pd, sample COP07), the more Pd, the smaller the shift. This 

can be seen by comparing the peaks in Fig. 7-11, which appear between 420 nm (COP07, 87.1 

% Pd) to 480 nm (COPOll, 69.2 % Pd), with that of pure Co in Fig. 7-3, which appears at 

about 350 nm' (iii) As shown by Fig. 7-12, the free electron density Nr in both Co/Pt and Co/Pd 

films increases with increasing Pt and Pd content. For these Co/Pt and Co/Pd samples with 15% 

S Oue to this shift the peak of the Kerr rotation does not appear in the wavelength range of 350 -
1050 nm. 
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to 30% Co content, the free electron densities are about twice that of pure Co. (iv) As shown 

in Fig. 7-13, the influences of Pt and Pd on the free electron relaxation time T are qualitatively 

different. In the Co/Pt samples, the greater the Pt content, the smaller the T; while in the ColPd 

samples, the more Pd, the larger the T. Comparing the two curves in Fig. 7-13, one also notices 

that T of Co/Pd films is smaller than that of Co/Pt films. This indicates that the loss in Co/Pd 

samples is larger than that in ColPt samples. This could be one of the reasons that Co/Pd films 

usually have poorer figures of merit than Co/Pt films. 
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Figure 7-11. Wavelength dependence of the .1n(w) of the excited 
electrons for Co/Pd samples COPD7 - COPD 11. It is calculated from the 
model by matching the experimental Kerr spectra. 

7.4. Summary 

Attempts to understand the magneto-optical Kerr effect have faced formidable challenges, 

as manifested in the literatures. The purpose of this chapter has been to present a semiclassical 

theory that takes into account the essential ingredients of the Kerr effect, such as energy band 
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structure and spin-orbit interaction, and yet can be readily used to explain the experimental data. 

In calculating the dielectric tensor, contributions from both the non-magnetic bound electrons and 

the free electrons are taken into account. The contribution of the non-magnetic bound electrons 

is described by the classical Dmde model. The free electrons, interacting with the bound 

magnetic electrons, move under the Lorentz force of the spin-orbit magnetic field and the electric 

field of the incident light, and contribute to both diagonal and off-diagonal elements. The theory 

shows explicitly that the Kerr effect originates from the spin-orbit interaction and the 

magnetization of the materials, and, hence, provides a clear physical picture for the Kerr effect. 

Another advantage of this theory is its applicability to technological development, since it contains 

only a few physical parameters. Of course, the theory has been derived based on several 

approximations. Among them are the Drude model approximation, which is known to be 

inadequate for many elements (Ashcroft et al., 1976), and the approximation involved in 

calculating the excited spin-up and spin-down magnetic electrons numbers n,(w) and n,(w). The 

good match between theoretical and experimental results for pure Co material indicates that, to 

the first approximation, the band structure has been adequately taken into account. We have also 

applied the theory to match the experimental Kerr spectra for a series of multilayered Co/Pt and 

Co/Pd thin films in the range of 1.2-3.6 eV (350-1050 nm). With several adjustable parameters, 

we have obtained satisfactory matches between the calculated and observed Kerr rotation data, 

but a less satisfactory match has been found for the ellipticity data. Some of the discrepancies 

could come from the Drude model for calculating the diagonal dielectric element, or from the 

various constants, which in reality change with the incident light frequency. In spite of the 

discrepancies, the matches show how physical properties like the excited magnetic electron 

numbers (calculated by partially integrating band structure), the free electron density and the free 
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electron relaxation time of these films change with the Co (Pt or Pd) content. Therefore, the 

theory provides directions for how to make better combinations of materials to obtain the desired 

magneto-optic performance. 
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Chapter 8 

Conclusions 

In this dissertation, two optical characterization techniques were developed. They helped 

to characterize and understand some of the basic optical and magneto-optical properties of 

magneto-optic recording media. The dielectric tensor measurements for various kinds ofRE-TM 

films and superlattice Co/Pt and Co/Pd samples provide systematic experimental data for studying 

their electronic properties. The thickness dependence measurements of the dielectric tensor for 

the Co/Pd superlattice samples indicates that both diagonal and off-diagonal elements of the tensor 

are fairly constant for film thicknesses greater than 150 A. The smaller values of the off-diagonal 

elements for film thicknesses less than 150 A are probably due to the disorder and non-uniformity 

of the first few layers. The measurements also demonstrates that the much higher Kerr rotation 

angle for very thin films is due to optical interference. From the composition dependence 

measurements of the dielectric tensor for both Co/Pt and Co/Pd samples, it is clear that the 

dielectric tensor for these multilayered samples is different from that of elemental cobalt. The 

enhancement of Cxy for these superlattice samples over pure cobalt explains the larger magneto

optical Kerr effect for the superlattice samples. I Cxy I is much larger for Co/Pt than for Co/Pd 

samples, and it is the reason for the higher magneto-optical Kerr effect of Co/Pt thin films. As 

discussed by Mansuripur (Mansuripur, 1986), when all possible structural enhancements have 

been included, the maximum possible FOM is determined by 
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FOMmu. = 
2 lm(&;a} 

(8-1) 

Where Im(exx) is the imaginary part of the diagonal element of the tensor. The dielectric tensor 

measurement gives the ratio of I exy I /Im(eal and it helps to determine the optimal performance 

for magneto-optic recording media. 

