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Abstract 

The magneto-optical Kerr effect is used for measuring the magnetisation of a magnetic 
multilayer sample. For this purpose a laser beam which is modulated in polarisation 
state, is incident on the multilayer that is placed in a magnetic field. The Kerr effect will 
change the polarisation states, and accordingly the detected laser intensity signal. By 
modulating the polarisation states with certain frequency (t) the intensity signal will 
exhibit due to the Kerr effect a frequency spectrum of which the odd multiples of the 
modulation frequency are a measure for the Kerr ellipticity and even multiples are a 
measure for the Kerr rotation. 
In the new yariable temperature MOKE (VT MOKE) set-up use is made of an 
electramagnet with large coils and a continuous flow cryostat. In the longitudinal 
measurement configuration to measure the magnetisation in plane, the light should be 
incident under a certain optima! angle, typically 45°. Because ofthe coils ofthe magnet 
the angle of incidence can without precautions only be 8°. In this report the use of 
mirrors or prisms and the option to drill a hole through the core and yoke are 
investigated. 
As appears from simulations and measurements, an addition of a continuous phase shift 
to the polarisation states of the incident light will cause the rotation and ellipticity 
signal to appear both in all frequencies. The Kerr rotation signal and ellipticity signal 
will become indistinguishable. Such a phase shift can be caused by a mirror used under 
larger angles. However a system of mirrors is made where the angle of incidence on 
the mirrors is smalt, so to overcome the mentioned difficulties. 
Furthermore in this report the design and explanation of the required components for 
the VT MOKE are described. Amongst these components the electromagnet, the flow 
cryostat, the polar pieces for the magnet and the double mirror system. Additionally 
some explanation on Gaussian opties and the optica! activity of the windows of the 
cryostat. 
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Introduetion 

Magnetism plays an important role in our modem society. In the field of audio and 
· video electronics, computer data storage and the fashionable multimedia, controlled 

use of the magnetic properties of matenals is essential. Therefore the huge interest in 
magnetic multilayer systems in the past decade is not surprising. Magnetic multilayers 
consist of a stack of altemating magnetic and non-magnetic layers with a thickness in 
the range of typically 2-1 OOÁ. Since these magnetic multilayers are artificial structures, 
they can exhibit new and exciting phenomena, not occurring in natural bulk materials. 
For instance, two magnetic layers can be coupled to each other over a non-magnetic 
spaeer layer. In general this coupling oscillates between ferro- and antiferromagnetic as 
a function of spaeer layer thickness. Another interesting phenomenon is Giant Magneto 
Resistance (GMR). This means that the electrical resistance of a magnetic multilayer 
can decrease dramatically when the magnetisation directions of the layers switch from 
antiparallel to parallel alignment due to the application of a magnetic field. This GMR
effect can for instanee be used to produce very sensitive magnetic field sensors that can 
be used as readheads for computer hard discs or in DCC's. 
Because of the smalt thickness of the magnetic layers and therefore small magnetic 
moments, the investigation of the magnetic behaviour of multilayer structures requires 
very sensitive techniques such as SQUID (~uperconducting gyantum interference 
Q.evice) magnetometry. Magnetic propertiescan also be studied by MOKE (magneto 
Qptical Kerr ~ffect). Here a polarised laserbeam reflects from a magnetic surface. After 
reflection the polarisation state of the light will be changed and the magnitude of the 
change is proportienat to the magnetisation. As the typical size of the laserspot is only 
~ 1 OOA, it is possible to perferm a highly localised measurement of the magnetisation. 
This allows the use of wedge shaped samples where for instanee the thickness of one 
of the layers is varled while all other growth parameters are constant for the sample 
under investigation. This property makes MOKE a powerfut tooi for scientific 
research. 
In the group Co-operative Phenomena of the Physics department of the Eindhoven 
University of Technology there is already a MOKE apparatus operational for 
measurements at room temperature. However, to fully investigate the magnetic 
behaviour of these multilayers and understand its origin there is a desire to measure 
also at other (lower) temperatures. This requires a cryostat and a new magnet Much 
of the optical system, detection system and software can and will be used for both 
apparatus. 
This report deals with the design and construction of the new yariable temperature 
MOKE (VT -MOKE) set-up. In chapter 1 we will first explain the principle of the 
MOKE measurement technique. Chapter 2 deals with the new elements needed for the 
VT -MOKE. In chapter 3 we will examine some adjustments needed in the optical 
system due to the choice ofthe new magnet Finally, in chapter 4 we will describe the 
construction ofthe VT-MOKE apparatus itself. 
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1 Magneto-optical Kerr effect and measurement technique 

1.1 The magneto-optical Kerr effect 

The magneto-optical Kerr effect is a phenomenon discovered by John Kerr in 1877. He 
found that the potarisation state of light incident on the surface of magnetic materials, 
coutd change after retlection. This effect wilt be used bere to measure magnetisation. 
In this chapter we wilt define the Kerr effect and the retation with the potarisation state 
of light. For descrihing the optical effects mathematically we wilt use the Jones 
formalism, exptained in paragraph 1.2. The measurement technique is outlined in 
paragraph 1.3, with a visualisation of the Kerr effect by intensity- and potarisation 
grap hs. 

In general, the potarisation state of (linearty) potarised light after reileetion from a 
surface of magnetic matenals is altered in two ways: a rotation of the polarisation 
direction and a change in the ellipticity of the polarised light. These effects are 
indicated as the magneto-optical Kerr-rotation and -ellipticity respectively. 

timet time t+dt i 

(a) 

(b) 

(c) 

I 
I 
I 
I 

I 
I 

\ I 
I I 

Figure 1.1.1 Ke" effect on right and left circular polarised light. a) Linear 
polarised light composed of equal amounts RCPL and LCPL. b) Ke" rotation causes 
a relative phase shift between RCPL and LCPL components. c) The superposition of 
RCPL and LCPL components, not equal of amplitude caused by the Ke" effect, 
describes an ellipse in time. 
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These properties can be quantified by analysing the reflected light after linear polarised 
light (LPL) is incident on the surface. LPL can be thought of as composed of equal 
amounts right circular polarised light (RCPL) and left circular polarised light 
(LCPL) travelling in phase (figure 1.1.1a). 
Kerr rotation is seen if these components of the incident light are not equally shifted in 
phase after reflection. The superposition will be rotated by an angle 9K , compared to 
the original polarisation direction. This situation is shown in figure 1.1.1b. The effect 
of ellipticity is a relative change between amplitude of the two components, making the 
superimposed wave elliptical. Kerr-ellipticity is defined as the arctangent ofthe ratio of 
the short and long axis of the ellipse after initially linear polarised light is incident on 
the magnetic surface. This effect is illustrated in figure 1.1.1 c. Figure 1.1.2 elucidates 
the definition of the Kerr angles. 

Figure 1.1.2 Defining Ke" rotation and Ke" ellipticity. 

With the complex Fresnel reileetion coefficients for RCPL and LCPL written as: 

Wedefine resp. the Kerr-rotation and -ellipticity: 

r. -r_ 
tan&K=-

f+ +r_ 

(1.1.1&2) 

(1.1.3 & 4) 

The origin from the optical effects arises from the permeability tensor. The 
permeability is related to the Fresnel coefficients which depend on the index of 
refraction. This complex refractive index, n, can be written as : n2 = Er J..lr. For optical 
frequencies Jl is taken to be a unity-matrix. The permeability tensor in two systems of 
co-ordinates (Cartesian (X, Y) and (RCPL,LCPL), [§ 1.2]) is: 

Exy 0 ] [Ëxx + i8xy 
8yy o = o 

0 Ezz (X,Y) 0 

0 0] 0 (1.1.5) 

Ezz (RCPL,LCPL) 
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From these matrices we see that the Kerr-properties occur in materials where the 
permeability tensor is not diagonal and antisymmetrie in (X, Y) co-ordinates. These 
matenals are optically anisotropic. In general lij are complex numbers, with Ëxx being 

equal to &yy . The off-diagonal terms are an odd linear function of the magnetisation 

(M), whereas the diagonal terms are even in M [1][6]. 

1.2 Jones formalism 

For a mathematical description of the activity of optical elements on the polarisation 
state of light we may use Jones-veetors representing light and Jones-matrices 
representing the elements. These 2-dimensional veetors are only to be used in case of 
polarised light. This light vector can be described by an orthonormal basis of two 
electrical field components: Ex and Ey (X, Y), or E-senkrecht and E-parallel (S,P). The 
'senkrecht' (= perpendicular) and 'parallel' basis are pertaining to the plane of 
incidence. The veetors contain the amplitude and phase of the electric field vector of 
the polarised light. The propagation direction of this vector is perpendicular to the 2-
dimensional plane of the electrical vector [3]. Figure 1.2.1 shows the 2-dimensional 
plane in which the E-vector lies, with propagation directions ki and ko: vector ki 
before, and vector ko after the optical element. 

(1.2.1) 

where y and 3 are phase-factors that do notdepend on the frequency oflight. 

Optically active element 

Figure 1.2.1 The Jones-vector principle 

For example linear polarised light at +45° with respect to the x-axis, can be written as: 

E=- e - 1 [IJ imt 
.fit 

(1.2.2) 

s 



Instead of the Cartesian x-y basis or the s-p basis, also Right Circular Polarised Light 
(RCPL) and Left Circular Polarised Light (LCPL) can be used as a basis, since these 
form an orthonormal set. 

I [IJ ïmt EacPL = J2 -i e and E I [IJ ïmt LCPL=.J2 ie (1.2.3 & 4) 

An optical element will transfarm Eï, the incident polarised beam, into Et. The 
transformation can be mathematically represented by a matrix. For example for the 
electric field vector after the Quarter-wave plate, which tums Linear Polarised light 
(LPL) into RCPL or LCPL, we find: 

Ë=eili,JI o]_I fil = ei1114 [IJ 
lo -i .J2ld .J2 -i 

where the common phase factor eimt is omitted. 

(1.2.5) 

The electric field vector after passing several optically active elements can be 
calculated by multiplying the matrices with the initial electrical field vector in 
sequential order: 

[Et]= [last element ][ ... ]. .. [ .. ][second element][first element][Ei] (1.2.6) 

The calculations to simulate the optical camponent's activity are made with a Turbo
Pascal program, generating the vector components or the intensity data for the varleus 
modulation amplitudes or as function of time. For multiplying the input vector with the 
matrices, the program DERIVE is used. Then, this resulting formula for vector Et is 
implemented in the Turbo-Pascal program. 
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1.3 Magneto-optical Kerr effect measurement system 

1.3.1 Measurement principle 

Our aim is to obtain a measurement technique to measure the changes in magnitude 
and direction of the magnetisation of a sample as a function of an applied magnetic 
field. The Magneto-optical Kerr effects give the possibility to measure this 
magnetisation, as explained in paragraph 1.1. The three commonly used geometries in 
MOKE are defined as shown in tigure 1.3 .1: 

M~ 

po lar longitudinal transverse 

Figure 1.3.1 MOKEMeasurement geometries. For optimally measuring the changes 
in the magnetisation, the Kerr effect is measured in the magnetisation direction M 

The largest interaction of the incident light with the magnetic material occurs for a 
propagation direction of this light parallel to the magnetisation. For the in-plane 
magnetisation the Kerr effect wilt be largest in the longitudinal or transverse 
measurement geometry. In case of polar-geometry the angle Si is as small as possible 
to measure the magnetisation perpendicular to the sample surface. Depending on the 
sample's magnetic anisotropy one chooses the polar or the longitudinal geometry. The 
Kerr effects for the transverse geometry are smaller than for the longitudinal 
configuration, and besides for verification, this transverse geometry is setdom used. 
The Kerr effects for the po lar geometry are an order of magnitude higher than for the 
longitudinal geometry [7]. 
The Kerr effects are proportional to the magnetisation of the material. However in 
multilayer samples the magnitude of the measured Kerr effect cannot give an absolute 
value for the magnetisation due to the presence of other, absorbing and non-magnetic 
layers, thus providing only a qualitative measurement. A measurement of the Kerr 
effect as a function of the applied magnetic field will provide us with information on 
the magnitude of the applied magnetic field where the measured Kerr signal changes, 
and consequently where the magnetisation changes. 
As mentioned in the introduction, multilayers usually consist of thin layers of magnetic 
and non-magnetic material. The interaction between these layers of material in the 
presence of a magnetic field, the exchange field Hcx and the coercive field He will find 
expression in the magnitude and change in the magnetisation. 

7 



The polarised laser beam is incident on a sample that is placed between the pol es of an 
electromagnet. The light on the sample undergoes Kerr-effects and reflected, to be 
analysed with aid of another polariser (analyser) and an intensity detector. The 
principle of the set-up is shown in figure 1.3 .2. 
Basically we can measure the Kerr-rotation as follows. For a fixed polariser angle, the 
light is first incident on a mirror, showing no Kerr effect, instead of a sample. The 
analyser angle is than rotated until a minimum (9t) is seen in the intensity. After 
replacing the mirror with a sample, we must rotate the analyser to 82 for reaching a 
minimum again. The difference between the first and the second analyser angle is the 
Kerr-rotation angle. 
Kerr-ellipticity could in principle be measured by noting the intensity change, when 
switching the polarisation ofthe laser beam between RCPL and LCPL (see § 1.1}. In 
RCPL and LCPL situations one does not measure rotation. Another way is noting the 
difference between minimal and maximal intensity signal when rotating the analyser 
angle, with linear polarised light incident on the sample. 

laser 

polariser 

lens 

Figure 1.3.2 Measurement principle, a minimum of elements. 

Although principally correct, it is experimentally too difficult and very time consuming 
to measure the Kerr-angles this way, since these are in the order of magnitude of0.001 
to 0.01 degrees. The currently used metbod ofmeasurement is described in paragraph 
1.3.3, after first descrihing the elements needed for this method. 

1.3.2 The optical elements 

A measurement technique is developed that overcomes the difficulties of measuring a 
small, 0.001° angle ofrotation or ellipticity [4]. This technique makes use ofan Photo
elastic modulator (PEM). This is an optical element that can transform linear polarised 
light into light of which the polarisation state oscillates between, for example, RCPL 
andLCPL. 
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The intensity of the reflected light from an anisotropic sample will than for Kerr 
ellipticity also oscillate with this frequency. And as described above in paragraph 1.3.1, 
the intensity difference between RCPL and LCPL, is a measure for ellipticity. The set
up for this measurement technique is shown in tigure 1.3.5. 
First we will explain the components of the optical system, including the sample, for 
the 'room temperature' MOKE measurement set-up and describe these with a Jones
matrix. Visualisation of the effects of these elements, the Photo-elastic modulator, the 
sample and the analyser, can be found in paragraph 1.3.4. 

Photo-elastic modulator (PEM) 
As wilt bedescribed in paragraph 1.3.3, on measurement technique, the laser beam of 
linear polarised light will be modulated in polarisation state through the PEM. A stress 
dependent birefringent crystal forms the hart of this device, which makes the 
component of light parallel to a certain direction in the crystal, the optical axis, change 
in phase with respect to the perpendicular light component. In other words: the parallel 
and perpendicular components have a different propagation speed. The crystal is 
connected to a piezo-crystal, that is driven by a oscillator voltage-souree with 
frequency 'f. In our measurement set-up this frequency is 50kHz. The piezo-crystal 
forces the birefringent crystal to change in shape, and so changes the optical properties 
of this crystal. Through this the parallellight component will be retarded or advanced 
compared to the perpendicular component of the incident light, changing the phase 
difference between those components. 

LPL 

birefringe t 
crystal 
ö = öo sin(21tft) 

Figure 1.3.3 Photo-elastic modulator, the principle workings 

The laser light entering the PEM is linearly polarised at an angle of 45° relative to the 
optical axis. After the PEM, the emerging laser beam will have two perpendicular 
components equally in amplitude, but their phase difference oscillates between + Bo and 
-Bo , the amplitude of the phase change. This oscillating phase difference can be 
described by: 

a= ao sin(21tft} (1.3.1) 
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We choose the y-direction parallel to the optical axis, the light incident on the PEM is 
(Ex0, Eyo] eimt. Using Jones veetors as mathematica} description for the status of the 
emerging light gives: 

(1.3.2) 

When 50 equals 1t/4 theemerging light will oscillate between Left-and Right Circular 
Polarised light. 