The wavelength dependence measurements of Kerr rotation angle, ellipticity and 

reflectivity provide extensive experimental data for physical modelling. They provide a basis for 

studies on the interference effect and application performance evaluation over the entire 

wavelength range. The study on a TbFe sample indicates that without the overcoating on a M-O 

film, the wavelength dependence of Kerr rotation, ellipticity and reflectivity would be much 

smoother. The sharp increase at certain wavelengths on the spectra for TbFe or TbFeCo samples 

are primarily due to the overcoating interference. Measurements on samples with different 

thicknesses of Co/Pd also show an interference effect on the spectra. By comparing the spectral 

dependence of the Co/Pt with that of Co/Pd, we found that the interactions between Co and Pt 

or Pd layers are important, and that the magneto-optical properties for these superlattice samples 

are partially determined by these interlayer interactions. 

To further understand the physics and explain the Kerr spectra we observed, we proposed 

a semiclassical theory for the magneto-optic Kerr effect. This theory takes into account the spin-

orbit interaction, the band structure of the magnetic electrons and the phenomenological elements 

of the classical Drude model for the dielectric constant. The theory shows explicitly that the Kerr 

effect originates from the spin-orbit interaction and the magnetization of the materials, and thus 

provides a clear physical picture for the Kerr effect. Another advantage of this theory is its wide 

applicability, since it contains only several physical parameters. The good agreement between 
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theoretical and experimental results for pure Co material gives us confidence that the band 

structure has been adequately taken into account in our model. We also have applied the theory 

to match the experimental Kerr spectra for a series of multilayered ColPt and Co/Pd thin films 

in the range of 1.2-3.6 eV (350-1050 om). With several adjustable parameters, we have obtained 

satisfactory agreement between the theoretical and experimental results. From the matching 

between theory and experiment, we can see the following systematic trends: (i) The Kerr rotation 

is mainly contributed by Co content. The greater the Co content, the larger the Kerr rotation. 

Microscopically, this is due to the fact that the average spin of the excited electrons increases 

with increasing Co content. (ii) In the ColPt films, the Pt content causes a shift of the band 

structure towards the longer wavelength range. The greater the Pt content, the larger the shift. 

Similarly, the Pd content in the Co/Pd films also causes a shift of the band structure towards 

longer wavelengths. (iii) The free electron density Nr in both Co/Pt and Co/Pd films increases 

with increasing Pt and Pd content. (iv) The influence of Pt and Pd on the free electron relaxation 

time T are qualitatively different. In the Co/Pt samples, the greater the Pt content, the smaller 

the value of T; while in the Co/Pd samples, the greater the Pd content, the larger the value of T. 

T for the Co/Pd films is also smaller than that of Co/Pt films. This indicates that the loss in the 

Co/Pd samples is larger than that in the Co/Pt samples. This partially explains why the Co/Pd 

films usually have poorer figure of merit than the Co/Pt films. In conclusion, the semiclassical 

theory gives us better insight for understanding the magneto-optic Kerr effect in M-O recording 

media. 
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Appendix A 

Operation Manual for MOKS System 

A.I. Operation Procedure 

The magneto-optic Kerr spectrometer (MOKS) system measures the wavelength 

dependence of Kerr rotation angle Ok' ellipticity Ek and reflectivity R for>. = 367 om to 1050 om 

range continuously, with few interruptions. The operation procedure is documented in this 

section. 

Step 1. Turn on the power supplies 

a. Light source: Tum the Oriel 68810 Arc Lamp Power Supply on. Wait for 10 

seconds, then push the "Lamp Start" button to start the arc lamp. Before taking the data, the arc 

lamp needs to warm up for about 20 to 30 minutes for stable light output. 

Note: the power supply should be operated around 200 Watts, at 60 Volts and 3.3 Amps. 

b. Electro-Magnet: Tum the Trygon M36-25A Power Supply on. Make sure the wires 

are connected to the electro-magnet for MOKS system. Keep the home-made scan and relay 

circuits on all the time. 
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c. Wavelength Stepper Motor Controller: Turn the Oriel 20025 Stepper Motor Controller 

on. Set the initial wavelength reading to 3670 A by manually rotating the wavelength crank on 

the monochromator. Meantime make sure that the Aerotech stepper motor controller is off, 

which is used to control the V AMOE system incident angle stepping and shares the same 1/0 

output with Oriel 20025 Controller. 

d. Detector Module Rotation Controller: Turn the Oriel Stepper Interface (model 17992) 

on. Set the step size at "half'. Set the starting angle of the detector module at 3170 (by manually 

rotating the knob on top of the stepper motor), which corresponds to 7J = 0' (see chapter 2 for 

definition). 

e. Leave the home-made amplifying circuits for detector output signals on all the time. 

f. Turn on the Dell 200 (286) personal computer and have a floppy disk in disk drive A 

to store all the data. 

Step 2. Run the Control Program on PC 

a. Enter subdirectory C:\DASI6. Run batch file SP8.BAT by typing "SP8" and hitting 

the "ENTER" key. The program spe8.bas is now present in the QuickBasic environment. To 

run the program spe8.bas, first strike the "ALT" key, then the "r" key and finally the "s" key. 