Sample with magneto-optical Kerr efTects. 
The polarisation-state of light after reflection at a magnetic material will have changed 
with respect to the polarisation state of the incident light. A material showing 
magneto-optical Kerr effects is anisotropic. As already stated above two effects can be 
distinguished: Kerr-ellipticity and Kerr-rotation. The first effect originates from the 
difference in absorption and reflection of Right Circular Polarised Light (RCPL) and 
Left Circular Polarised Light (LCPL). The rotation effect corresponds to the difference 
in phase shift of the two components, RCPL and LCPL. 
As an example for the following calculations, we will use two different imaginary 
'samples': sample-I displaying Kerr-ellipticity with absorption of 50% for LCPL and 
0% absorption for RCPL, and sample-2 showing Kerr-rotation of 45° for RCPL only. 
Note that for real samples the rotation effect is about 10"2 to IO" 3 degrees. Realistic 
values for ellipticity are of the same order. Using (RCPL,LCPL) or the (S,P) as the 
orthonormal basis of veetors , we can write the matrices for the Kerr effects: 

Sample-I= [ I O] 
O 0·5 (RCPL,LCPL) 

(ellipticity) (1.3.3a) 

Sample-I= [ 
3 I 4 -i I 4] . 
i I 4 3 I 4 (S,P) 

(ellipticity) (1.3.3b) 

Sample-2 = 
[

ei" o] 
0 I (RCPL,LCPL) 

(rotation) (1.3.4a) 

I [ 
l+cos<p+isin<p sin<p +i(l-cos<p)] . ) 

Samp e-2 = . (rotatton 
-sin <p - i(l- COS<p) 1 + COS<p + ISin <p (S,P) 

( 1.3.4b) 

In the examples <p = 45°. 
With Kerr coefficients given for RCPL and LCPL, we can also write the 'sample'
matrix in (S,P)-co-ordinates as: 

10 



[ 
~ + (. -i(~ - (. >] 

112._- --
t(r+- r_) r+ + r_ cs.P) 

( 1.3.5) 

with ·r = r ei'+ and 1 = r ei•-• + + - -

The analyser 
The analyser is actually a polarising element, through which only the light-component 
in a certain polarisation direction can pass. In the plane perpendicular to the 
propagation direction there is one direction through which the transverse 
electromagnetic light-wave can pass undisturbed, the optical axis. Perpendicular to this 
direction ( also perpendicular to the propagation direction) the wave is blocked ( tigure 
1.3.4). Thus, when we choose the optical axis to be in x-direction, the light after the 
analyser can be written as: Ex = Es cos cl> + Ep sin cl> and Ey = 0. With cl> the angle 
between the s-direction and the optical axis, x-direction. In matrix form: 

(1.3.6) 

k 

Es 

Figure 1.3.4 The analyserelement accomplishes a directionalfiltering. 

1.3.3 Measurement technique 

The measurement metbod makes use of the Photo-elastic Modulator to modulate the 
polarisation state of laser light. The magneto optical reaction of a sample on a certain 
polarisation state of light will change the reflected intensity. Here we will calculate the 
intensity signal with the aid of Jones-matrices and -vector notation. 
Linearly polarised light is incident on the PEM at 45° with the optical axis of the PEM. 
Then, the in polarisation modulated light emerging from the PEM, is written: 

(1.3.7) 
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The directions ofthe components are taken 'senkrecht' (s), and 'perpendicular' (p), to 
the sample's plane ofincidence. FactorE contains 'eimt '. 
The next optical element is the sample. The Fresnel coefficients are given for RCPL 
and LCPL, but rearranging these, see paragraph 1.3 .2, we can calculate the vector 
after the sample: 

[Es]- E [<7+ +I.)- i(f;. -7_)ei
8

] 

Ep - 2.J2 (7+ + 7_ )ei a + i(f;. - (.) (S,P) 
(1.3.8) 

The last element is the analyser, whose action results in : 

Ex= E. cos ' + Ep sin '· ( 1.3.9) 

Then the detector signal will be given, introducing a as proportionality constant for the 
detector: 
I=a1Exl 2 (1.3.10) 

Substituting 1.3.8 and 1.3.9 in equation 1.3.10 results in: 

I= ~
2 

(r; + r_2
) +(r; - r_2 )sin6 + 2r+r- cosö sin2(9K +') (1.3.11) 

If r+ :=:~ r. and therefor r+- r. << r+ + r., we may write: 

(1.3.12) 

(1.3.13) 

These approximations and the use ofthe definitions for ellipticity (1.1.4) and rotatien 
(1.1.3) change the equation to: 

I:=:~ ~
2 

(r; + r_2 )[1 +2eKsinö + 2cosö sin2(9K +')] (1.3.14) 

Expressions 'sin ö ' and 'cos ö' are to be expanded in Besset functions, with In (öo) 
being the n-th order Besset function: 

sin Ö =sin ( Öo sin(2 7t ft))= 2 J1 (Öo) sin(27t ft)+ 2 J3 (Öo )sin(27t 3ft) + ..... (1.3.15) 
cos Ö =cos { Öo sin(2 7t ft))= Jo (Öo) + 2 J2 (Öo )cos(27t 2ft) +.... {1.3.16) 

We see that sin ö contains odd multiples of frequency 'f, and cos ö contains even 
multiples offrequency 'f. In the following text we will use the terms 'odd' and 'even' 
frequencies, respectively. Neglecting terms of an order higher than second, the 
equation becomes: 

I :=:~ 1(0)+ I(f) sin(27tft)+ 1(2f) cos(27t2ft) (1.3.17) 
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1(0) = lo [1 + Jo(Bo) sin 2(9K + cjl)] 

l(f) = lo [4eKJl (Bo)] 

1(2f) = lo [2 J2 (Bo) sin 2( 9K + cjl )] 

The rotation angle eK is smalt compared to cjl, therefor we can approximate: 
Sin 2( 9K + cjl) ~ 2( 9K + cjl) << 1 and 1(0) ~Jo, 
giving for the expressions for ellipticity and rotation: 

(1.3.18) 

(1.3.19) 

(1.3.20) 

(1.3.21) 

and (1.3.22& 23) 

The ellipticity signal is present on odd frequencies, and mainly at frequency 'f, 
whereas the rotation signal, even frequencies, is mainly present at '2f. With the use of 
a lock-in amplifier we can measure the intensity of the frequencies separately, and thus 
measure the Kerr-effects independently. By choosing the modulation amplitude Bo , 
and so the values for the Bessel-coefficients J1(Bo) and J2(Bo), we can optimise the 
intensity signals for frequencies 'f and '2f. The optima! Bo is different for both Kerr
effects, but both can be measured together of course. The analyser angle is constant in 
measurements, and can be corrected for. In ellipticity measurements we may leave out 
the analyser completely, doubling the intensity signal [1, app. A]. 

Optima! value of Bo for ellipticity: 
for rotation: 

Bo ~ 1.89 (105.4} 
Bo ~ 3.05 (174.7} 

The measurement system is depicted schematically in tigure 1.3.5. The measurement 
system is automated; a computer is used to set magnetic field and sample position, and 
records the output ofthe lock-in amplifiers. 

Lock-in 
amplifiers 

l(f) 

1(2f) 

detector 

laser 

polariser 

lens 

Figure 1.3.5 MOKE measurement system, room temperafure set-up. 
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Using the MOKE measurement technique, we must be aware of the absorption of the 
sample. Only the material reached with the laser, contributes to the Kerr effect. The 
penetration depth ( d) of the light is defined as the distance over which the intensity bas 
dropped by a factor e"1

• With the wavelength represented by A. and the extinction 
coefficient as 'k' : 

I(z) = I(o) e·zld with d = A./41t k (1.3.24) 

The use of the MOKE measurement technique is therefor suitable for surface analysis 
and examining thin Iayers of materiaL The penetration depth of visible light for metallic 
layers is in the range of 20 nm to 50 nm. 
The use of a focused laser enables us to perform measurements highly localised on the 
sample. To focus the beam we use a lens, which should be placed as far as possible 
from the magnetic field, to avoid disturbing Faraday rotation by this lens [1][5]. 
However, for a smalllaser spot on the sample one should use a stronger lens, which in 
turn needs to be placed closer to the sample and thus closer to magnet. The final 
choice is therefor a compromise giving us a laser-spot of about 1 OOJ.lm in diameter 
[§ 3.5]. 

1.3.4 The effects of the optical elements 

In this chapter we will visualise the effect ofKerr-rotation and -ellipticity on polarised 
light and the measurement technique by intensity- and polarisation graphs. A 
polarisation graph is a graph ofEp versus Es, ofthe wave-vector [Es ,EP] as a timetion 
of time. For example circular polarised light for which the s-component of the E
vector bas a phase difference of 90° with respect to the p- component. The real parts of 
these components will, if plotted against each other, produce a circle as a function of 
time. In 3-dimensions the vector will draw a spiral with the time as 3rd direction. 
The intensity is the signal that we can measure. This signal is calculated by adding the 
squares of the real and imaginary components of the signal after the analyser, or in this 
case 'Ex'. 
I- E•E , I= a [ (Re(Ex))2 + (Im(Ex)i] (1.3.25) 

The endpoint of the electrical vector describes the ellipse or circle with the frequency 
of light, which is much higher then the 50kHz frequency 'f 'of the PEM, with which 
the polarisation state changes. 
First we consider the Photo-elastic Modulator (PEM). Followed by the simulation of 
the optical action of the sample. 

Modolation by the PEM 
A Linearly polarised laser beam is incident on the PEM under an angle of 45°. The 
polarisation state ofthe emerging light justafter the PEM is plotted in tigure 1.3.6.a 
for several fixed values of phase difference B, between the light vector components Es 
and Ep. In the optical system the PEM will introduce a continuous varying phase 
difference: B = Bo sin(21tft), with f= 50kHz. 
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For example with a modulation amplitude Bo = 90°, the polarisation changes gradually 
between RCPL and LCPL. Note that the intensity just after the PEM of Es or Ep is 
constant (I = I Es 1

2 = I Ep 1
2 

), for all Bo. 

Kerr effects. 
In the 'room-temperature' MOKE-set-up polarisation-modulated laser-light from the 
PEM is incident via a lens on the sample. In our examples we use the 'samples' with 
matrices given by formula 1.3.3 and 1.3.4. From this we can calculate the intensity 
signal, which is the samesignalas explained in paragraph 1.3.3. Sample-I shows Kerr
ellipticity. This sample absorbs LCPL for 50%. The ellipse, circle in this case, is 
reduced after the sample (figure 1.3.6b, 90j, compared to the incident LCPL (figure 
1.3.6a, 90° ). Light emerging from Sample-2 displays Kerr-rotation in this example. 
The reaction of a sample displaying Kerr effects on a certain polarisation state of the 
incident light is shown in tigure 1.3.6.b & c. Ifone projects the ellipseon the Es-axis to 
obtain the intensity, one can see that the frequency of change from minimum to 
maximum amplitude is different for both samples. Going from RCPL to LCPL and 
back, the 'ellipticity' changes once. The amplitude of the projection changes, from 
minimum to maximum, twice for the sample with the rótation-effect. This projection is 
made by the analyser. 
Figure 1.3.7 presents the intensity signal as it can be detected after the analyser 
(analyser angle <j) = Oj, for different values of Bo. For Bo = 90° (i.e. the incoming light 
oscillates between RCPL and LCPL with frequency f) it is clear from figure 1.3.7 that 
the intensity ofthe x-component varles with frequency 'f in case of ellipticity and with 
frequency '2f in case ofrotation. These 'f and '2f signals are in fact measured by the 
lock-in amplifiers. 

a).: .Qk2k;l~JQJS~J~ 
Es a=-90° a=-45° a=0° a=4SO a=90° a= 135° a= 180° 

b)(:;~~).tQlQle.l~l-9-J~J~ 
a-180° 

c)Sunple2 Jr'\Q,J () 'llLIJ ÎJ ~~lQ~:~ 
(rotatmn) ·Ml-l?.~. ~l-l?,~. .~t,_;::; 

Figure 1. 3. 6 Polarisation stales of light for fixed value of ö. a) The polarisation 
stales after the PE!vf. b) The polarisation reaction of a sample showing Kerr 
ellipticity on a polarisation state induced by the PE!vf. c) As in b), butfora sample 
showing Ke" rotation. 
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Also in tigure 1.3. 7 we can see the intensity signal varles in amplitude for various 
modulation amplitudes Bo. As calculated [1][5], the Kerr-rotation ('2f) signal for this 
situation will be strongest at Bo = 3.05 rad or 174.7°. The ellipticity ('f) -signal is 
strongest at Bo = 1.89 rad or 105.4°. Moreover, at Bo > 90° a small dent shows for the 
ellipticity signal: the '3f frequency appears. The total signal seems to become smaller 
but note that the plotted tigure is a superposition of more frequencies. The 'f
measurement signal will be maximum. A lock-in amplifier will campare this 
measurement signal of frequency 'f, with the reference 'f- signal of the PEM, and 
only measure the amplitude change ofthis measured signal. In tigure 1.3.7.b one can 
see the '4f -signal appear for Bo > 17 4. 7°. 

"~ ::Q\c "Qlc "fh[ 1.1 1.1 ... ... ... ... ... 
a) sample-I :: 

... 1.4 1.4 

0.2 ... 1.2 

Kar- I 4 

1.0 •.• 2 .... 

dliplicily"~ "~ "~ "~ 0.1 ... ... 1.1 

lntensity :: 
... 1 .• I. 
•• 1.4 1 .• 

1.2 •. :a ~ 1.2 b" .. 0 •• 2 4 t2 •.•• 4 6 10 I 00 4 I 10 12 

q, = 140° q, = 1600 q, = 174.7" q, = 1900 
•different scalcs !! 

1t ft q, =70° q,=90° q, = kl5.4° 

"~ "~ "~ "~ OI 11 1.1 0.1 

b) samplo-2 :: 

1 .• I' I' 

1.4 ... 1.4 

1.2 1.2 1.2 

Kar- 1.0 
0.1 ... 0.0 

rotation • ''I[YJJj lfffi ''rE!Jj ::~ l2 l2 12 .. OI ... ... 
•• •• • • 1 .• 

o.o. ' •.•• 4 ' •.•• 4 0.0 

q,=1400 q,=l600 q, =174.7" q,=I900 

Figure 1.3. 7 The simulated_ intensity signa/ for Kerr el/ipticity and rotation, for 
various modulation amplitudes Ö0 with ö = Öo sin(27ift ), as a junction of time 
(time: 27ift). 
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2 The VT MOKE measurement system 

The aim of this new system is to perform MOKE measurements at any temperature 
between 2 and 500 Kelvin. For this purpose we will need a cryostat tobring the sample 
at the desired temperature. A powerfut electramagnet will provide the necessary 
magnetic field. Figure 2.1 presents a general idea of the system. 
There are several possibilities to reach our goal. To assess these possibilities we will 
first define the requirements for the new set-up. Besides these there are also some 
considerations to take into account. For instanee sharing the available measurement 
equipment of the room temperature MOKE set-up with the new system is an 
economical consideration. 

magnet 

Figure 2. 1 General view for the variabie temperature MOKE system: electramagnet 
and cryostat. 