The screen will quickly prompt the main menu: 

" 1: SYSTEM DIAGNOSTICS 



2: SET DATA ACQUISmON PARAMETERS 

3: REFLECTIVITY DATA TAKING 

4: AUTOMATIC DATA TAKING 

Q: EXIT 

Choose option:? " 

Choose items" 1" to "4" for options, and "Q" for exiting the program. 
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Note: In this main menu, item 1: SYSTEM DIAGNOSTICS is used to monitor detector 

1, detector 2 and their differential signals. After choosing item 1 in the main menu, a real-time 

sampling sub-menu appears. In the sub-menu, "SI(V)" represents the output voltage for detector 

1, "S2 (V)" for detector 2 and "Sum" represents the summation of the two detectors. "Sdif(V)" 

represents the differential signal directly from the differential amplifying circuit, while the "S2-

S 1" is the difference of S2 and S 1, from computer. To increase the efficiency of the AID 

conversion, the differential circuit has about an extra 5 times more amplification than the S 1 and 

S2 channels, and the "Sdif/(S2-S1)" gives the real-time calibration of the extra amplification of 

the differential circuit. The maximum analog input voltage (each channel) for the AID convertor 

is 10 V, which corresponds to a 4096 digital signal (12-bit). 

b. Choose item 2: SET DATA ACQUISITION PARAMETERS, which is used to pre-set 

various parameters. The sub-menu for item 2 is: 

"Set parameter program 

1: SET SAMPLE NAME AND SIDE 

2: SET OUTPUT FILE NAME AND REPEATING # 

3: EXIT 
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Choose option:? " . 

Choose sub-item 1 to set the sample name and side (film side or substrate side) first. 

Then choose sub-item 2 to set the output file name number (choosing from 1 to 9 for automatic 

data taking) for storing and to set the repeating number for averaging (default is 3). If this step 

is missed, the program will stop and "file name error" will appear after the first set of data 

taking. 

c. Choose sub-item 3 (after choosing item 2 of the main menu) for exiting item 2 and 

returning to the main menu. 

Step 3. Measure Relative Reflectivity or Mirror ror Calibration 

a. Turn off the two rows of lights above the optical table and leave the other row of 

lights (close to the door) on. To make sure the background light is under control, select item 1 

of the main menu, block the light from the arc lamp and check that the "Sl(V)" and "S2(V)" 

readings are smaller than 0.005 V. 

b. Place the calibrated aluminum mirror on the sample holder. For a good mounting, 

make sure that the aluminum film side is facing the light and that the mirror is mounted against 

the wall of frame firmly. Choose item 1 of the main menu to monitor the summation signal from 

the two detectors. The reading on "Sum(V)" should be around 7 at A = 3670 A. If it is much 

smaller than 7, then re-adjust the mirror on the holder till the Sum(V) is close to 7. 

Note: A small amount of tilt on the mirror, when improperly mounted, can cause a large 
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amount of signal drop on the "Sum(V)" value, therefore, monitoring the "Sum(V)" value is a 

good way to check if the mirror or sample is properly mounted on the holder. 

c. Take the relative mirror reflectivity signal for calibration. Choose item 3 of main 

menu: REFLECTIVITY DATA TAKING and hit the "ENTER" key. The screen prompts: 

1. MIRROR CALIBRATION 

2. SAMPLE REFLECTIVITY DATA 

3. EXIT 

CHOOSE OPTIONS: (1,2, or 3)1 " 

Choose "I" for MIRROR CALIBRATION. The program starts to take data for the whole 

wavelength range. The data will be allocated to a file for the relative reflectivity data of the 

mirror reference. 

Note: Before the first data is taken for the initial wavelength of 3670 A, the program 

pauses and asks to remove the long pass filter. As discussed in chapter 2, we use a long pass 

filter to eliminate the second or higher side grating orders of short wavelengths overlapping with 

long wavelengths. The long pass filter is introduced before measurements for 6500 A light. The 

program asks to put in the long pass filter before it continues with measurements of wavelengths 

greater than 6500 A. 

d. After a few minutes, the data taking finishes and the data are displayed on the screen. 

We check two things: First, all values under "Sum" should be less than 20 (V), which is the 

saturation value for two channel summation in the AID converter. Second, all values under 

"Refl." are the reflectivity values and they should be fairly smooth for the aluminum mirror and 
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most metal or dielectric samples. A sudden jump on the reflectivity curve, or a "Sum" value 

larger than 20, usually means that a sharp increase or decrease of the arc lamp output has 

occurred, therefore, the data need to be re-taken. 

If everything is OK, we print the data on laser printer by pressing the function key "Print 

Scm", and then hitting the "ENTER" key. 

e. Screen prompts: 

" 1. Save data 

2. Not save 

Choose options: (1, or 2)1 " 

Choose "1" for Saving data on the floppy disk (disk drive A) and give the file name when the 

program asks for the file name. The name format is MMDDRL##.DAT, here MM and DD are 

the month and day of data taking time and ## is the reflectivity file name number assigned by the 

operator. After striking the "ENTER" key, the file is saved at disk drive A. In the reflectivity 

data file, the first row represents the wavelengths and the second row represents the reflectivity 

values. 

f. Then screen prompts: 

" Save for grapher 1 

1. yes. 2. no. 

Answer (lor 2): " 

Answer "yes" means that the data file will also be saved into a file named 

C: \DAS 16\PLOTFILE\STD-RE.DA T for future laser printer plotting using GRAPHER software. 
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Choose "2" (means no) here for the mirror data. 

g. Then the screen prompts back to the main menu. 

Step 4. Measure Wavelength Dependence of Reflectivity for Samples 

a. Repeat Step 3b for the sample to be measured, instead of the calibrating mirror. 

Note: The sample surface should be clean and flat. The reflected signals .are determined 

by the sample properties and they are usually quite different for different samples. 

b. Choose "3" of the main menu; then choose "2" for SAMPLE REFLECTIVITY DATA 

taking. 

c. Repeat Step 3d. 

d. Repeat Step 3e. 

e. Answer" 1. yes" for "Save for grapher". The program then loads the data into 

C: \DAS 16\PLOTFILE\STD-RD .DAT for future laser printer plotting using GRAPHER software. 

f. The screen then returns back to the main menu. 

Note: The reflectivity spectrum measurement could also be performed after the automatic 
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Kerr rotation and ellipticity spectra measurement. The advantage of taking it earlier is that it 

checks whether the sample is properly mounted on the holder. 

Step 5. Automatic Measurement or Kerr Rotation and Ellipticity Spectra 

a. After the execution of the above 4 steps, the automatic Kerr rotation Ok and ellipticity 

Ek spectra measurement becomes a II one button job II • 

Select "4" on the main menu, the AUTOMATIC DATA TAKING staI1$. For a single 

measurement (when repeating number is set to be 1), it takes about 45 minutes. 

Note: In the process of automatic data taking, there are two occasions in which human 

interaction is required. As discussed in Step 3e, the program asks to remove the long pass filter 

before the first data are taken. The second occasion appears when the measurement reaches a 

wavelength of 6500 A. The program asks to put in the long pass filter before it can continue. 

b. After completing the measurement, the main menu prompts on the screen. 

Note: The data of Kerr rotation angles and ellipticities versus wavelengths are stored at 

file name A:MMDD-#KE.DAT in standard ASCII format. Here MM and DD are the month and 

day of the data taking time and # is the output file name number assigned in Step 2b. In this 

data file, the first row is wavelength; the second row Ok; the third row the standard deviation for 

Ok (calculated from several measurements of OJ; the forth row Ek; and the fifth row represents the 

standard deviation for Ek (calculated from several measurements of EJ. This data file is also 

stored at file C:\DAS16\PLOTFILE\STD-KE.DAT for future laser printer plotting using 

GRAPHER software. 
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The wavelength dependence data for the phase angle diffp.rence cfJy - cfJ.. and the 

reflectivity ratio r/rx are also stored at A:MMDD-#PH.DAT and A:MMDD-#YX.DAT, 

respectively, for reference. 

The (SI - SJ/(SI + SJ vs. detector module angle curves for sample magnetically 

saturated "up", "down" and their difference for each wavelength are saved along with all other 

raw data in a file of A:#rNwUUU.dat. Here # is the output file name number, the N is the 

repeating number and the UUU is the wavelength value in om unit (except for 1000 om and 1050 

om wavelengths, for them UUU = 100 and 105 respectively). 

Step 6. Measurement Output 

To print the wavelength dependence of Or.. fie and R on a single figure, a software package 

GRAPHER is used. 

8. Enter subdirectory C:\DASI6\PLOTFILE. Type GRAPHER and hit the "ENTER" 

key, the main menu of the GRAPHER software prompts on the screen. Choose the "Configure 

GRAPHER" option there, and enter the GRAPHER Configuration menu. Set the "Current path" 

to C:\DAS16\PLOTFILE, save it and exit GRAPHER. 

b. In subdirectory C:\DAS16\PLOTFILE, type "makeplot" and hit the "ENTER" key to 

run the batch file makeplot.bat. This batch file runs the GRAPHER software, calls files STD

KE.DAT and STD-RD.DAT for the Ok' fk and R data and generates a HPGL file, named STD

KER.PGL, ready for the HP laser printer (or HP plotter) to print out. 
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c. In the same subdirectory, type "plotout" and hit the "ENTER" key to run the batch 

file plotout.bat. This batch file runs the PrintAPlot software, calls the HPGL file STD-KER.PGL 

and prints the hard copy of the wavelength dependence of 8k, Ek and R through the HP laser-jet 

printer. 

Note: For the disk copy of the data, the wavelength dependence of the 8k and Ek 

measurements are stored in disk drive A at the file names MMDD-#KE.DAT in standard ASCII 

format. Here MM and DD are the month and day of the data taking time and # is the output file 

name number assigned in Step 2b. The reflectivity (R) spectrum is also stored In standard ASCII 

format at the file name MMDDRL##.DAT. Here ## is the reflectivity file name number 

assigned when the file is saved by the operator. 

A.2. Electronic Circuitry 

The electronic circuits for amplifying the signals out of the two detectors were designed 

and built by the author and they are included on the next page. 

The electronic circuits for the controlling the electro-magnet power supply (frygon M36-

25A Power Supply) were designed and built by Dr. Roger Hajjar. The circuits for this part are 

included in the Appendix A of his dissertation. 
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Appendix B 

Operation Manual for V AMOE System 

B.l. Operation Procedure 

The variable-angle magneto-optic ellipsometer (V AMOE) system consists of two parts: 

one is the measuring system for the incident angle dependence of the reflectivity; the other part 

is a multilayer analysis program, which inputs the reflectivity data from the measurements, 

analyzes the data and gives the dielectric tensor values and film thicknesses for each layer of the 

thin films. The operation procedure, therefore, is divided into two parts. Steps 1 to 4 discuss 

the reflectivity measurement, and Step 5 explains how to~run the multilayer analysis software. 

Step 1. Turn on the power supplies 

a. Light source: Turn the Uniphase 1107P HeNe laser on. Before taking the data, the 

laser needs to warm up for about 20 to 30 minutes for stable light output. 

b. Electro-Magnet: Turn the Trygon M36-25A Power Supply on. Make sure the wires 

are connected to the electro-magnet for the V AMOE system. Leave the home-made scanning and 

relaying circuits on all of the time. For non-magnetic sample characterizations, since the 
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magnetic field is not needed, this power supply should be turned off. 

c. Incident angle stepper motor controller: Turn the Aerotech stepper motor controller 

on. Meantime make sure that the Oriel 20025 Stepper Motor Controller is off, which is used to 

control the MOKS system wavelength scanning and shares the same 1/0 output with the Aerotech 

stepper motor Controller. Note: There are two operation modes for this Aerotech stepper motor 

controller: "local" control or "remote" control. In the "local" control mode, the step motor is 

controlled by the front board buttons. While in the "remote" control mode, the step motor is 

controlled by a personal computer through an interfacing board. By pushing the front board 

buttons "EXT CL" and "REMOTE" down, the controller is set to the "remote" control mode, 

otherwise, it is in the "local" control mode. 