2.1 Requirements and considerations 

The requirements wilt give a starting position for design. The considerations form 
mainly a limitation of possibilities. We will start with the definition of the requirements 
of the new MOKE system. 

requirements 
1 )The priority is to investigate the magnetic properties of the sample at any 
temperature between 2K and room temperature with the MOKE measurement 
technique. Extending the temperature range to high temperatures, 500 Kelvin, is 
considered as a highly recommended option. 
2)A strong magnetic field on the position ofthe sample, ifpossible ~2 Tesla (saturation 
of iron). 
3)Both longitudinal- and polar-measurement configurations must be possible and 
switching between these configurations must be made easy. 
4)Scanning the sample across the whole surface, with high accuracy. The scanning 
resolution of the existing set-up is about 100 to 150J.1m. The scanning facility is needed 
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to perform measurements on so-called wedge-shaped samples, which contain layers 
that vary in thickness. The magnetic properties are not only depending on the thickness 
of a layer or layer combination, also growth conditions are important. F or this reason 
wedge shaped samples are grown in which all layer thicknesses are present in one 
sample where all other growth parameters are equal. Therefor a highly localised 
measurement system is required as is present in the MOKE measurement set-up for 
room temperature. 
5)The measurement system must be automated, easy to handle, accurate and fast of 
course. 
6)For performing longitudinal measurements, the angle ofincidence on the sample bas 
to be large because the largest interaction of the incident light with the magnetic 
material takes place for a propagation direction parallel to the magnetisation [ § 1.3 .I]. 
However, the measurement depth becomes smaller this way which results in a smaller 
measurement signal. Moreover, the laser spot enlarges and causes a loss of resolution. 
For example a laser spot under an angle of incidence of 45° is IOOJ.Lm. The same laser 
spot increases to 167J.Lm fora 65° angle and decreases to 78J.Lm at 25°. An optimum is 
found for an angle ofincidence of 45° [§ 3.2]. 

considerations 
Besides these requirements we must regard some considerations, technica} or 
economical, that could restriet the available options for design. The economical 
consideration usually is the one of most intluence. At the start there were mainly the 
following considerations in arbitrary order. 
The first consideration is about sharing the optical equipment and measurement system 
of the room temperature MOKE set-up with the new system. Furthermore one of the 
already, in the Physics department, available electromagnets should be used. 
Vibrations are observed in measurements with the already existing MOKE set-up [7]. 
These vibrations that disturb the measurement, can arise from the rapid current change 
through the magnet. Furthermore, elements made of magnetic material in the vicinity 
of the magnets will undergo varying attraction. To avoid vibrations from the magnet, 
the cryostat and the magnet should not be connected. (Calculations and measurements 
on vibrations have not yet been done.) In the new set-up the strong magnetic field may 
shift the position ofthe cryostat, and so the position ofthe sample. To avoid a position 
shift, the cryostat is made mainly from non-magnetic material and rigidly mounted on a 
solid construction. More on this in chapter 4. 
The place of the experimental set-up is next to the existing, room-temperature, system 
and switching between both systems must be made easy. The question is here, where 
to place the magnet and cryostat for good access and fast switching between systems 
and measurement configurations. Taking into account the accessibility for the Helium
storage vessel, connections for water and electric power, He-gas exhaust and the 
strength ofthe tloor. The place ofthe electromagnet can be ofimportance in the polar
measurement configuration. In this contiguration the laser beam must go through a 
hole in the iron core/pole of the magnet If the hole is narrow, the angle between 
entrance and exit is small. Therefor to have enough space between laser and detector 
the distance between sample and the optical components should be larger. 
If possible, the optical system should not change. However soine electromagnets have 
no large-angle access for longitudinal measurements which is, as remarked in 
'requirements', not preferable. 
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2.2 Starting the VT MOKE project 

From the available electramagnets there are two likely candidates left. At first there 
were some important requirements: 1) a high magnetic field, 2) direct access with the 
laser beam without using mirrors, 3) a hole through the core of the magnet to allow 
polar-measurement technique. 
The first option, V arian Associates V 3400, is the strengest magnet available, but it' s 
large coils prevent a direct wide-angle laser access. The aperture of this electramagnet 
is 16°. Nothing about field strength was given in the available reference manuals, but 
measurements revealed a strenger magnetic field than for other magnets. Figure 2.2.2 
presents the measured values for the magnetic induction B as function of input current. 
At the time only 3 different spacings between the polar-tips could be made. Without 
polar-pieces: 150mm, without smallest polar-tip: 67mm and with smallest polar-tips: 
33mm, giving respectively 0.54 T, 1.03 T and 1.75 T for 180 Amps and 40 Volts. 
More about it's dimensions is presented in tigure 2.2.1. 
The second option is the Broker ElO Dl electramagnet that allows a larger angle of 
incidence of26° (52° aperture) but has a lower maximum field. The magnetic field, for 
a 67mm air-gap, is only 0.6T. However, this second magnet would need no major 
change in the optical system. 

coil 

·······-~s-i._· y_o_n _____ ...J 

559 

mau : BSO kg, rotating ba10 
rcquires BtW power supply yok coil 
(4SV, 190 A) 
coil reaiatanee approx. 0.012 C mnf ....... core 

and approx 2 x 330 windinas 69 .B 1 .:.~.:~ ::::::::::: r-B .. ~~ 
····> 

B9. mm il 
co 

Figure 2.2.1 Varian Associates V3400 Electromagnet, dimensions. 
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Figure 2.2.2 Varian Associates V3400 Magnetic induction values as a function of 
input current. 

Our choice will be the first electramagnet for it has the largest magnetic field. With the 
new polar pieces (§ 4.2) and with an airgap of 80mm, the magnetic induction is 
1 Tesla .. The choice on the magnet implies that a change in the optical system has to 
be found to enlarge the angle of incidence on the sample [ Ch 3]. The investigated 
possibilities to modify the optical system are briefly sketched. To make the angle of 
incidence larger one could use mirrors. Another option to redirect the laser beam is to 
use prisms. These variations of redirecting the laser beam are indicated in tigure 2.2.1 
as system-1. 
A completely different approach is more rigorous. For this option a hole through the 
yoke and the core has to be drilled. The latter option is indicated in tigure 2.2.1 as 
system-2. For longitudinal measurements system-2 needs no additional mirrors for 
instance, to get a large angle of incidence. Whereas system-1 leaves the expensive 
electramagnet unmodified and since there is only one hole through the magnet core to 
allow polar measuring, the magnetic field could be stronger compared to system-2. 
Before making a definite choice on the electromagnet, one must make sure that a 
measurement with one of the configurations is possible. Chapter 3 will deal with these 
possible optical systems and their feasibility. 

JoiU!itudinal measuremeot contiguration oolar musurement conf1guntlon 

system 1 systeml 

I I 

I I\ I 

11 
Figure 2.2.3 possible optica/ systems for the new MOKE set-up with the strongest 
available electromagnet. 
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2.3 The continuons flow cryostat 

As for the cryostat we have chosen for a continuous flow cryostat from Oxford 
Instruments. This flow cryostat is newly designed, intentionally for optical 
measurements. In this paragraph the most important information is provided about the 
cryostat, the He-system and the temperature control system. 

Ï I i radiation shield ... 
: --;··~ windows 

L..!:::==~i=l =J~I :::tr-Vacuum space 

Figure 2. 3. 1 The continuous flow cryostat, schematically. The dotted fine represents 
the He flow that cools the sample space first, after which the He gas is used as a 
radialion shield 

Our cryostat is chosen for it's largest optical access and ordered with two optical 
entrances on opposite sides. The maximal available aperture is about 52° and the 
windows can be exchanged without difficulty. Figure 2.3.2 shows a sketch of the 
windows in the cryostat. 
The inner windows have to resist temperatures up to SOOK and are therefor made from 
sapphire. This natural material is optically active, and could interfere with the optical 
activity of the sample and disturb the measurement signal. An qualitative investigation 
on this subject can be found in§ 3.4. The outer and 'middle' windowsare made from 
amorphous quarts. Note that the windows reduce the intensity ofthe laser light. 

topview 

radialion sbield 

vacuum space 
windowa 
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The continuous flow cryostat is ideal when the average time of an experiment is less 
than some hours and the time to change the sample becomes of influence. However the 
temperature stability is usually less. This type of cryostat is very flexible in it's 
temperature range and any temperature setting can, depending on the type or brand, be 
achieved within halfan hour (cool down time from ambient temperature ). 
The flow cryostat is of the 'dynamic' type which means that the He-flow will go 
through the sample space, achieving a lower temperature (and probably a faster 
response time on a required temperature change). The disadvantage is that a 
temperature gradient could arise over the sample. The minimum temperature can 2K. 
Operatingin the 'single shot' mode a temperature of 1.6K can be reached. 
The helium will be drawn from a helium storage Dewar through a transfer tube 
towards the cryostat. From the heat exchanger and the sample space, the He-gas is 
used as a radiation shield (:figure 2.3.1) and subsequently leaves the cryostat through 
the transfer tube's return line. After passing the (automatic) needle-valve to control the 
gas flow and the gas flow pump, the gas proceeds to the He-recovery. This helium 
path is schematically depicted in figure 2.3.3. The temperature is controlled by 
adjusting the He-gas flow and a heater. The heater is the fine-adjustment of the 
temperature system. 

tempen~ture I ll 
coniloDer '===;=;==;:=:::::dl automatic l needie wlve 

::::! ~ .................. ,.,.~ ........ ~·-·+-........ , ...... ~~ 
~ f tnnsfcrtube He-gas flowpump 

• r-1--

. 

Figure 2.3.3 Tempera/ure co'!trol system and Helium circuit. 

The He-flow and the heater are controlled by a 'ITC temperature controller' to 
automate measurements by computer. The controller receives it's information from 
two temperature sensors of which one is mounted to the heat exchanger and the 
(optional) second is mounted near the sample position. The 'carbon glass' resistance 
sensor is recommended for it's very low magnetic field dependenee [13] [14]. 

The samples are mounted on a sample rod which is provided with a device for 
automated precision height adjustment (direction parallel to the sample rod). This 
particular sample rod has a deliberately long sample space(60mm} and holds place for 
four samples (each 12mm). The sample rod can also be rotated around it's axis. The 
scanning facility will now be only in height adjustment direction. 
The sample space is cylindrical with a diameter of 20mm. The exterior dimensions of 
the 'sample box' are 80mm x 80mm. More about the dimensions and characteristics 
will be found in the documentation that will arrive with the flow cryostat. 
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3 Adjusting the optical system 

Introduetion 
In the MOKE set-up for variabie temperatures, we need to add some extra optical 
elements to the optical system compared to the 'room-temperature' system in the case 
of system-1 as explained in chapter 2. The coils of the electramagnet that we have 
chosen for it's large magnetic field, prevent direct laser access under a large angle for 
longitudinal measurements on the sample. This chapter considers the options that exist 
for an altered optical system that allows the use of this electromagnet. We investigate 
the use of mirrors and prisms as in system-1 (figure 2.2.1) and the hole through 
magnet-yoke and -core as in system-2. Besides these the optical action of a sapphire 
window for the cryostat is explained qualitatively. The last paragraph wi11 deal With the 
geometrical and Gaussian opties for the new system because an adaptation has to be 
made for the larger focusing distance of the new MOKE system. 

3.1 The use of mirrors 

In this paragraph we investigate the use of mirrors for the new optical system. To 
visualise the effect on the measurement intensity signal, a simuiatien is made. These 
results will be verified in § 3.1.4. with measurements. But first we will describe and 
calculate the optical activity of mirrors. The optical system of the new MOKE 
measurement set-up is depicted schematically in tigure 3 .1.1, below. 

laserC:=::J--~ 

magnet 

coil 

cryostat 

mirror 
or 

prisms 

Figure 3.1.1 New optica/ system with mirrors or prisms. 

3.1.1 The optica) activity of mirrors 

Reflection from mirrors of isotropie conducting material can be described by the 
Fresnel coefficients. Forthese matenals the refractive index is a complex number: 11t = 
nR + i n1 ( or also used: 11t = n - ik). The reflection coefficients wi11 therefore become 
complex numbers [3][2]. As a result the angle of refraction becomes a complex 
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number as well and has no Jonger the significanee that it had in Snellius law of 
refraction. The Fresnel coefficients defined herearealso valid in a magnetic field. As a 
basis for the Jones-formalism we will use the 'senkrecht' (s) and 'perpendicular' (p) 
directions , as defined in tigure 3 .1.2. 

I Br kr 
Ei I 

I Er 
Si! 

Di i interface 

Dt 
x 

kr 
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~ 
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Dt 
x 

Figure 3.1.2 Defining 'senkrecht' and 'parallel' directionsof a basis for polarised 
light incident on an interface. 
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For the paralleland senkrecht directions the Fresnel coefficients are given by: 

nt ni 
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J.lt 1 J.lj 
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- cos9· +-cos9· 
J.lt 1 J.li 1 

n· nt 
-

1 cos9· --cos9t 
J.Ü 1 J.lt 

r - -----=----
s- n· n 

-
1 cosei +_i coset 

J.lj J.lt 

(3.1.1) 

(3.1.2) 

To calculate of these coefficients we can set Dt. cos et = u+ i v. After squaring this, 
usmg: 

(3.1.3) 

and equating realand imaginary parts we get expressions for u and v. [2] 
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DI 
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) 

(3.1.4) 

The Fresnel coefficients can now be rewritten to represent mirror-coefficients by 
replacing Dt. cos et by u+ i v. Note that to calculate 'rp' it is easier to multiply fi.rst 
numerator and denominator with Dt after which the sameprocedure as for 'r,' can be 
applied. In the following J.li and J.Lt are set to unity. Then, arranging real and imaginary 
parts gives in complex 'Euler' coefficients (r. =p. ei •· ): 

(3.1.5) 

(3.1.6) 

(3.1.7) 

(3.1. 8) 

25 



In general the values of the refractive index Dt for a metal are dependent on the 
wavelength or energy of the incident light. For light with a wavelength of 632.8nm 
(He-Ne laser) is given: 

Air refractive index of air ni = 1 [9] 
relative permeability of air J.li = 1 [9] 

Aluminium mirrors refractive index of aluminium Dt = 1.374 +i 7.609 [8] 
relative permeability of aluminium J.lt = 1. 000021 [9] 

In our calculation J.1t = 1 is used as a valid approximation. 

Now all variables are known we can calculate the Fresnel coeflicients for aluminium 
mirrors as function ofthe entrance angle. The result can beseen in tigure 3.1.3. 
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Figure 3.1.3 Fresne/ coefficientsfor Aluminium mi"ors as ajunetion ofthe ang/e of 
incidence. 

The determination of the Jones matrix for reflection is straightforward now. The 
reflection coeflicients are for the 's'- and 'p' -direction independent in this basis, a 
coeflicient for one direction does not depend on the other direction of the incident 
light. Then the matrix wiU be diagonal in the (s,p) basis. 

(3.1.9} 

The Fresnel coeflicients are given in Euler notation: p. and PP are the amplitude 
changes, <p, and <pp the phase changes. 
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3.1.2 Investigating the effects caused by mirron 

We want to know the influence of mirrors on the measurement signal. With a 
mathematica! description of the mirrors we can calculate their effects on this signal and 
visualise these effects by plotting the polarisation states and the intensity signal. 
Fortheset-up shown in tigure 3.1.1, using one mirror to deflect the light towards the 
sample and one to deflect towards the analyser, the angle of incidence on the mirrors 
needs to be 77.5°. The corresponding matrix is calculated, and given by matrix 3.1.10. 
We see that mirrors introduce a phase shift and an amplitude change in the polarisation 
state of light. Again we will make an Ep versus Es -graph and an intensity graph. 

Mirror: [Ps ~i<r. Pp ~i'Pp] = [ 0.99033~0.054701 0.8Sl463:il.076892] (3.1.10) 

The light-vector after the PEM is multiplied with the matrix for the mirror. This results 
in the reflected light-vector: 

(3.1.11) 

The polarisation graphs of tigure 3.1.4 are the polarisation states of light for some 
fixed, constant induced phase difference (a) between Eos and Eop. If the PEM would 
make the a vary from -90° to 90° and back, these plots (with -90° ~a ~ 90} can be 
seen as a sequence of polarisation states. The polarisation states of light after the PEM 
are given in tigure 3 .1. 4a. 
The polarisation plot in tigure 3 .I. 4b shows the response of light aft er a mirror which 
is placed under an angle ofincidence of77.5°. The light incident on the mirror bas the 
polarisation state as given by tigure 1.3.7a, with a as the constant phase difference 
between the orthogonal components Eos and EoP· 
Due to the difference in the values for Ps and pP the light will not become perfectly 
circular anymore and the LPL-state will occur foranother angle than the initial45° at 
a= 0°. The effect ofthe introduced phase change can be observed in tigure 3.1.4b. The 
nearly circular polarisation states and the LPL-state now will occur for another value 
of a. For example: suppose a would vary from -90° to 90°, and the mirrors would 
introduce a 45° phase shift, then the polarisation states ofthe laser light after the mirror 
would vary between -45° and + 135°. The initia! polarisation states with a between 
-90° and 90° now occur fora between -135° and +45°. 
The intensity signalafter a mirror remains constant as a function of time. As 'time' we 
use '21tft', which is an easy measure because the phase (difference) modulation by the 
PEM is also depending on this unit: 

a= ao sin(21tft) (3.1.12) 

The frequency ofthe modulation (50kHz) is denoted as 'f and the 't' represents the 
real time. In the simulation the intensity signal is calculated by taking only one 
component of the electric field vector, for instanee Es, and multiplying it with it's 
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conjugate. This corresponds to a perfect analyser setting with the field transmission 
direction parallel to Es. 