First, set the controller in the "local" control mode, adjust the initial incident angle to 30" 

by pushing the "SLEW" button on the front board of the controller to move the angle in a "+" 

(increase) or a "-" (decrease) direction. Each incident angle has a corresponding metric ruler 

reading (name it x in mm unit) on the rail, which gives a higher angular resolution. x = 287.2 

mm corresponds to a 300 incident angle (and x = 719 mm for a 900 angle). Then push the 

buttons "EXT CL" and "REMOTE" down to set the controller to the "remote" control mode. 

d. Leave the home-made amplifying circuits for detector output signals on all of the time. 

e. Turn on the Dell 200 (286) personal computer, with a floppy disk in di!'k drive A to 

store all the data. 
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Step 2. Run the Control Program on PC 

a. Go into subdirectory C:\DASI6. Run batch file ELL.BAT by typing "ELL" and 

hitting the "ENTER" key. Then, the program ELLIP.BAS is present in the QuickBasic 

environment. To run the program ELLIP.BAS, first strike the" ALT" key, then the "r" key and 

finally the "s" key. The screen quickly prompts the main menu: 

" 1: SYSTEM DIAGNOSTICS 

2: SET PARAMETERS 

3: TAKE DATA 

4: LOAD DATA FROM FILE 

5: PLOT DATA DISPLAY 

6: STORE FORMA TIED 

7: EXIT 

Choose option:? " 

Choose items" 1" to "6" for options, and "7" for exiting the program. 

Note: In this main menu, item 1: SYSTEM DIAGNOSTICS is used to monitor the 

signals on detector 1, detector 2, their differential and summation signals, and the laser power 

monitoring detector signal. After choosing item 1 in the main menu, a real-time sampling sub

menu appears. In the sub-menu, "SI(V)" represents the output voltage for detector 1, "S2(V)" 

for detector 2, "Sum" represents the summation of the two detectors and "Monitor(V)" gives the 

signal from the monitoring detector which is used to calibrate laser fluctuations. "Sdif(V)" 

represents the differential signal directly from the differential amplifying circuit, while the "S2-

S 1" is the difference of S2 and S 1, from computer. To get a more efficient use of the AID 
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conversion, the differential circuit has about an extra 5 times more amplification than the S 1 and 

S2 channels, and the "Sdif/(S2-S1)" gives the real-time calibration of the extra amplification of 

the differential circuit. The maximum analog input voltage (each channel) for the AID convertor 

is 10 V, which corresponds to a 4096 digital signal (12-bit). The most frequently used value in 

this sub-menu is the "Sum/Monitor" ratio, which gives the calibrated summation signal of the two 

detectors. Item 4: LOAD DATA FROM FILE is used for inputing the data file from the floppy 

disk, and item 5: PLOT DATA DISPLAY is used for displaying the data input from the floppy 

disk. The sub-menus of these two items are self-explanatory. 

Step 3. System Calibration 

a. Turn off the two rows of lights above the optical table and leave the other row of 

lights (close to the door) on. To make sure the background light is under control, select item 1 

of the main menu, block the light from the laser and check that the "S1(V)" and "S2(V)" readings 

are smaller than 0.005 V. 

b. Choose item 2: SET PARAMETERS from main menu. The sub-menu for item 2 is: 

"Set parameter program 

1: SET SAMPLE NAME AND SIDE 

2: SET ROTATION ANGLES AND STEPS 

3: SET GAIN OF THE DIFFERENTIAL CHIP 

4: SET THE INITIAL SUM/MONITOR AND MONITOR SIGNALS 

5: SET ANGLE VALUE 
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6: EXIT 

Choose option:? " 

Choose sub-item 1 to set the sample name and side (film side or substrate side). 

Note: Sub-item 2 is used to set the starting incident angle, ending incident angle and 

angle step between each sampling. Usually, default values of 30" for starting, 86° for ending and 

steps of 4° are used. Sub-item 3 can be used to set the differential chip's gain difference relative 

to the two detector channels. The circuits have been adjusted to value of 5 and it is the default 

value in the program. If the gain is changed for any reason, the new value should be input here. 

c. Measure the incident light power for the absolute reflectivity measurement. Select sub

item 5: SET ANGLE VALUE, which rotates the incident angle to the assigned position. Choose 

a starting angle of 30° and an ending angle of 89.64° (due to some small misalignment in the 

system, the ending angle is not exactly 90°); after rotation, the two arms of the system become 

a straight line. Make sure there is nothing on the sample holder and that the incident light hits 

the detectors directly. Then select sub-item 6 to return to the main menu. 

d. Choose item 1: SYSTEM DIAGNOSTICS and be ready to read the "Sum/Monitor" 

and "Monitor(V)" values on the screen. A maximum of seven reflective curves need to be 

measured by this system. For each reflective curve setting, the "Sum/Monitor" and 

"Monitor(V)" values must be recorded. Table 3-1 lists the seven reflective curve settings. For 

real angle readings on Wollaston modules, 71 = 0° corresponds to a 29° reading on Wollaston 

module and 71 = 45° corresponds to a 74° reading. For the PBS, {3 = 0° corresponds to a 82° 

reading on PBS module, {3 = 45° corresponds to a 37° reading and {3 = 90° corresponds to a 352° 
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reading. For the quarterwave plate angle, r is fixed at 45°, which corresponds to a 252S 

reading on the module. Using these angle relationships, set the seven reflective curve settings 

separately, and with each setting, write down the "Sum/Monitor" and "Monitor(V)" values. 

Note: For non-magnetic sample characterization, only the first three settings are needed, as 

explained in chapter 3. 

Then hit any key to exit item 1 and return to the main menu. 

e. Select item 2 on the main menu. Then select sub-item 4: SET THE INITIAL 

SUM/MONITOR AND MONITOR SIGNALS. In the prompted screen, type in all the initial 

"Sum/Monitor" and "Monitor(V)" signals recorded in procedure d. This procedure inputs all the 

incident light powers (calibrated by the monitor signal) of the seven different settings. (Also, for 

non-magnetic sample characterization, only the first three pairs of data are needed.) 

After this data input, the screen prompts back to sub-menu of item 2. 

r. In the sub-menu of item 2, select "5", and choose a starting angle of 89.64° and an 

ending angle of 30°. The incident angle returns to the initial value of 30° and the system is ready 

to take data. 

Step 4. Taking Reflectivity Data 

a. Place the sample to be measured on the sample holder. Make sure that the film side 

is facing the light and that the sample is mounted against the frame firmly. Check that the 

reflected beam is centered on the detector. For a good mounting, the reflected light should stay 
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on the same spot of the detector (viewed by the eye) as the incident angle changes between 30" 

and 86°. For magneto-optic sample characterization, make sure the two poles of the magnet are 

between the sample. 

b. For curve #1, first set the PBS and Wollaston modules on the angle settings listed in 

Table 3-1. Then go back to computer; select item 3: TAKE DATA in the main menu; and select 

"1" in the sub-menu to start the data taking for reflectivity curve #1. When the data taking is 

done, the screen prompts: 

1: PLOT ONE CURVE 

2: PLOT CURVES 1-3 

3: PLOT CURVES 4-7 

9: RETURN TO MAIN MENU 

Choose option: ? 

Select" 1" to plot the curve just measured. The screen prompts the reflectivity vs. incident angle 

curve right away. 

Note: The sub-item 2 is for group viewing of the curves 1 to 3 (after the measurement 

of the first three curves) and the sub-item 3 is for group viewing of curves 4 to 7 (after all 

measurements). These two options are available for special interest. 

After viewing the curve, hit the "ENTER" key, the screen prompts: 

1: DISPLAY PLOT AGAIN 

2: CHANGE PLOT PARAMETERS 

3: PLOT RESULTS AND SAVE 

4: SAVE DATA ON FILE 
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9: RETURN TO MAIN MENU 

Choose option: ? ., 

Option "3" is usually chosen to plot results on the plotter and to save the data on floppy disk (in 

disk driver A). If the plotting is not needed, select option "4". Option "1" and "2" are available 

for re-displaying .the plot on the screen with a different scale. 

For options "3" or "4" selection, the screen asks you to type the file name for the data 

file. File form MMDDC#RR.DAT is usually chosen, here MM and DD stands the month and 

day of the data taking time, C# represents the curve number of the data (e.g., Cl for curve 1) 

and RR stands for the data set number assigned by the operator. After typing the file name, hit 

the "ENTER" key, the screen prompts (for option "3"): 

1: DATA ONLY 

2: HEADER AND AXES 

3: PARAMETER VALUES 

9: RETURN TO MAIN MENU 

Choose option: ? " 

Choose options" 1 ", "2" and "3" consecutively, then the data, the axis, the sample name and the 

date and file information will be printed out on the HP plotter. Select option "9" to return to the 

sub-menu of item 3 and the system is ready for another data taking. 

c. Repeat procedure b for the reflectivity curves #2 to #7. For each measurement, set the 

angles for the PBS and Wollaston modules according to Table 3-1 and select the curve # in the 

sub-menu of the item 3. For the default system setup, it takes about 60 minutes to finish all 

seven of the reflectivity measurements. 
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d. Choose exit option in item 3 and return to the main menu. 

e. Choose item 6: STORE FORMATTED to store all the data for the seven reflectivity 

curves in the pre-set format for the multilayer analysis software. 

f. Choose item 7: EXIT to exit from the reflectivity data taking program. 

Step 5. Multilayer Analysis for the Reflectivity Curves 

The multilayer analysis software was written by Professor M. Mansuripur. It is very 

informative and self-explanatory. By selecting the proper dielectric tensor (or refractive index 

n and absorption coefficient k) and film thickness for each layer of thin film, the program will 

optimize the matches between the experimentally measured seven reflectivity curves and the 

theoretical ones. 

a. Enter subdirectory C:\ELLIPSE. 

b. Copy the formatted experimental data file from the floppy disk to this subdirectory 

under name: EEEE.DAT. 

c. Calculate the unknowns nand k. Edit the data file EEEE.DAT to set the weight 

fact')rs for curves I to 3 to I and the weight factors for curves 4 to 7 to O. If using a NORTON 

EDIT word processor, type "NE EEEE.DAT", then hit the "ENTER" key. Set WI, W2 and W3 
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to 1, and W4, W5, W6 and W7 to 0 on the screen. Save the file and exit the word processor. 