A mirror before the sample 
To investigate the influence of a mirror placed before the sample, we can plot again an 
Ep versus Es -graph tigure 3 .1.4c. Cernparing this graphs with the Ep versus Es graphs 
oftigure 1.3.6b for the ellipticity sample without use ofmirrors, one can see that the 
minimum signallies around 6 of slightly less than 45° insteadof the original 6 = 90°. 
The maximum of the signal would be around a 6 of a bit less than -135°. An asymmetry 
with respect to 6 = 0 appears that cannot be removed by changing 6o. 
Figure 3.1.5 displays the intensity simulation when a mirror is introduced before the 
sample. The intensity signal is not symmetrie anymore, meaning the top half of the 
signal differs from the lower half as a function of time. Moreover, the signal for 
sample-I (displaying ellipticity) resembles the signal from sample-2 (displaying 
rotation). As explained in chapter 1.3 on measurement technique, the intensity signal 
for the rotatien effect should consist only of even multiples of frequency f The 
ellipticity signal should be a composition of only odd multiples of frequency f (see 
chapter 1.3.2). The signals presented in tigure 3.1.5 ~e made up of both 'odd' and 
'even' frequencies, for sample-I as wellas for sample-2. 
So, if a real sample will be measured one measures ellipticity on even- and odd
frequencies, and rotatien also on even and odd frequencies. In other words: rotatien 
and ellipticity signals are not separated in their frequency spectrum anymore. 
The distortien of the original signal comes from the introduetion of the phase shift 
between s- and p-components of the light vector. If the <Ps equals <Pp , but both being 
not necessarily zero, the distortien disappears, as presented in tigure 3.1.5c. Making 
the amplitude factors p. and pp equal has no visible effect on the distortion. 
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Figure 3.1. 4 Polarisation state of light, the effects of a mi"or. 
a) The PEM introduces here a fixed phase difference 8 between Es and Ep. b) The 
response of polarised light after reflection on a mi"or for fixed polarisation stales of 
the incident light. c) The Polarisation state of light after reflection from 
samp/e-J(ellipticity) with a mi"or in the optica/ path before the sample. 
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Figure 3.1.5 lntensity as function of 'time' (27ifl). a) and b) The result of placing a 
mi"or in the optica/ path before the sample. (using sample-I for Ke" ellipticity and 
sample-2 for Ke" rotation.) c) a mi"or place before the ellipticity sample, but the 
mi"or introduces an equal, non-zero phase shift for 's' and 'p ' direction 

A mirror after the sample. 
Likewise we calculate the intensity signal to investigate the influence of a mirror placed 
in the optical path after the sample. In the computation the matrix for the sample and 
for the mirror have switched position. This mirror is also used under an entrance angle 
of 77.5° with corresponding matrix as in formula 3 .1.1 0. 
The influence of one mirror after the sample is apparently smaller, as can be seen in 
tigure 3.1.6b. As an example, sample-I is used that would only show the Kerr 
ellipticity effect, described by formula 1.3.3. For the sample displaying rotatien the 
result would be similar: The intensity function would resembie the original function 
without use ofmirrors, as well (see tigure 1.3.7). 

Mirron before and after a sample, and analyser. 
A plot ofthe intensity signal with a mirror before and aftera sample showing elliptîcity 
reveals nothing new, as can be seen in tigure 3.1.6a. The observed distortien arises 
from the first mirror and not from the second mirror, the mirror after the sample. 

Introducing an analyser after the second mirror is done in chapter 3 .1.3 where it will be 
ofmoreuse. 
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Figure 3.1.6 The simuialed intensity signa/ as ajunetion of 'time' (2~) fora sample 
that only shows Ke" ellipticity. a) The light Jrom the PEM is first incident on the 
mi"or before the sample. Through the mi"or after the sample the light is reflected 
towards the detector. b) The only mi"or in the optica! path is the mi"or after the 
sample, reflecting the light towards the detector. 

3.1.3 Explaining the effects of mirrors 

The optical element expected to give the distartion in the intensity signal is the mirror 
before the sample, as is shown in the previous paragraph. Calculation of the signal, 
light-vector E and the intensity I, for a system with a mirror before and after the 
sample, reveals the precise nature of the problem. With this equation, the influences of 
the parameters like phase shifts by the mirrors, analyser angle, etc., wi11 be examined. 
Once we known the origin we can try to find a solution to diminish the disturbing 
effects in the signal. 
In general, phase and amplitude changes can be introduced not only by mirrors, but 
also by birefringent transparent materials like the cryostat windows (§ 3.4). This 
investigation is therefor valid for other optical elements that can be described with an 
diagonal Jones-matrix. In this chapter we will also discuss the influence of the analyser 
angle. 

The equation 
We will calculate the equation for the situation with a mirror before and aftera sample, 
with analyser. First the equation in matrices: 
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Ex= E. cos cj) + Ep sin cj), Ey = 0. 
(3.1.14, 15, 16) 

Then the intensity signal is calculated by: I - Ex·. Ex . The intensity can be split in two 
parts: a constant termand one part depending on '<5'; written as I= L, + 1(<5). For our 
purpose only 1(<5) is needed, where <5 is defined by: <5 = Ö0 sin(27tft). 

1(<5) = Ia + lb + Ie + ld 

with: 

Ia= +sin (CJJ+- <p.) cos(cp, 1 - CJ>pl- a )(p2 
s2 Ps I Bso PP I Epo COS

2 + 
- P

2
p2 Ps I Bso PP I Epo sin2 +> 

Id = + 2 cos(<p+- <p.) cos(<psl -<!>PI -a) COS(CJ)s2 - <I>Pl) Ps2 Ps I E.o Pp2 PP I Epo cos+ sin+ 

(3.1.17) 

In this equation we have 4 parts: ellipticity in Ib , rotation split in Ia and ld , and a term 
Ie representing some frequencies with constant amplitude that are independent of the 
Kerr effects. Here, use is made of the approximation for separating rotation- and 
ellipticity-signal, as has been done in chapter 1.3 .3. This approximation is only valid if 
r. ~~t~ r .. 
Comparing equation 3.1.17 to the original MOKE-signal (eq 1.3.11) we observe an 
extra term, Ie, that wi1l vanish for <ps2- <pp2 = 0. The expression for the part of the 
ellipticity signal bas changed, but wi1l be independent of the analyser angle 'cl»', if the 
amplitude coefficients are unity again. The rotation signal, parts Ia and Id, can also be 
recombined if the amplitude factors are unity, and the extra phase shift ( <J>s2- <pp2 ) is 
zero. Thus, with <p11 - <pp1 = 0, amplitude factors unity and <p. 2 - <pp2 = 0, the original 
MOKE-signal reappears as should. 
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The effects of mirrors 
In chapter 3 .1.2 we saw the effects of the use of mirrors, on the intensity signal. A 
mirror before a sample made rotation- and ellipticity-signal both appear at all 
frequencies. The mirror after the sample showed hardly effect. These characteristics 
that could be seen from the simulations, must also result from equation 3 .1.17, I(B). 
With equation 3.1.17 we calculate the intensity signal again for Kerr-rotation and -
ellipticity, with and without the use of mirrors. Figure 3.1.7 below reveals that the 
shape of the signal is identical to the one calculated in chapter 1.3, with the analyser 
angle on 0°. Here however, to simulate Kerr-effects, we will use more realistic values 
for rotation and ellipticity than in formula 1.3.3 & 4 : cp+ - cp. = 0.001° and r+ - r. 
= 0.01. Note that expression for Ie and ld in formula 3.1.14 are zero for analyser angle 
'=0. 
The phase shift introduced by the first mirror is present in combination with B, the 
phase ofpolarisation modulation. This phase shift must then be the cause ofthe mixing 
ofKerr effects in the frequency domain. For rotation for instanee the part containing B: 
sin ( (j)+ - <p. ) cos( <p, 1 - <pp1 - B ),can be written as: 

sin (<p+- <p.) cos (a- B) =sin (<p+- <p.) (cos a cos B +sin a sin B ). (3.1.18) 

When expanding the expressions containing () , with In as the n-th order Besset 
function: 

sin B =sin ( Bo sin(2 1t ft))= 2 J1 (Bo) sin(27t ft)+ 2 J3 (Bo )sin(2x 3ft) + .... 
(3.1.19) 

cos B =cos ( Bo sin(2 1t ft))= Jo (Bo) + 2 J2 (Bo )cos(21t 2ft) + .... 
(3.1.20) 

it is clear that this part of the rotation-signal is now composed of odd and even 
frequencies. The same effect we see in all other parts of formula 3 .1.17, where B is 
added with a phase offset. Likewise we can write for the expression containing 
ellipticity: 

EK sin( a - B) = EK (sin a cos B + cos a sin B ) (3.1.21) 

Without mirrors, the rotation signal was found on even frequencies only and ellipticity 
on odd frequenties only. Separating ellipticity and rotation in the frequency domain 
can be done by introducing an extra phase shift with aso-called retarder-element. With 
a now defined as ( <p, 1 - <pp1) + <pc , and <pc representing the retarder' s extra phase, we 
see that the 'odd' -frequencies diminish in 'rotation' and 'even' frequencies in the 
ellipticity signal for: 

cos a cos B >> sin a sin 6 and for sin a cos B << cos a sïn B (3.1.22) 

In other words, if sin a<< cos a (fora= 1°, tan a= 0.0175) we have a separation 
ofKerr-signals. Therefor <pc should compensate the value of <pa1 - cpp1· Adjusting <pc to 
approximate the value for ( <pa1 - <pp1) + <pc to 180° is also correct. Another way of 
reducing the value of <p, 1 - <pp1 is using a double mirror system: when the entrance 
angles on a mirror are very smalt the values for <p, and <pp are small and almost equal. 
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This can be seen in tigure 3.1.3. Using two instead of one mirror to redirect the laser 
beam, we achleve these smalt angles of incidence on the mirrors ( see tigure 3 .1. 8 and 
4.5.5). 

The secend introduced phase difference, <i>s2 - <pp2 , causes a signal of constant 
frequencies with (nearly) constant, Kerr effect independent, amplitudes due to term Ie. 
The common factor '( ~ + + ~- )' is practically constant of value 2, and not present 
anymore in the expression 3.1.14. This is the sameprocedure as has been applied in 
chapter 1.3. 
Furthermore, this secend phase shift could introduce also some extra signals that are 
Kerr effect independent because we can not combine term Ia and ld (see equation 
3.1.26). If it was possible to combine these terms, we would tind the original Kerr 
signal (1.3.11). Amplitude coefficients p, and PP wilt also influence the rotatien signal 
in the same way due to the error in combining term Ia with Id. We try to combine 
these expressions and calculate the 'mismatch'. Amplitude coefficients p and cos( <i>•2 -
<pp2) are constant terms whose combinations are expressed in k, q and m. 

Ia+ Id = 

(3.1.23) 
(3.1.24) 
(3.1.25) 

2 r. r. cos(q>s 1 - <pp1 - ö) [sin (cp.- <p. )( k cos2 ~ - q sin2 ~) + 2 cos(cp.- <p.) m cos~ sin~ 1 

= 2 r. r. cos(q>s 1 - <pp1 - ö) 
[ sin(29K) (k cos2 ~ - k sin2 ~ - (q-k) sin2 ~) +cos(29K) (k sin 2~ -(k-m) sin 2~) 1 

= 2 r. r. cos(q>s 1 - <pp1 - ö) [ k sin (29K + 2~)- (q-k) sin(29K) sin2 ~- cos(29K) (k-m) sin 2~ 1 
(3.1.26) 

This equation presents the error due to the difference in amplitude coefficients for 
rotation. Roughly estimated one can say that the secend expression with 'sin2 cl>' can be 
neglected compared to the last, since cl> can be of order 0.1 o or less. 'cos(29K)' varles 
negligible compared to 'sin(29K + 24>)'. Term '(m-k)sin(2<!>)' remains, resulting in a 
'even' frequency of constant amplitude. Constant amplitude signals are not disturbing 
the measurement, and can be corrected for. Therefor there is no real problem in this 
part. These constant signals have the same influence as a non-zero analyser angle. 
Ellipticity is present in expression lb, where the difference in constant amplitude 
factors will only result in a fixed non-unity constant. 

The analyser angle 
In our previous calculations in chapter 1.3 the effect of the analyser angle was not 
taken into account. To visualise the influence of the analyser angle in the intensity 
signal, with or without mirrors, we plot the calculated signal in figures 3 .1. 7 using 
formula 3.1.17. To visualise Kerr-effects separately, one can set r. = r. to have only 
rotation, containing only 'even' frequencies in the original MOKE-signal. For viewing 
only ellipticity one must set <i>+= <p. (expression Ia vanishes) and make expression Id, 
in formula 3.1.17, zero. Term Id does not contain ellipticity, but rotatien and so 
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introduces 'even' -frequencies that are not due to the offset in phase-modulation or 
mirror effects. 
The mixing of frequencies appears when mirrors are introduced. Also term Ie is added 
to the signal for <1> :t:. 0°. For ellipticity we see no change for different analyser angles, as 
expected. For rotation, without mirrors, one can see an increase in signal, but this is 
due to the analyser itself: the signal amplitude is related to ' sin(9K + <!>) '. Knowing 
that the analyser angle is constant during measurements, we measure a constant 
contribution to the rotation due to the value of the analyser angle. However, the Kerr 
signalis measured for the two polarities ofthe sample's magnetisation direction. This 
way the off-set to the Kerr effect will cancel out. 
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Figure 3.1. 7 lnfluence of the analyserand mi"ors on the intensity signa/ 
The analyser angle tP = 0 ° or r. 
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3.1.4 Measurements on multRayers including mirrors 

To contirm the simulated and calculated results regarding the influence of the mirrors 
on the intensity signal, measurements are performed with several mirror contigurations. 
The measurements are performed on a colleetien of samples representing most of the 
used types of multilayer systems. 
Figure 3 .1.8 shows the mirror configurations that are investigated. First the situation of 
one mirror before and one mirror after the sample. The mirrors retlect the light under a 
large angle ofabout 75°. The entrance angle on the sample is approximately 35°. In this 
contiguration we expect the Kerr rotation signal and the Kerr ellipticity signal to mix, 
resulting in an intensity signal which shows both of the Kerr effects. Measurements 
with only one mirror before or after the sample are done also but reveal nothing extra. 
The second contiguration consists of two mirrors before and one after the sample. The 
light is redirected towards the sample through this 'double-mirror' system where the 
angles of incidence are smalt (less than 1 Oj. The mirror aft er the sample bas still the 
large angle retlection. Because the double-mirror system introduces only a smalt phase 
shift between the retlected vector components, we expect that the rotatien and 
ellipticity signal are again (approximately) separated intheir :frequency domain. 
The third situation is with a double-mirror system before and after the sample. The 
angle ofincidence on the sample remains about 35°. The predicted ditTerenee between 
second and third contiguration is that the introduced signals with constant :frequency 
and amplitude that are not Kerr effect dependent, caused by the second mirror will 
become negligible. 

sample mirror sample 

one-one two-one 
first contiguration second contiguration 

~- L 
r 

mirr 
sample 

two-two 
third configuration 

Figure 3.1.8 The mirror configurations that are usedfor investigating their effect on 
measurements. 

The most important quantities that must remaio unaffected if mirrors or any other 
optical elements are to be used, are the magnitudes of the magnetic fields where the 
rotation or ellipticity signal change. For this reason measurements are carried out to 
compare measurements with and without use of mirrors. The angle of incidence on the 
sample will be about 35°. The MOKE set-up for room temperature, is used to measure 
the contigurations as described above. The magnitudes of the rotation or ellipticity 
signal may differ through the use of mirrors. Unless the signal becomes much smaller, 
this will be of no consequence. 

From the investigated multilayer samples we wilt bere consider only 3, and only for the 
one_one- and two_two- configuration. The remaining are given in appendix A. 
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The first multilayer (200A Ni/19A Co /18A Ru/19A Co/SOA Ni)to be observed consists of two 
magnetic layer combinations 200Á Ni /19Á Co (layer A) and 19Á Co/ soA Ni (layer 
B), separated by a non-magnetic layer of 18Á Ru. The combination Ni and Co are 
ferromagnetically (FM) coupled and hebave as one layer. The magnetisatien's of the 
two magnetic layer combinations are aligned anti-parallel at low magnetic fields: the 
layers are antiferromagnetically (AF) coupled. In this situation the MOKE 
measurement signa! will be small, however not zero because the magnetic moments of 
the layers are not equal. Moreover, due to the finite prohing depth of the laser there 
will be a difference in contribution to the measurement signa! from the involved layers. 
The antiferromagnetic coupling between the layers will break for higher magnetic fields 
and the magnetisation direcdons of the magnetic layers will align parallel. In this 
situation the magnetisation is saturated and the Kerr signa! is maxima!. Note that fora 
change in the applied field direction both layers reverse their magnetisation direction. 
From tigure 3.1.9 we observe that the rotatien signa! in the one_one mirror 
contiguration is different :from the original signa!, without mirrors. In the centre of the 
curve the rotatien effect is very smalt. From the ellipticity measurements we notice that 
the original ellipticity measurement contains a 'swinging', making the measured Kerr 
ellipticity signa! when deseending from positive to negative field values change in sign 
three times. A superposition from these Kerr signals, ellipticity and rotation, would · 
result in a rotatien signa! as seen for the one _ one mirror configuration. One would 
expect the ellipticity signal for this mirror contiguration to be alike the rotatien signal. 
However the ellipticity signal for mirrors is more like the complemènt of the rotatien 
signa!. The cause of this is not well understood. 
Cernparing the measurements made with the double mirror system with the original 
signa! we observe a strong likeness of the curves. 
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Figure 3.1.9 Ke" rotation and e/lipticity measurements to compare measurements 
with and without use of mi"ors. The multilayer consists of two antife"o-magnetically 
coupled magnetic /ayers separated hy a non-magnetic layer. 
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The second multilayer sample we consider is like the previous to investigate the 
coupling strength between cobalt-layers. Here a 1 OOÁ Co layer is separated from the 
30Á Co layer by a 7Á chromium layer which results in a AF coupled system. We 
observe that the coupling strength is quite large compared to the previous sample. The 
magnetic field for reaching saturation is much larger as well. 
As expected the double mirror system performs well. Nevertheless for the ellipticity 
signal we encountered some noise. 
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Figure 3. 1. 10 Kerr rotation and ellipticity measurements to compare measurements 
with and without use of mirrors. The multilayer consisting of two antiferro
magnetically coupled layers separated by a non-magnetic layer. 

The next sample used for our investigation is an exchange-biased multilayer. The NiO 
layer is an anti-ferromagnet that will give the comparatively thin FM cobalt layer a 
preferential direction of magnetisation [7][15]. The result is that the hysteresis loop is 
not symmetrical with respect to zero applied field and this shift is called the exchange 
biasing field. If a FM layer is grown on the (AF) NiO layer in a magnetic field or if the 
multilayer is heated above Néel temperature and cooled down in a magnetic field there 
wil1 emanate a uni-directional anisotropy in the FM layer due to the interface coupling. 
The rotation and ellipticity signal are, as can be observed, alike in appearance, but 
differ in magnitude of the signal. The ellipticity signal is smaller than the rotation 
signal. The result for the rotation signal in the one _ one measurement contiguration is 
apparently mixed and results in a smaller signal then the original, whereas the ellipticity 
signal measured with mirrors in the contiguration is larger. For the double mirror 
system the rotation signal is nearly equal to the original. The ellipticity signal however 
is aftlicted with noise, probably due to a lower intensity caused by the two extra 
mirrors in the optica! path. 
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Figure 3.1.11 Kerr rotation and ellipticity measurements to compare measurements 
with and without use of mirrors with an exchange-biased multilayer. 

3.1.5 Discussion about the use of mirrors 

To close paragraph 3 .I a discussion about the suitability of the use of mirrors with 
their advantages and disadvantages. The measurements agreed well with the 
simulations made. lf the polarisation modulated laser light incident on the sample is 
added with a phase shift, the ellipticity and rotation measurement signal are not 
separated in their frequency domaio anymore. The effect of intertwining of signals was 
quite clear for measurements on the Ni/Co/Ru/Co/Ni system ( consisting of an anti
ferromagnetically coupled double layer separated by a non-magnetic layer) that 
displayed an ellipticity signal that is quite different from the rotation signal. 
However the phase shift can be greatly reduced by using the double mirror system 
where the angles of incidence on the mirrors are small and therefor the introduced 
phase shift will be smalt. Moreover, the amplitude coefficients are almost equal and 
approach maximum value for reflectance of 0.9135 for normal incidence which is 
advantageous for the signal to noise ratio and reduces the signals that are not Kerr 
effect dependent. The reflectance can be improved by using special coatings for these 
aluminium mirrors. 
The entrance angle of the laser light on the sample is limited by the aperture of the 
cryostat. The rather smalt angle is disadvantageous for measuring the Kerr effect in 
longitudinal configuration. The same smalt angle can also be beneficia! for a larger 
prohing depth ofthe laser light. Another advantage is the absence ofFaraday rotadon 
that could obscure the measurement signal. 
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3.2 Precision drilled hole tbrougb tbe magnet 

Another option to guide the laser beam to the sample under an angle of incidence as 
close to an optimal angle (figure 3.2.4), is to drill long precision holes through the 
electromagnet-core and -yoke. In chapter 2 this option was presented as system-2. 
Some issues that have to be investigated are: the technical feasibility to drill straight 
holes as required and the accuracy with which the laser can be focused at the sample. 
Another issue concerns the behaviour of the measurement signal on the large angle of 
incidence. 
To drill a hole of 232mm under an accurate angle is technically possible, but the 
diameter of the drill should be 12mm minimum. This is to avoid the wavering of the 
drill. The complicating factor is that both holes must have their end-point in the centre 
under the same accurate angle. Possibly the last 50 mm can be made with a 1 Omm or 
even 8 mm drill. The surface of the pole tip will have some holes this way which might 
decrease the field strength considerably. Moreover, the holes are a permanent damage 
to the expensive electromagnet. 
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Figure 3.2.1 A precision hole drilled through the yoke and the core to establish an 
entrance and exit for the laser beam. This is 65° with the normal on the surface of the 
sample. 

The cryostat will be mounted with it's optical entrances towards the magnet poles. A 
third optical entrance is recommended for visual verification of the position of the laser 
spot on the sample. In this system the angle of incidence on the sample will at least be 
65° if the sample is placed in the centre. A possibility to decrease this large angle is 
placing the sample out of the centre as shown in tigure 3 .2.2 This could yield in the 
cryostat employed here, an entrance angle of · 56° (90° - 34j. 
To calculate the limiting angle by the magnet, weneed to consider the diameter ofthe 
hole (12mm) and the distance that this hole should remain from the edge of the coils 
(5mm), indicated in tigure 3.2.2 as the distance between the black dots. The minimal 
angle ofincidence becomes 59.7° (90°- 31.3j ifthe sample is placed 8mm out ofthe 
centre. For this option the sample rod has to be adjusted though. 
The next item in this investigation concerns the accuracy of focusing on the sample. 
We consider a parallel beam of lOOJ.lm diameter incident on a sample under an angle of 
65°. Then the laser spot diameter becomes 237J.Lm, which is relatively large compared 
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to the spot diameter in the room temperature set-up, where with an angle of incidence 
of 45° the resulting spot will be approximately 142J,lm, an enlargement of factor 1.67. 
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Figure 3.2.2 Investigating the maximum anglesfor the system 

Moving the sample closer or fluther farm the intended centre position (that could be 
the centre of the cryostat, see tig 3.2.2) causes the reflected beam to shift parallel in 
place with distance a as visualised in tigure 3.2.3. A position shift of the sample of 
±I mm results in a shift a of± 2.37 mm. Therefor due to misalignment or other 
causes, the alignment of the reflected beam that must be lead to the detector through 
the second long hole could be troublesome. Moreover, a shift in position of the sample 
of± lmm wilt result in a position shift ofthe spot ofabout 2.14mm. 

top view 
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Figure 3.2.3 Approximation of the laser heam 's hehaviour fora parallel movement of 
the sample. The shift of the laser spot position on the sample is indicated with 8. The 
heam is shifted parallel with distance u. 

The diameter of the beam when it enters the hole is small, 3mm approximately, and 
should not cause trouble when aligning the set-up. However, if the laser light does not 
arrive at the middle ofthe sample as indicated in tigure 3.2.3, a similar difficulty arises 
like the position shift of the sample as outlined above. 

For longitudinal Kerr measurements the angle of incidence on the sample should be 
large, however with increasing angle of incidence the prohing depth of the laser light 
becomes less and the interaction with the magnetic layers decreases. This results in a 
smaller Kerr signal. The angle of incidence is usually optimal for values around 45°. 
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Measurements confirm this, as shown in tigure 3.2.4 where for various angles of 
incidence the saturation Kerr rotatien angle of a glass/30Á Co/200Á NiO sample is 
measured. The graph shows some noise, the reason for this is that the position of the 
measurement spot could be different for the various angles of incidence and 
consequently more or less reflected from the sample due to the surface condition. 
Although the signal becomes smaller withangles larger then 55°, the effect is stilllarge 
enough. However, a more thorough investigation should be made for samples with an 
optically more dense and less absorbing top-layer like copper that have a small 
penetratien depth and will accordingly have a smaller Kerr measurement signal. 
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Figure 3.2.4 The Kerr rotation signa/ as a function of the angle of incidence on a 
glass/30Á Co/200Á NiO sample. 

The light travels twice a distance of308.4mm through a magnetic field. Because ofthe 
strength of the magnetic field there is an influence on the polarisation of light by the 
Faraday rotation. This phenomena is defined as the angle (~) that a linear polarised 
beam is rotated (in polarisation direction) by a magnetic field (B) parallel to the 
propagation direction of the light [3][10]. The proportionality factor is known as the 
Verdet constant (V). The empirically determined expression, in which the d is the 
distance in the medium traversed, is given by: 

~=VBd (3.2.1) 

With Vair= 0.1045 deg/(Tesla.meter) the resulting Faraday rotatien is 0.06° at 1 Tesla [3]. 

Condusion 
The condusion for this option of long holes drilled through the magnet's core and 
yoke is that it is technically possible. Alignment is probably difficult because 
manipulating the sample's position inside the cryostat is not possible and taking the 
sample rod out many times for adjustment is quite awkward. Nevertheless with some 
skill the alignment of the system is no obstacle. 
The magnitude of the measurement signal bas decreased with roughly 35%. With 
samples that have a relatively thick copper layer this could be even more troublesome. 
If this option would be chosen a more thorough investigation of the magnitude of the 
measurement signal is required on the influence of the multilayers composition with in 
particular the top-layer. 
As mentioned above an electramagnet of these proportions is nowadays still expensive 
and the holes through the core and the yoke are a permanent damage to the system. 
Moreover, the field strength will reduce due to the extra holes. The advantage for this 
optical system is that no additional mirrors or prisms need to be used. 
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3.3 Prisms in the new optica! system 

The third option is the use of prisms. These can he used instead of mirrors (figure 
3 .1.1) and can alter the propagation direction of the laser beam in two ways. The first 
possibility is to use the property of total internat reflection. The second option is using 
the prism's deviating property, refraction. Both possibilities are shown below. 

a) Total internal reflection b) Refracting prism 

Figure 3.3.1 The use of prisms in two ways: a) prism in total internal reflection 
mode, b) prism in rejractive mode. 

The laser beam has to he deviated for 25°, towards the sample. This means that for 
total internat reflection (TIR) the top-angle of the prism could also he 25°. This way 
the light on entrance and exit ofthe prism will he perpendicutar to the prism's interface 
thus having the smallest reflection losses. Besides this, the TIR will introduce a phase 
difference between the orthogonal components of the light vector. Assuming 
perpendicular entrance and exit of the light and a refractive index n = 1.5, a phase 
difference arises of 18.42°. The reflection losses are for intensity, equal for both 
components, around 4% on entrance and 4% on exit per prism. Because a relative 
phase shift is introduced, like a mirror under a larger angle of incidence, this option has 
no additional benefit. 

With the prism's property ofrefraction one bas the advantage that no phase difference 
will he introduced if one respects some restrictions (see below). With a carefut choice 
of material and entrance angle we can make the arising amplitude difference also smalt. 
For example: take the refractive index n = 1.6, and the top-angle ofthe prisma.= 38°, 
then withanentrance angle of26° we find the total deviation of 25°. With a bit more 
varlation in materials, a better solution may he found. The transmittance factors for the 
intensity are for the beam entering about 0.96 and 0.93 for the parallel (p) and 
perpendicular (s) component, respectively. For the beam teaving the prism the 
transmittance factors are about 0.975 and 0.91 for the 'p' and 's' component 
respectively. Resulting toss in intensity on the sample is 6.4% ('p') and 15.4% ('s'). 
The loss after the sample is equal. In total a decrease of approximatety 12.5% and 
28.4% in intensity for 'p' and 's' direction respectively. 
F or the light teaving the prism there is the restrietion that the angte of incidence (83, 
tigure 3.3.2) must he smaller than the potarising angle. This potarising or Brewster 
angle is calcutated by the following equation: 

9a = arctan (Ilair I ng~ ... ) (3.3.1} 
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The Brewster angle for the glass-to-air interface is about 32° fora refractive index n = 
1.6 (light flint glass). The relative phase shift for angles of incidence smaller than the 
Brewster angle wilt be I80° or 0°. The critical angle for total internat reflection is not 
important since the polarising angle is smaller and so, more restricting. The Brewster 
angle for the first interface, air to glass, is 58°. Also for the light teaving the prism one 
should have 93 as small as possible in order to get transmission coefficients of 
· comparable magnitude. 
Figure 3.3 .2 depiets the situation for a refracting prism, below the equation for 
calculatmg the angle oftotal deviation (not total internat reflection). 

edcv =-a+ el+ arcsin( n sin(a.-arcsin( n"1 sin 91))) (3.3.2) 

with a. defined as the top-angle of the prism, the refractive index of air to glass is 
defined as n and a. is the angle ofincidence on the prism. The curve of equation 3.3.2 
has a minimum with asymptotic behaviour for smaller angles of el and a steep rise for 
larger angles. Though, a few degrees around the minimum changes the edcv little [3]. 
For aligning the incident laser beam on the prism must therefor be nearly parallel to the 
coils and core, this is parallel to the normal of the sample surface, because the 
deviating angle is rigid and the angle of incidence on the sample should be 25°, as 
pictured in figure 3.3 .2. An additional reason is that with another combination of 
material and angle of incidence more equal values for transmittance in 's' and 'p' 
direction may be found. In this case the values might correspond minutely with the 
angle of incidence. 
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Figure 3.3.2 Prism refracting the incident light, indicating the angles ofincidence on 
the interfaces. Correcting for the incoming laser beam that is not parallel to the 
sample 's surface normalisnot possible by rotating the prism a few degrees .. 