Type "ELLIPSE" and hit the "ENTER" key to run the multilayer analysis program 

named ELLIPSE.FOR. While running the program, most choices are obvious and self

explanatory and only a few are worth-noting. 1) For matching data, choose "No" for the 

GENERATE FUNCTION. 2) Each time choose only two or three uncertain parameters for the 

program to search. Set each search step to about 5-10% of the estimated value. 

After the search is done, type "PR" to run the batch file PR.BA T to print the search 

results for n and k and possibly thickness. 

For the non-magnetic samples, this is a sufficient search procedure. 

d. Calculate the unknown t:xy. Edit the data file EEEE.DAT to set the weight factors for 

curves 1 to 3 to 0 and the weight factors for curves 4 to 7 to 1. If Using the NORTON EDIT 

word processor, type "NE EEEE.DAT", then hit the "ENTER" key. Set WI, W2 and W3 to 

0, and W4, W5, W6 and W7 to 1 on the screen. Save the file and exit the word processor. 

Type "ELLIPSE" and hit the "ENTER" key to run the multilayer analysis program 

named ELLIPSE.FOR. In the process of running the program, most choices are obvious and 

self-explanatory and only a few are worth-noting. 1) Calculate t:n by using the formula Real(t:n ) 

= n2 
- k2 and Imag(t:xxl = 2nk. 2) For matching the data here, choose "No" for GENERATE 

FUNCTION. 3) During each run choose only two or three uncertain parameters for the program 

to execute. Set the value of the search step to about 5-10% of the estimated value. 

After the search is done, type "PR" to run the batch file PR.BA T to print the search 

results, which is the Real(t:xy) and the Imag(t:xy). 

For non-magnetic samples, this step can be deleted. 
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e. To overall calculate the pre-estimated e"" and exy. Edit the data file EEEE.DAT to set 

the weight factors for curves 1 to 3 to 1 and the weight factors for curves 4 to 7 to a larger value 

to make their weighted reflectivity values close to that of curves 1 to 3. The idea is to take all 

the seven reflectivity curves into account at the same weight despite the values for curves 4 to 

7 being much smaller. If Using the NORTON EDIT word processor, type nNE EEEE.DAT", 

then hit the "ENTER" key. Set WI, W2 and W3 to 1, and W4, W5, W6 and W7 to some value 

larger than 1. Save the file and exit the word processor. 

Type "ELLIPSE" and hit the "ENTER" key to run the multilayer analysis program 

named ELLIPSE.FOR. In the process of running the program, use the previous results for l:xx, 

exy and thickness as initial estimates and choose both e"" and exy as uncertain parameters for the 

program to search for. Set each search step to about 5-10% of the estimated value. 

After the search is done, type "PR" to run the batch file PR.BAT to print the search 

results, which are the ReaI(exJ, Imag(e",,), Real(exy) and the Imag(exy). 

For non-magnetic samples, this step can be deleted. 

This step gives the final dielectric tensor results. 

r. Calculate the reflectivity curves from the estimated dielectric tensor. Type "ELLIPSE" 

and hit the "ENTER" key to run the multilayer analysis program named ELLIPSE.FOR. In the 

process of running the program, input all the Real(exJ, Imag(exJ, Real(exy) and the Imag(exy) 

from the above calculations. Choose "Yes" for GENERATE FUNCTION, which generates seven 

reflectivity curves for the calculated dielectric tensor. Set the wavelength to 633 nm and save 

the calculated reflectivity data in the file CCCC.DAT. 
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Step 6. Measurement and Calculation Output 

To print both the measured and simulated reflectivity curves, the MATLAB software is 

used. 

a. In subdirectory C:\ELLIPSE. Type TRANSMAT and hit the "ENTER" key to run 

a QuickBasic program to convert both the measured and calculated reflectivity files into a 

MA TLAB input file format and name. 

b. Type MATLAB and hit the "ENTER" key to run the MATLAB software. When the 

operation screen for MATLAB prompts, type "cltoc3" and the "ENTER" key. The curves 1 to 

3 for both measured and calculated values appear on the screen. Hit the "ENTER" key and 

return to the operation screen. Type" meta filename-for-curve-l-to-3" and hit the "ENTER", the 

figure is saved under this name. Repeat this for curves 4 to 5 and curves 6 to 7 to get their 

figures saved on files (typing "c4toc5" instead of "cltoc3" for curves 4 to 5, typing "c6toc7" 

instead of "clotc3" for curves 6 to 7, and also giving a new name for each file). 

c. Type "GRAPH filename-for-curve-l-to-3 filename-for-curve-4-to-5 filename-for-curve-

6-to-7" and hit the "ENTER" key, then all the figures are printed out on the HP laser printer and 

are also saved in the HPGL file format at their previous names (in disk drive A). 

This completes the V AMOE system operation. 

B.2. Electronic Circuitry 
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The electronic circuits for the controlling the electro-magnet power supply (frygon M36-

25A Power Supply) and the circuits for amplifying the signals out of the two detectors were 

designed and built by Dr. Roger Hajjar. The circuits are included in the Appendix A of his 

dissertation. 
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Appendix C 

Effective Magnetic Field Due to Spin-Orbit Interaction 

Consider an electron of spin magnetic dipole moment ILl (opposite to the spin angular 

momentum vector) moving at velocity v in an electric field E(r) = - V. V(r), 'where r is the 

position of the electron, V(r) is the electric potential energy and V. is the gradient operator with 

respect to r. The spin-orbit interaction states that, in a moving frame in which the electron is 

at rest, the spin sees an effective magnetic field (Bohm, 1951) (in cgs unit) 

B(e) - v VV 
&-0 - - X r , 

2c 

(C-l) 

where c is the light velocity. The interaction energy between the spin magnetic dipole moment 

III and the field B(c)I-o is given by 

(C-2) 

where L is the orbital angular momentum of the moving electron. It should be emphasized that 

the effective field B«)I-o is only equivalent to a real magnetic field as far as the dipole energy is 

concerned, but it does not produce a force on the moving electron in the form of the Lorentz law. 

We use a superscript "e" (stands for energy related) to stress this nature of the field. To calculate 

the spin-orbit force acting on the moving electron, we should use the Lagrangian formalism 
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(C-3) 

where v v is the gradient operator with respect to velocity. With elementary algebra it is easy to 

write the force in the form 

v 00 1.-0 = -e- x B.-o , 
c 

where -e is the charge of the moving electron and B,.., (I) is defined by 

(J) 1 
B,,-o = - V,x(ll"xV,V) . 

2e 

(C-4) 

(C-5) 

As shown in Eq.(C-4), the vector B,..,(I) acts as a magnetic field that produces a force on the 

moving electron in the form of the Lorentz law. We use the subscript "f' (stands for force 

related) to emphasize this effective magnetic field. Therefore, there are in fact two effective 

magnetic fields related to the spin-orbit interaction. To describe the spin-orbit interaction energy, 

for example in the Hamiltonian operator of quantum theory, one deals with the energy related 

field B,..,(O); while to describe the spin-orbit interaction force on the moving electron, which is 

crucial to determine the motion of the electrons in a semiclassical theory, one should use the 

force related field B,.o (I). 

Now we consider the common case of perpendicularly magnetized thin films. To 

describe the symmetry of such a film, we let the origin of the cartesian coordinate system be at 

the center between the two surfaces of the film, and as in Sec. 7.2.1, the z-axis is along the 

magnetization direction (the average spin magnetic dipolemoment) and the film plane be parallel 

to the x-y plane. In this coordinate system Eq.(C-5) takes the form 
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(C-6) 

where ~, 9 and 2 aretheunitvectorsalongx,y,andzdirections. Due to the symmetry of the 

film in the z-direction, the electric potential has the symmetry V(x,y,z) = V(x,y,-z), which holds 

exactly for crystal films and holds in the average for amorphous or polycrystal films. Therefore, 

after averaging over the film thickness, the first two terms in Eq.(C-6) vanish and the effective 

field has only a component which is along the z-direction. To be more specific, we consider the 

z-component of B.-o{l} (the component along IL. direction) for the case of an electron in an electric 

potential produced by a positive charge Z e located at the origin. This is the situation of an 

electron moving in a field of an positive ion, i.e. a not fully screened nucleus. Neglecting the 

x and y components, we find from Eq.(C-6) that 

(C-7) 

where (x,y,z) is the position of the electron and r is the distance between the electron and the 

positive charge center. Eq.(C-7) shows that B.}) may have different signs and amplitudes, 

depending on the position of the electron. Within the cone of x2+y2 ~ 2 Z2, the field B.-o(O < 

o (along -p..) , and outside the cone B •. o (0 > 0 (along + 1'.). This is shown in Figure C-l. 

However, as can be seen from Eq.(C-2) the spin-orbit energy of the system reaches a minimum 

(or the system reaches the stable state) when the classic orbit of the electron is in the x-y plane 

(z = 0). This means that the relevant case of Eq.(C-7) is z = O. In this case we have 



x 

(:r , 
2._0 <0 

z 

y 

Figure C-l. An electron with ILl in z-direction moving in a potential of a positive 
charge located at the origin. The spin-orbit field B •. ,,cf) is parallel to JL. outside the 
cone, and antiparallel to IL, within the cone. The minimum spin-orbit energy is 
reached when the orbit of the electron is in x-y plane. 
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(f) Zlls. 
Bs-o = - z. 

2r 3 
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(C-8) 

We have thus shown that the effective magnetic field B,..,(I) has in fact an amplitude given by 

Eq.(C-8) and points in a fixed direction along the magnetic dipole moment p.. of the moving 

electron. It is this field that causes the magneto-optic Kerr effect and extraordinary Hall effect. 

As we shall show below, the basic physics of the magneto-optic Kerr effect (and of the 

extraordinary Hall effect) is the bending of the free electron around the effective magnetic field 

B,.., (I), just as happens in the ordinary Hal1 effects, where the magnetic field is applied externally. 

Now we use the experimental value of the spin-orbit energy splitting to estimate the 

amplitude of B,..,(o, that is, we want to estimate the average value of Zp../2r3. The spin-orbit 

energy splitting parameter in a central field is defined as .1 = 2 Z p..2/fJ for d electrons 

(Chakravarty, 1980). The experimental value for the 3d electron of a free Co atom is .1 = 4.5 

X 10-14 erg (Chakravarty, 1980). Since p.. = 0.927 X 10"20 emu (a Bohr magneton), this energy 

splitting shows that B,..,(I) = Zp..l2fJ = 1.2 x ICY' Gauss. To obtain the correct order of 

magnitude of the magneto-optic Kerr effect and the extraordinary Hall effect, the present quantum 

theories (Argyres, 1955; Karplus et aI., 1954; Berger, 1970) have to assume a spin-orbit field 

B,..,(C) of 101 to 108 Gauss, which is one order of magnitude higher than that of free atoms. In 

our theoretical match of the Kerr spectra of Co, we find the spin-orbit field B,..,(I) = 3.5 x 1()6 

Gauss, which, in comparison with previous theories, is much closer to the experimental value of 

free Co atoms. 
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