Like in chapter 3.2 we give an estimation ofthe Faraday rotation effect. In this case of 
the traversed distance is about Smm and the Verdet constant is approximately 
528.3 deg/(teslameter). A magnetic flux density of I Tesla will induce a rotation of 4.24° 
per prism. The Faraday effect is an approximately linear effect but dependent on the 
temperature and the wavelength. The magnetic field dependency is very small and can 
be ignored in the range of 0 to I Tesla. Because of the predictabie behaviour it is 
possible to correct measurements with the aid of a computer by subtracting the 
calculated F araday effect from the measured Kerr effect. Ho wever the Kerr rotation 
effect is much smaller than the Faraday effect and to have a reliable corrected 
measurement signal the error in the calculated Faraday correction must be much 
smaller than the Kerr rotation effect. 
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For the optical system the use ofprisms will be a suitable option regarding introduced 
phase shifts if it can be proved that the mentioned Faraday correction can be applied 
successfully. However in aligning the system the incident laser beam on the prism must 
be nearly parallel to the normal on the sample's surface and there will be about 12.5% 
and 28.4% on reflection losses for 'p' and 's' direction respectively. 

3.4 Sapphire windows for the cryostat 

Our cryostat has per optical entrance, three windows. The middle and outer window 
are made of amorphous Quarts, the inner window is made of Sapphire to resist high 
temperature up to 500K. The polarisation state of light might also be affected by the 
windows ofthe cryostat. Depending on the material ofthe window, it can introduce a 
phase difference between the two orthogonal components of the incident light. 
Matenals that have directional dependenee for optical properties are bire:fringent. The 
phenomenon that a material has different absorption for the (two electric field) 
directions, is called dichroism [3]. Arnorphous material is isotropic, it has the same 
refractive index in all directions. We will only consider bire:fringence here, and only for 
uni-axial crystals. 
Uni-axial crystals have different refractive indices in only two directions, the optical 
axis and all directions in the plane perpendicular to the optical axis [3][2]. This is 
similar to the PEM crystal although the PEM bas additional stress-dependency. In 
these two directions the optical path length is different, and therefor the phase 
difference between the electric field components of the emerging wave compared to 
the incident wave can change. Taking the optical axis direction along the 'p' -direction, 
we may write for the occurring phase shift: 

(3.4.1) 

where n. and np are the differing refractive indices in these two directions and Äo 
denotes the wavelength in vacuum. 
The phase difference is strongly dependent on the thickness of the material but the 
thickness ofthe window is not accurately known; a wavelength is about (Äiaser IDmatcrïai) 
400nm. The material, Sapphire, is a natural mineral and has no accurate known 
refractive index. To describe the effect ofbirefringence mathematically is not easy and 
requires tensor-calculation. An approximation can be made for a system with the 
optical axis perpendicular to the propagation direction. In the right basis of electric 
field components, only a phase difference will be introduced between these 
components ofthe wave vector. The amplitude coefficients are taken unity. 
Birefringent material can separate the propagation directions the orthogonal 
components ofthe light wave [3][10], as is shown in tigure 3.4.2. For illustration, the 
direction ofthe optical axis, with the lowest refractive index, is in the 'p' direction of 
the incoming wave. 
The spatial separation of the two components can for this situation be calculated: 

!:la = d tan ( arcsin ( n1 sin 81 /n2 )) (3.4.2) 
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where n2 is n. or 11p, denoted differently as in handbooks: Do or 11e ('o' for ordinary 
wave, 'e' for extra-ordinary wave). The refractive indices for Sapphire: Do= 1.759 to 
1.763, 11e = 1.767 to 1.772 [8]. 

win do 

LPL 

Figure 3. 4.1 Windows: sapphire crystal with the optica/ axis perpendicular to the 
propagation direction. 

In the worst case, with a lmm thick window and 91 = 25°, the spatial separation is 
l.9J.lln, for one passage. The laser spot is about IOOJ..lm. 

Dl 

D2 

window 

sample 

direction of optical axis 
(perpendicular to plane of page) 

Figure 3.4.2 Spatial separation of polarisation stales of the optica/ vector 
components due to birefringence. 

To counteract the unwanted change in polarisation one could make use of phase 
compensation by so-called retarder elements or compensatory. These are made of 
birefringent material on purpose. 
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3.5 New focus distance for the VT MOKE 

Tbe new electromagnet wilt be placed about 1.6m from tbe focusing lens oftbe optical 
system to allow good alignment of tbe optical elements in polar measurement 
configuration. Because we want to use tbe optical system of tbe room temperature 
MOKE set-up (see tigure 2.2), an adjustment bas to be made to focus tbe laser on tbe 
new target. This adjustment can be a new lens or a shift in tbe positions of the lenses in 
tbe optical system. Note tbat tbe focal distances for polar and longitudinal 
contiguration differ by about 130mm due to tbe use oftbe mirror system presented in 
§ 3.1. 
To calculate tbe spot size and focal pointweneed Gaussian opties because oftbe use 
of a laser. Tbe cross section of a beam in Gaussian opties bas tbe shape of a Gaussian 
curve. The commonly adopted definition of tbe diameter of tbe beam is tbe diameter at 
whicb tbe amplitude oftbe electric field bas declined by 1/e from it's peak value. Tbe 
envelope of tbe laser beam is sbaped as presented in tigure 3. 5 .1. 
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Figure 3.5.1 Amplitude and beam contour of a Gaussian beam of light. 

Tbe point wbere tbe beam's wave front is planar (R(z = 0) ~ oo) and tbe beam radius 
ro(z) bas it's minimum is defined as z = 0. Tbe beam radius at z = 0 is called 'waist', 
denoted as roo. Tbe radius of tbe wave front besides at z = 0, is not infinite (parallel 
beam) but will acquire a radius of curvature R(z) in tbe propagation direction. Tbe 
expressions tbat describe tbe radius of tbe curvature and tbe beam radius are written 
as: 

(3.5.1) 

(3.5.2) 

(3.5.3) 

Tbe so-called Rayleigh range ZR cbaracterises tbe Lorentian profile of tbe intensity 
function perpendicular to tbe propagation direction [11][12]. Tbe beam radius at z = ZR 
bas grown by ""2. Tbe minimum value of tbe wave front radius is 2zR. 

If tbe Rayleigh lengtb is mucb smaller tban tbe distance z, an approximation may be 
, made wbere geometrical opties is valid. Tbe approximation is called tbe 'far field' 
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approximation, with 9FF as the angular asymptote as given in figure 3.5.1 and IDFF 

indicating the beam radius. From eq. 3.5.2 and 3.5.3 can be written: 

CO (z >> ZR) = IDo z I ZR (3.5.4) 

(3.5.5) 

Without. denvation we present some equations that are used to calculate the properties 
of our optical system. The Gaussian lens formula and the magnification for a thin lens 
are denoted as: 

1/f=.!. = .!.+ __ 1~ 
f s' z 2 

s+-R-
s-f 

(3.5.6) 

(J) I 1 
m- o - --;::======= 

- 00 o - ~(1-s/f)2 +(zR /f)2 
(3.5.7) 

with s as the object distance, s' the image distance and f the focus distance. The waist 
size mo and mo' are the beam radii before (object) and after (image) the lens 
respectively. These properties are schematically given in figure 3.5.2. 

+f 
2(J)'o 

s s' 

Figure 3.5.2 Definition of the optica/ propertiesJor a thin lens. The object-distance 
and -waist radius are denoted as s and aJo. respectively. The image distance is written 
as s' and the image waist radius as CV0 '. 

To calculate all properties wedefine the variables and the system as it is used intheRT 
MOKE opties with figure 3.5.3. In this system use is made of2 lenses. As can beseen 
in expression 3. 5. 7, the magnification m depends not only on s and on the strength of 
the lens, but also on ZR. To obtain a smalllaser spot, m should be as small as possible 
for which we need a strong lens. However a strong lens placed closer to the focus 
point will induce Faraday rotatien due to the presence of the magnet. By placing 
another, negative lens before the focusing lens the latter can be positioned further away 
from the influence ofthe magnetic field [5]. 
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Figure 3.5.3 The optica/ system of the MOKE measurement system for room 
temperature. The PEM is left out in this schematic. The upper drawing displays the 
positions of the /enses, laser and sample. The /ower drawing depiets the Gaussian 
curvature of the beam with the used symbols of the variables used in this paragraph. 

Starting with the analysis of the RT -MOKE optical system brings us to the condusion 
that the waist radius COo and position in the laser need to be calculated. The data given 
are the beam diameter (0.63 mm) at the laser exit (Zu) and the beam's divergence 
(1.3 mrad) as shown in tigure 3.5.4 . 

.-----2m(zu) -o 63mm ··········· 

._lla_se_r --~~-..=>::::=·::::-.:::;4=:::=~==::~]~=~·3mrad 
Zu 

Figure 3.5.4 Available data ofthe HeNe laser. The distancefrom the minimum waist 
to the exit of the laser is unknown, denoted by Zu. The beam 's divergence is indicated 
as 8, the total aperture. The diameter of the beam at exit is 0. 63mm. 

Assuming that the angle 5 given is the total angle in the far field approximation, the 
properties needed for analysis COo, ZR and Zu can be calculated. With eFF = Y2 1.3mrad 
and eq. 3.5.5 we find COo, with eq.3.5.3 the value of ZR. Using eq. 3.5.2 and co(z) = 
ro(Zu) = Y2 0.63mm yields Zu. The values are given in table 3.5.1. 
Now that these values are known the other distances and diameters of the optical 
system of the RT MOKE can be found by using eq. 3.5.3, 3.5.6 and 3.5.7; also 
presented in table 3.5.1. The distances given in tigure 3.5.4 are not very accurate but 
can deviate about 5mm. However the calculated values in table 3.5.1 and 3.5.2 are 
realistic. Moreover, the calculated diameter of the beam on the lens before the sample 
is about 5mm which is in the same order of magnitude as measured. The spot sizes 
given by McGee (70f..l.) [1] and Haarman (95f..Lm) [5] on the sample at S2' are also in 
the right order of magnitude. The Rayleigh length is quite large compared to S2', it is 
the distance where COo remains within roo V2. However the Gaussian focus point S2' is 
still sensitive to the value of S2. Distance S1 is hardly of influence on S1', but it wilt 
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change S2 and therefor m2. In the room temperature set-up it is diflicult to change the 
position of the defocusing lens. Considering the sensitivity of S2 on S2' a experimental 
fine adjustment is needed. Fortunately the magnification is not altered too much by a 
small change in s2. 

±0.11 E-4 
ZR 0.4770 ± 0.035 __;,;.,_ ____ +--·-.. ·---.. - ... -........................ _", __ 
Zu 0.0870 ± 0.0035 ........................................... _ ..... _ .. ,_ .. , __ ", __ , _____ _ 

... !~(~}_,_", ____ . 2.68 "_" ___ " ......................... -___ ............................................... -.... --.... -.. , ___ " __ _ 
-~!.~.~.::...9.:.23 ____ Q_.3_17 __ , !.Q.~Q~..?. ... _, 
s.· -0.04747 ±2.2E-4 

... ~! ....... - ................... _ .. _0.083 __ _...*-_2.:.9.~8 _"_ 
~~' = m2 = mL~.L .!.::.~~:?. ....................... !.QJ.)~:~.-
... ~~L ..................................... ~.:29E::~_", ___ :t~..:.~~E-~---

s2 = o.3 - S1' o.3475 ± o.oo5 -·······-·····-···-······················· ························-·······-··-··-·-···-·-····· .. -·--
.... (~.~!~ ... :::~Q:_9.Q?.l... .. ....................................................................... .. 

S2' 0.89 ± 0.03 -······-·················-················ ·····························-·---········-····-····---·-
m2 2.564 ± 0.125 ............................................... ···--·-·······---···--·-·--······-·····-·················· 

--~~: ...................................... ~~:.9..~:?. .................... !.~.:~J~:~ ... -. 
ZR2 0.022 ± 0.003 ·····························-·-··--···- ······-····- -····-···-····-·-

Table 3.5.2 Gaussion beam properties ofthe optica/ systemfor the room temperafure 
MOKE set-up. The dimension of the given va/ues is meter. 

The next step is calculating the adjustment needed for the new VT MOKE set-up. 
Comparing the Rayleigh length ZRt with s2 and ZR2 with S2' we see that the 'far-field' 
approximation is valid. Using the geometrical lens formula 1/f = 1/s' + lis and 
calculating backwards from the sample position we can find the object and image 
points fortheroom temperature system as given in tigure 3.5.5. Note that the object 
distance S2 has changed by 2mm to 0.346m. The image distance is now 0.9m. In the 
geometrical approximation these values will be used. 

230.6 ···~<:::_ 
811 = -0.~ 

............ S2 = 0.3462 S2' = 0.9 

Figure 3.5.5 Geometrica/ approximationfor the MOKE optica/ system 

For the new MOKE set-up the focus point can be shifted by simply repositioning the 
focusing lens. By keeping length L fixed, with L being S2new + S2ncw' and now equal to 
1.946m (= 0.346m + 1.6m), a shift for position s2 can be calculated: 

11 f= 11 S2new + 11 S'2new = 11 S2new + 1/ (L-S2new) (3.5.7) 
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The new position for the lens, s2, would he 0.2946m from SI', so the focusing lens 
should be shifted 0.052m towards the 'defocusing' lens. 
A new object distance S2 implies a new magnification factor. Unfortunately this has 
changed much with the object distance. For S2 = 0.2946 the factor m changes from 
2.66 to 5.6 which leadstoa waist of 146J,lm, a spot size of 29lJJ.m. A verification of 
the image distance with Gaussian opties using S2 = 0.3475- 0.052, is calculated: S2' 
becomes l.644m. This result is accurate within 8mm compared to the geometrical 
result. As mentioned above, S2 is in this contiguration largely influencing S2' and the 
magnification factor. For example: a AS2 of 5mm results in a BS2' of 0.14m and 
Am= 0.6. Although the beam diameter is larger, which can be a complicating factor, 
the Rayleigh length is largerand offers advantages for adjustment accuracy. 

In order to decide what lens to use, what object distance is needed and what 
magnification it will bring, we present grapbics using the geometrical approximation. 
In the first graphs, tigure 3.5.6, the image distance and the magnification are drawn 
against the object distance for five focus distances 'f. We see that a small 
magnification can be reached for larger object distances. Note that the sum of the 
image- and object-distance (length L) should be about 1.7 to 2.3 meters. The straight 
lines represent a constant S+S' (This distance can be chosen until the magnet and the 
cryostat are positioned and fastened to the floor). For example, choosing a total 
distance (S + S') of 1.9 meter is possible for a lens with f = 0.35 and object distance 
s = 0.465. The magnification to go with this is -3. The maximum object distance 
possible without replacing the optical rail ofthe RT MOKE, is 0.5 meter. 
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Figure 3.5.6 Image distance and magnification as ajunetion ofthe object distance 
for fivefoca/lengths:f= 0.25, 0.3, 0.35, 0.40 and 0.45 meter. 

Another way of finding the optimal distance is provided with tigure 3.5.7 where the 
curves represent the needed focus distance as a function of the object distance for a 
certain totallength L, using eq.3.5.7. Fora certain magnification m, the linear relation 
between f and s can be drawn. As an example we consider a maximum magnification of 
-3. All points on the curve below this line m = -3 may be chosen. Fora length L of 
l.9m and a lens with focus distance f=0.35, we find again an object distance of 
0.465m. 
With this metbod it is clear that to have a smaller magnification a lens with a longer 
focallength is needed. However, since the exact parameters of the laser are unknown 
and it is quite difficult to calculate the new focal distance within 5mm accuracy, it is 
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probably better to find an optimum in an experimental measurement using the available 
lens. The figures 3.5.6 and 3.5.7 can be of help ifthe spot diameter appears to be too 
large after all. 

0,50 s+s'=L 

0,45 ------- L = 1.7 
~ ············L=l.9 
=0.40 --L=2.1 
"i --L=2.3 

,(0,35 

~0.30 
0.25 

m=-2.0 

0,20 ~J<:;.........a ......... --L. ........ ....L--.L..-.........L ......... --L.--....L---.L. 

0,30 0,35 0,40 0,45 0,50 0,55 0,60 0,65 0,70 
Object~ s (m) 

Figure 3.5. 7 Focallengthf as ajunetion ofthe object distance. The distance between 
object and image is denoted as L. Also presented are the lines of constant 
magnification mfor m = -4, -3, -2.5, -2 and -1.5. 

For measuring a homogeneaus (multilayer) sample the spot size is not essential. 
However for performing a series of measurements on a wedge shaped sample, as 
stated in chapter 2 , the spot size is of influence on the maximal practicabie slope of the 
wedge. From the requirement ofperforming 2 measurements per monolayer (~ 2Á) we 
can derive a relation for the maximum of the slope that can be measured with a eertaio 
spot diameter. Assuming a spot size cj,, with the distance between measurement spots 
(a), we may write for the tangent ofthe angle a ofthe slope: 

tan a= I monolayer I ( 2 measurements) = 2A I 2(cj, +a) (3.5.8) 

For the maximum slope, with distance a= 0, and a spot diameter of IOOJ.lm this is 
equivalent to 50 monolayers and I 00 measurements per I Omm sample length. 
Figure 3.5.8 depiets the wedge shaped multilayer in simplified form. In situation A the 
spot size is smaller than the monolayer between 'steps'. Situation B shows a laser spot 
overlapping more than one 'step'. 

B 

monolayer step 

Figure 3.5.8 lnfluence ofthe laser spot diameter on the measurement situation. 
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3.6 Discussion and condusion 

In this last paragraph of this chapter we will compare the three options for the optical 
systems as treated in the first three paragraphs. The most thoroughly investigated 
option is without doubt the mirror system. One reason is that from this system one 
could investigate the effect of phase shifts and amplitude differences in general 
between the orthogonal components of the light vector that were introduced after the 
PEM, before this light is incident on the sample. 
Apart from alignment consideration the options produce measurement signals that are 
approximately equal in magnitude. The double mirror system and the prism-system 
have a smaller angle of incidence on the sample compared to the 65° of the 'drilled 
hole' system but the output signal was 30% larger (figure 3.2.4). This value must be 
corrected for the reileetion Iosses ofthe double mirror or prism-system, about 30% as 
well. For exact calculation a more reliable measurement for the output signal as a 
function of the angle of incidence should be made. However, for Iess transparent 
samples the result will be more in favour of the double mirror or prism-system (§3 .2). 
The prism-system has unequal reileetion losses for 's' and 'p' direction on the glass-air 
and air-glass interfaces but as explained in § 3.1 this w~s oflittle consequence. 
The prism- and the 'long hole' -system do not introduce phase shift, the 'long hole' 
system does not even introduce amplitude ditTerences between the components of the 
optical electric field vector. However the phase shifts and amplitude differences 
introduced by the double mirror system are actually very small and of trivial influence. 
Moreover the most important properties are the values of the magnetic fields where 
the magnetisation changes and they remain unaffected. Usually ellipticity and rotation 
have also approximately the same proportionality factor with the magnetisation, hence 
the ellipticity and rotation graphs as a function of the applied field will have the same 
appearance. 
Consiclering all the remarks made in the paragraphs dealing with these optical systems 
and the above mentioned we conetude and vote in favour of the double mirror system. 
The choice has an extra advantage since it also allows the use of prisms with the 
designed system that is presen~ed in paragraph 4.5. 
A small obstacle to be removed in case of the double mirror system is the different 
focus length for the longitudinal- and polar- measurement situation. Therefor two 
positions for the (new) lens should be found. The choice on the lens wiU have to be 
made with experiments and depends on the required resolution for the scanning 
system. The window' s effect will be still a surprise, but the introduced phase could 
probable be experimentally neutralised with compensator elements as mentioned in 
§ 3.4. 
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4 Design ofthe VT MOKE system 

The element of the new system with most influence on the design, after the magnet, is 
the optical system. As stated in chapter 3 we will make use of a double mirror system, 
which is outlined in paragraph 4.3. The new magnet needs new polar pieces (§ 4.2) 
and a 8 kW power source. This power souree and the controts that have to be made 
for computer operation are considered in paragraph 4.4. Paragraph 4.5 contains the 
description of the supporting components. 

4.1 Basic design of the VT MOKE 

The design is not a development of element by element because the solution to 
problems requires usually a combination of these elements and therefor a parallel 
investigation. A general idea for design will be presented first, in the tigure below, for 
a better understanding of our intention. Electramagnet and cryostat are mounted 
independent from each other. This is to prevent vibrations arising from changing the 
magnetic field, to disturb the measurements. These vibrations have been observed 
during measurements with the room temperature set-up (RT MOKE). Note that if 
vibrations do not occur, the construction could be simpler. 
To change the measurement contiguration from longitudinal to polar and vice-versa, 
the magnet will be tumed after the cryostat is lifted from between the polar-pieces. The 
idea is to push the cryostat form below, through a cylindrical guide (figure 4.1.1). This 
cylinder, together with a special construction must secure the position ofthe cryostat. 

detector 

analyser 

lens 

Figure 4.1.1 The ideafor design. 

cryostat 
'tail' ~-+-tl-'1 

pushrod·~ 

The optica! system is shared with the room temperature set-up. The laser and the other 
elements must therefor be directed towards the VT MOKE, as is schematically given in 
tigure 4 .1.2. 
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The double mirror system will be attached to the cryostat. The extending arms holding 
the mirrors will fold backwards before the cryostat will be raised and the magnet wilt 
be tumed 90°. A sketch ofthe double mirror system is presented in tigure 4.1.3. 

cryo~~rr-_· _._ .. -:.;...:~l::;;.._ ___ --;.:----+! .. 1-····_···························· Juer 

~~-----""'~~!-!----+· --············ ........ . 
~~ro-il--~~~:~-·r_e __ ·~···-~~~,--~ I ~----~~ 

I 
I 
L. ..................................................................... .J 

Figure 4.1.2 Combining the room temperafure set-up with the variabie temperafure 
system. The laser, the /enses and the PEM are placed on a breadboard for optica/ 
e/ements and mounted on a rotating base which a//ows that part of the optica/ system 
to rotale easily to the other set-up. The detector, placed with the lens and analyser on 
an optica/ rail, can be placed on the breadbord 

cryostat 

Figure 4.1.3 Representation of the double mi"or system. This system uses two 
mi"ors to rejlect the laser light towards the sample, and two mi"ors to rejlect the 
light towards the analyser. 
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4.2 New polar-pieces 

The shape of polar-pieces is usually of influence on the shape of the magnetic field. 
Calculations can be quite difficult and would take much time. Fortunately, there are 
computer-programs that can make estimations of the magnetic field for various shapes 
of polar-pieces. Under circumstances it is also possible to make a simpte linear 
calculation to estimate the field. The shape of the polar-pieces is of influence on the 
design ofthe cryostat-holder (see § 4.1 for an overall view). 

Computer calculations 
The program 'OPERA' can be used to make calculations ofmagnetic fields, in 2 or 3 
dimensions using the finite element method. The program is not easy to use, but 
requires skill and knowledge. With this program I. v.d. Veen of the group Electro 
Mechanics and Power Electronics calculated the field values for various shapes of 
polar-pieces. With a 2 dimensional model of the electromagnet and an estimation for 
the number of windings (see further) calculations are performed that calculate the 
trajectories ofthe field lines. 
First the results: it seems that there is only a small difference in magnetic induction (B) 
for the various shapes as shown in the tigure below. 

B = 1.19T B = 1.23 T 

80 100 

B = 1.23 T 

140 
I( )0 

100 

B = 1.20T 

120 
' ) 80 

B = 1.22 T 

200 
I( )0 

80 

Figure 4.2.1 Magnetic induction computer calculation, various polar-piece shapes. 

This result needs to be explained. Because iron bas a permeability that is at least a 
1000 times higher that the permeability of air, and therefor an equally lower magnetic 
resistance, one would expect the field values to be higher in the conical shaped polar
pieces where the flux would converge. This however, only works with a (constant) 
magnetic flux souree (the current souree in electrical analogy) like solid magnetic 
materials. In the linear reach of the magnetic permeability we can make an estimation 
(see below for the electrical analogue of a magnetic circuit), for an easy polar-piece 
shape . We can represent the air-gap and iron pieces as resistors. Crucial is that the 
resistance of the yoke of the electromagnet is negligible, making the other branches 
parallel to the 'current' or 'voltage' source. 
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R air-I Rair-2 

Riron-1 R iron-2 

'Target' ~ ~'lcak' 
11 

field 
souree 

core + yoke 

Magnetic circuit Resistor analogue Electra-magnet with polar-pieces 

Figure 4.2.2 Resistor analogue ofmagnetic system. 

Fora constant flux souree the resistance ofthe apart from the centre, 'leakage-flux', is 
of influence on the field at the 'target', the centre. For a constant field souree the flux 
through the 'target' remains equal, only leakage-flux increases for the decreasing 
'leakage' resistance. So the shape of the polar-pieces in case of a field souree seems 
hardly important for a constant field souree like the electro magnet. 
Increasing the flux besides the centre, the target, is even disadvantageous because it 
wilt increase the self-induction of the system which slows down the building of the 
magnetic field. Another reason why the flux may not exceed is to keep the yoke from 
saturating. Saturation increases the resistance of the iron, causing a decrease of the 
magnetic induction. 
If this model with the two branches was completely true in practice we could just make 
a thin cylinder. However, at the inner edges where the iron changes from one diameter 
to a smaller one, the material wiJl saturate and increase the resistance on these points 
(see tigure 4.2.3). Then the entrance diameter becomes smaller, and results in a field 
smaller than anticipated. For this reason a conical shape wilt prevent problems. 

Figure 4.2.3 Field lines and saturation on edges. 

Another reason why the polar-piece should not be to smalt is that the field lines wilt 
spread from the surface tip, decreasing the field density and thus resulting in a lower 
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magnetic inductance. Enlarging the surface of the tip will prevent the decrease of the 
field density in the middle of this surface. F or homogeneity of the field around the 
target point, it is also favourable to have a diameter at the pole-tip as large as possible. 
Concluding we may say that the reason for conical polar-pieces is to have a negligible 
resistance in the circuit by means of a large iron core and, to make the self-induction as 
small as possible, a small pole-tip. A gradual decrease will also have lower resistance in 
practise, so in case of a non-ideal field souree convergence of flux is possible. 

A simpte estimation in linear reach of the permeability J.1r can be made using the 
magnetic equivalent ofthe resistor analogue[16]. 

or LHï li =NI simplified. 
I a i 

. B dBcj) Now Wtth H=- an =-
AA A' 

1· 
the equation can be written: NI = cj) · L A 

1 

i i J.lo J.lri 

(4.2.1 &2) 

(4.2.3 &4) 

(4.2.5) 

Current times the number of windings, NI, is the applied 'voltage' , cj) is the magnetic 
flux 'current' and the summation is the total magnetic 'resistance' I: Rï. 

To calculate the magnetic resistance ofthe elementsin the magnetic system, the system 
will be devided into parts denoted with a character as presented in the tigure below. 
The electramagnet has polar-pieces consisting oftwo cylindrical parts, '1' and '2'. The 
diameter of part 2 is 80mm. Element 3 is the cylindrical space as a continuing of the 
80mm diameter from the polar-piece; a permeability of air is assumed here. Space '4' 
represents an air cylinder continuing in diameter from part '1 '. Using tigure 2.2.1 to 
calculate the length 1 and area A of the elements the magnetic resistance can be 
calculated. 

y yolce r························l 

i 

1'----'1-----i..,..--1'--'11 
I 

I 
lr----+_.""--k-----,11 

. I !.. ........................ , 

Figure 4.2.4 Resistor analogue of magnetic system. ldentifying the part of the 
magnetic system and the resistor diagram. 
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ly = 1.015 m Ay = 0.0513 m1 

Ie= 0.109 m Ac= 0.04083 m1 

h = 0.015 m At= 0.04083 m1 

h = 0.02 m A1 = 5.02655E-3 m1 

h = 0.08 m A3 = 5.02655E-3 m1 

4 = 0.122 m ~=At - A1 = 0.0358 m1 

lair = 0.152 m A.ïr = 0.04083 m1 

with J.1r = 5000 V si Am 

Ry = 3.957 E-3/IJ.o ANs 
Re= 0.534 E-3/IJ.o .ANs 
Rt = 0.0735 E-3 /!Jo A!Vs 
R1 = 0.796 E-3/IJ.o ANs 
R3 = 15.916 /!Jo ANs 
R. = 3.4077 /!Jo AN s 
R.ïr = 3. 7228 /!Jo AN s 

The maximum value of 'NI' can be derived from measurement, for: B = 0.59 T at 
200 Aandan air-gap of0.152 m. With the value ofRj, &.: and R.ïr calculated: 
NI= B Ac {Ry +Re+ R.ïr) ~ 66000 AW {Ampere-Windings) 

In the centre the estimated field with cylindrical polar-pieces is about: 

{4.2.6) 

new polar-pieces 
From our calculations we conetude that the shape of the polar-pieces is not extremely 
important anymore and we can design the shape to our needs. At this point some ideas 
on the shape of the cryostat holder and the mechanism to change contiguration are 
made. The cryostat will be lifted to a height were the space between polar-pieces is 
Iarger then (80mm • ...J2) were the magnet can be tumed without touching the magnet 
The strength of the field will now depend on the distance between polar-tips. 
Technically there are also some considerations. Conical polar-tips can be made, but 
with a small cylindrical edge at the tip it is much easier (and faster) to make. 
The pole-caps are made of 2 pieces. It is possible to construct the pole-cap from one 
plate, in 1 piece, but it will cost much more. Also the Ioss of field strength due to a 
possible air-gap(<< 0.1mm) is less than 0.5%, and practically negligible. The material 
used is Steel-37 which will have a smalt renmant magnetic field. For our purpose, this 
is of lesser importance because the field will be measured directly during measurement 
with a Hall-probe. We do not use the current as a measure for magnetic field. After 
construction, the pieces will be heated to approximately 550° forsome hours, where 
after cooled very slowly (closed oven, heater out). This way material tensions will be 
removed to obtain magnetic homogeneity. 
For the polar-measurement contiguration there must be a hole through the pole-cap. 
Only 2 caps are made, 1 with and 1 without hole. Unless it will give a not-negligible 
loss of field strength, and a third cap wiil be made, the advantage is obvious: no need 
to change this heavy polar-piece. 
With the new polar pieces (§ 4.2) and with an airgap of80mm, the magnetic induction 
is 1 Tesla. 
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Figure 4.2.5 The shape of the new po/ar pieces for the Varian Associates V 3400 
electromagnet. 

4.3 The mirror system 

Once was decided that the V3400 magnet should be used, the difficulty of the optical 
system was introduced. The first choice is to use 'system-1' as shown in tigure 2.2.3. 
which requires the redirection by prisms or mirrors. The double mirror-system 
presented bere gave good results in measurements. The system is connected to the 
cryostat to avoid vibrations from the electromagnet. This design can also support the 
option of using prisms. In this chapter the design of the mirror/prism positioning 
system and attachment to the cryostat is treated. After some considerations for design, 
we will end the paragraph with the final design and details for construction. 

Considerations and requirements for design: 
1) The mirrors must redirect the laser beam to enable maximum angle of incidence as 
will be determined by the flow cryostat. 
2) As stated before, the mirrors or prisms should not be in contact with the magnetto 
avoid vibrations due to the change of the magnetic field. (Here is assumed that the 
cryostat will not be moved by the magnetic field.) 
3) The mirrors/prisms positioning-system must enable focusing on the sample because 
the sample might not be positioned in the centre (see tigure 4.3.1). 
4) A magnetic field could induce forces on the positioning-system: the construction 
must be rigid and made of non-magnetic material. 
5) The optical activity of mirrors or prisms should not be magnetic field dependent 
6) When changing the measurement configuration, the mirror-positioning system can 
get in the way with the cylinder and the mould that fixates the position of the cryostat. 
The extending pieces ofthe system should be removable, 'retractable' or foldable. 
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These considerations may give a starting point for design, and a guide to evaluate 
idea's. 

Position adjustment for the mirrors or prisms to focus the laser beam on the sample is 
necessary because there might be ditTerences in sample thickness or position. Possibly 
we'll attach samples to both sides ofthe sample-holder (§ 4.4). Figure 4.3.1 shows all 
possibly needed directions of movement However the number of necessary direction 
adjustments can be reduced. The directions are given by Greek symbols. 
Height adjustment a. is not needed since the mirrors are large enough and accurate 
construction is possible. Adjustment f3 is left out because it is replaced by precision
turning of rotation m combined with movement y. This ensures that the mirror can be 
placed on the line of maximum angle of incidence. With movements y and m all 
focusing distances can be reached. Important is that the mirrors centre of rotation 
coincides with the mirror-plane which makes adjustment easier. 

cryostat 

Figure 4.3.1 Possible adjustment movements. 

Final design of the double mirror system 
Now that the necessary adjustment motion-directions are known, the construction of 
the joints, rotation and translation elements can be developed. At the time of the final 
drawings adjustments were made to improve the strength of the construction and 
simplify the design, because the final form of the polar-pieces created more space. As 
indicated in chapter 3, the mirror-system should consist of two times two mirrors to 
give good results. The mirrors positioned in the contiguration as presented in the 
sketch below will give the smallest possible angles of incidence on the mirrors. 

Figure 4.3.2 Double mirror system, principle. The mirrors are denoted with the 
circles ml and m2. 

In this system the mirror-arms must fold backwards when measurement contiguration 
will be changed to 'polar' contiguration. By specifically choosing the place of the joint 
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one can make sure that the arm in back-folded position is within limits of available 
space. 
The place of the sample might not be in the middle of the cryostat. For this reason an 
adjustment range is made, allowing varlation of +8 to -5 mm inside the cryostat sample 
space. To allow this large adjustment-range the mirrors must be quite accurately 
positioned, taking into account the limited space. For only one mirror-arm these mirror 
positions are outlined, in tigure 4.3.3 where the mirrors are indicated with the circles 
The laser beam parallel to the coil must pass mirror m2 before it is reflected towards 
the sample by mirror m2, and because mirrors do have finite dimensions distance 'c' 
must be large enough. Moreover, to compensate for a beam not parallel to the core 
and the coils, distance 'c' should betaken even larger. Ifwe take distance 'c' larger, 
weneed a larger distance 'b' (or 'a') for which there might not be enough room. This 
sketch shows that in situation 'b', the mirrors need to be placed fluther ftom each 
other compared to the situation for the light from point 'a'. In situation 'b' which is the 
most critical, the laser beam makes very smalt angles on the mirror. 
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Figure 4.3.3 Positioning the mi"ors. 

The translation movement (y, see tigure 4.3.1) is driven by a spindle. A sliding 
mechanism with a special form ensures a stabie movement A sketch of the principle is 
presented in tigure 4.3.4. The dimensions ofthe construction are chosen to be not too 
smalt. The inner part is piece of the mirror arm which is attached to the ring around the 
cryostat. The mirrors are connected to the translating element. 
In folded position the total height ofthe mirror-system should also be less than 30mm. 
This measure is related to the estimated total dimensions of the contraption: when 
ordering the cryostat an estimation of the required space is made to determine the 
length ofthe cryostat's 'tail'. More on this subject can be found in paragraph 4.5. 
To conneet the mirror-arms to the cryostat, a ring is made which clamps to the 'tail', 
above the 'sample-box'. The ring is constructed in two parts: the first piece with the 
joints and the second to tighten the ring around the tail. Inquiries at the Oxford 
company ensured that this is possible without any problem. Figure 4.3.5. shows the 
principle design of the ring. Also in this tigure a principle sketch of the joint type is 
made. 
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Figure 4. 3. 4 Principle of Iranslator mechanism with spindie and joint-piece. 

Figure 4.3.5 Design of aftachment ring to the cryostat, andjoints. 

The last element of the mirror construction is the conneetion of the mirrors to the 
translating element. Smalt holes are drilled through this element on the place where the 
mirrors should be connected. A bolt through the hole is fastened with tension-rings. 
This way the bolt can still rotate in a centred position. The mirror-holder is connected 
to the end of this bolt. Schematically presented in tigure 4.3.6, we can see the 
translater element of one side and the bolt-conneetion for the mirror. 
From these presented principles a tinal design is made and a sketch of the tinal result 
can beseen in tigure 4.1.3. The technical-drawings for all components are available in 
the room ofthe set-up. 

mirror 
holder r·· ·o 'l mirror 

L ............. .J~ 
Figure 4.3.6 Connecting the mirrors to the translating element. 
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4.4 The power supply unit with computer control 

The Varian VFR 2501 power supply can deliver a dc-current of approximately 185 A 
at a voltage of 45 volts. The current regulated power supply contains electrical circuits 
that proteet this device against over-temperature due to coolant faiture and over
current. Furthermore there are protective circuits against over-power of the current 
regulator transistors and overlead of the collector voltage supplies. 
The power supply bas originally a mechanism and electrical circuit, the 'fieldial 
regulator unit', to stabilise the magnetic field or to perferm field sweeps with time and 
field settings. As the new system will be fully automated, the 'fieldial' regulator unit 
will be redundant. However, some adjustments have to be made to prepare the power 
supply for use. 

:··························· .. ···············---.-······················-, 
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I A A I I ~ 'I' : 
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Figure 4. 4. 1 Block diagram of the power supply system. 

The signal input from the 'driver amplifier', the signal output from the regulator unit, 
will become the new input for the power supply. In this way, all the protective circuits 
remain operational. The existing field reverse switch is manual and difficult to modify. 
Another current switch will be build using so called, power FET' s. The option to use 
magnetically activated relays is to expensive. F or the power switch only 4 FET' s are 
required. The principle set-up for the current switch is outlined in tigure 4.4.4. 
The last necessary alteratien concerns an adjustment of the controle signal. The input 
line of the driver amplifier appears to be biased with a voltage of -70V. The cause of 
this is not discovered, although it is probably no fault. A solution is found to evereome 
the problem by using a special amplifier. This amplifier bas electrically separatedinputs 
and outputs. lt's power supply is is a de/de converter. The isolation instrumentation 
amplifier, IS0213, is an integrated product from Burr-Brown. Figure 4.4.3 displays 
the principle. 
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Figure 4.4.2 The cu"ent switchfor the VT MOKE set-up. The FET's are represented 
by the switches. Pair A fl! pair B is activated, depending on the required field 
direction. 
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Figure 4. 4. 3 Principle of the isolation instromenlation amplifier. 
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4.5 Supporting constructions for the VT MOKE system 

In this paragraph we will deal briefly with the constructions that are needed to put the 
magnet and the cryostat on their place. Also in this paragraph the mechanisms to 
secure the position ofthe electromagnet on it's rotating base and the position ofthe 
cryostat in elevated position are explained. The calculation for the 'tail length' of the 
cryostat and the construction of the rotating platform for the optical breadbord close 
this paragraph. The design is an etaboration of the idea presented in tigure 4.1. 

'ti" 
!"T=="='''·=·===~=:;:;:;: .... ~~··;;;i\ =.===n ~cryostat support 

...... ~ ... 
guide and 
position loek 

rotating base 

magnet table 

height adjustable 
~ feet 

Figure 4.5.1 Supporting constructions for the new MOKE set-up. 

The cryostat needs to be mounted rigidly on a supporting construction. During 
measurements the cryostat must be fixed in its's place. However to change 
measurement contiguration the cryostat has to be lifted before the magnet may be 
tumed. To achleve this the tail of the cryostat will slide through a cylinder (guide) 
when lifted but setties on the cylinder during measurements where it is tightened and 
locked in position. The length of the guide is about 1.5 times the diameter. This is a 
practical value for stability and smooth sliding. The guide is made in two pieces of 
which one (part A) is mounted to the support and the other part (B) connected to 
part A with two tightening bolts, supported with four conneetion pins. 

Cryostat guide 
I 

i 

0 

The supporting construction, a tripod, is mounted to the floor. This is to proteet the 
cryostat. If vibrations from the floor appear to be disturbing it is possible to disconneet 
the tripod from the floor and insert vibration absorbing elements between, or insert 
those element between the legs and the table-top. 
The magnet is placed on a small support, also adjustable in height, which is not 
mounted to the floor. It's weight of 850 kg ensures immobility. The rotating base 
between the magnet and the support needs some additional security precautions to 
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prevent rotation ofthe magnet when the cryostat is positioned between the poles ofthe 
magnet. lnside the rotating base some holes will he drilled in a ring. A precise pin will 
fit in to loek position; this is done manually. As an extra precaution the same device 
can he made electrically: only if the cryostat is positioned at a certain height this loek 
will he released. This device (magnetic latch) will unlock only if electrical power is 
applied. 
To move the cryostat from between the poles use can he made of a push rod, 
connected by a transmission and a crank. The transmission is constructed in a way that 
it holds it's height and prevents the cryostat from falling. This mechanism can he 
bought: a suited jack with a stroke of about 200mm wil do. The bottorn of the cryostat 
is strong enough to resist the weight of the cryostat, cables and tubes for Helium and 
vacuum included. The jack is connected to the magnet support. 
The next item concerns the taillenght of the cryostat. The 'tail' is the tube between the 
top of the cryostat and the box with the window below. Before ordering the cryostat 
an approximation had to he made regarding the required lenth of this tail. The bottorn 
ofthe cryostat has to be lifted toa height (c) where the diameter between the polar
pieces is larger then the across corner distance: 80mm (across flats) times ...J2. The 
second consideration is the needed length regarding the guide and the mirror system. 
In risen situation the tail bas to be long enough to allow a 1 OOmm long guide and an 
approximately 35mm mirror system. The last consideration is the preferenee to have 
the He- and vacuum connections above the yoke of the electromagnet. The latter 
appears todetermine the length needed: 360mm. 

coil 

yoke 

Figure 4.5. 3 Tai//ength of the cryostat and rotation platform for optica/ breadbord 

As indicated in chapter 2.2, tigure 2.2.2, the breadbord containing laser, lenses and 
PEM is to be rotated 90° towards the VT MOKE set-up. For this reason a rotating 
platform is made: a tripod with height adjustable feet. To keep the platform parts 
centered one should never tighten the three bolts strongly. Just turn them untill they 
touch the ring. 
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Appendix 

Measurements on multilayers, with and without use of mirrors 

Measurements are performed on a coneetion of samples representing most of the used 
types of multilayer systems. Measurements with three mirror configurations are to be 
compared with measurements without use of mirrors. The mirror configurations that 
are investigated are shown in tigure 3.1.8. The angle ofincidence on the sample will be 
about 35°. The MOKE set-up for room temperature is used to measure the 
configurations as described above. 

The fust multilayer (200Á Ni/19Á Co/18Á Ru/19Á Co/SOA Ni) to be observed, consistsof 
two magnetic layer combinations 200Á Ni/19Á Co (layer A) and 19Á Co/50Á Ni 
(layer B), separated by a non-magnetic layer of 18Á Ru. The combining layers Ni and 
Co are ferromagnetically (FM) coupled and behave as one layer. The magnetisations of 
the layers A and B are anti-ferromagnetically (AF) coupled. 

0,00! 

0,004 

Jo,IXXl 
·i .O,<XM 

······· muiras 
uiuas 

.0,00!~~~~~~~~~~~ 
~ ~ ~ ~ 0 S W B ~ 

llii!JIÛ: fäJ (kADI) 

······· muiras 

-~ -B -10 -S 0 S 10 

llii!JIÛ: fäJ (kADI) 
0,00! 1\w_l\w 

·······m.mnu 
O,<XM - .mnu 

Jo,IXXl 
i-o.<XM 

0,0018 

0,009 

&lXXX) 

me_cn: 

·······m.mnu 
-.mnu 

Jo.
<XVJ • • . , : .. . . -

.0,0018~~~·~··"....,' r-r-"T"""1,.....,-"T"""1--r'-r-l--r'-r-

~ ~ ~ ~ 0 S W B ~ 

ITÇ'IificfEid ~ 

0,0018 1\w_<m 
...... IDnDm 

~ ~ ~ ~ 0 S W B ~ 

llii!JIÛ: fäJ (kADI) 

0,0018 

~ ~ ~ ~ 0 S W B ~ ~ ~ ~ ~ 0 S W B ~ 

llii!JIÛ: fäJ (kADI) llii!JIÛ: fäJ (kADI) 

Figure A. I Kerr rotation and ellipticity measurements to compare measurements with 
and without use of mi"ors. The multilayer consists of two anti-fe"omagnetically 
coupled magnetic layers separated by a non-magnetic layer. 
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At zero field the magnetic moments are aligned anti parallel and the MOKE 
measurement signal will be small. The anti-ferromagnetic coupling between the layers 
will break for higher magnetic fields and the magnetisation direcdons of the magnetic 
layers will align parallel. In this situation the magnetisation is saturated and the Kerr 
signal is maximal. Note that for a change in the applied field direction both layers 
reverse their magnetisation direction. 

The second multilayer we consider is, like the previous one, to investigate the coupling 
strength between cobalt-layers. Here a IOOÁ Co layer is separated from the 30Á Co 
layer by a 7Á chromium layer which results in an AF coupled system. We observe that 
the coupling strength is quite large compared to the previous sample. The magnetic 
field for reaching saturation is much larger as well. 
As expected the double mirror system perfarms welt. Nevertheless for the ellipticity 
signal we encountered some noise. 
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Figure A.2 Ke" rotation and ellipticity measurements to compare measurements with 
and without use of mi"ors. The multilayer consists of two anti-fe"omagnetically 
coupled magnetic layers separated by a non-magnetic layer. 
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The next sample used for our investigation is an exchange-biased multilayer. The NiO 
layer is an anti-ferromagnet that wilt give the comparatively thin FM cobalt layer a 
preferential direction ofmagnetisation [7][15]. The result is that the hysteresis loop is 
not symmetrical with respect to zero applied field. This shift is called the exchange 
biasing field. If a FM layer is grown on the (AF'YNiO layer in a magnetic field or if the 
multilayer is heated above Néel temperature and cooled down in a magnetic field there 
wil1 emanate a uni-directional anisotropy in the FM layer due to the interface coupling. 
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Figure A.3 Ke" rotation and ellipticity measurements to compare measurements with 
and without use of mi"ors on an exchange-biased multilayer. 

The rotation and ellipticity signal are alike in appearance, but differ in magnitude of the 
signal. The result for the rotation in the one _ one measurement contiguration is 
apparently mixed and results in a smaller signal than the original, whereas the ellipticity 
signal measured with mirrors in this contiguration is larger. For the double mirror 
system the rotation signal is nearly equal to the original. The ellipticity signal however 
is aftlicted with noise, probably due to a lower intensity signal caused by the two extra 
mirrors in the optical path. Strangely enough, the measured signal in the one _ one 
situation is larger than the original signal. 

71 



The following sample is also an exchange-biased multilayer (SOOÁ Ni0/30Á NiFe), 
however this system contains an additional ferromagnetic layer (30Á NtFe) which is 
separated by a 20A Cu layer. Due to the thickness of the Cu spaeer layer the NtFe, 
'permalloy', layers are not coupled. The 12A Cu separates the second NtFe layer from 
the NiO top layer to prevent exchange coupling at this interface. 
The change in Kerr signal at small fields, with the narrow loop, comes forth from the 
'additional' layer whereas the asymmetry originates from the exchange-biased layer. 
The total hysteresis loop is a superposition of these effects. 
The effect of mirrors for the rotation signal seems unimportant. The ellipticity signal 
though is significantly improved by the use of mirrors. It is interesting to note that the 
signal in the two_one contiguration is larger than for the two_two contiguration that 
resembles more the original signal. 
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Figure A. 4 Ke" rotation and ellipticity measurements to compare measurements with 
and without use of mi"ors. The multilayer system consists of an exchange-biased 
permalloy layer (NiFe) and an additional permalloy layer which is separated by a 
20A Cu layer. The Cu layer de-coup/es the permalloy layers. 
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The last multilayer system measured, is part of a series of samples to investigate the 
exchange coupling. Depending on the thickness of the Ru spaeer layer the magnetic 
layers could be FM-coupled. For this sample, as it is 'standing on it's own', it is well 
possible that these layers are not coupled but adjust themselves freely to the applied 
magnetic field. 
For this multilayer the best results arealso obtained with the double mirror system, for 
rotation as wellas for ellipticity. 
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Figure A.5 Ke" rotation and ellipticity measurements to compare measurements with 
and without use of mi"ors. The multilayer consists of two magnetic layers separated 
by a non-magnetic layer. 
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