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Abstract 

The subject of this thesis is twofold. In the first part, the design of a new 
magneto-optical Kerr effect (MOKE) setup will be discussed. This setup will 
be used, together with the already existing low-temperature scanning tunneling 
microscopy (LT-STM) to determine the magnetic behavior of ultrathin mag
netic (multi)layers. As to the design, there were several aspects that had to 
be taken into account: (1) it has to be small enough to fit onto the LT-STM; 
(2) movable sample holder; (3) compatible with ultra-high vacuum; ( 4) tem
pcrature range between 4 and 400 K; (5) use of an optical head to simplify 
the alignment; (6) need of a sufficiently strong magnet. So far, all parts are 
designed and installed on the system. The first tests were performed, which 
indicate that the system is correctly working. 

The second part treats the spin properties of a EuS spin filter system. A spin 
filter is a magnetic insulator, which allows spin dependent tunneling with a spin 
polarization of up to 100%. A EuS/Gd magnetoresistance device can be build 
by using the spin filter together with a magnetic electrode, forming a magnetic 
bilayer. Although very large magnetoresistance effects have been reported in 
this system, the magnetic properties are far from understood. The magnetic 
moment of bothEuS and Gd was determined using SQUID and MOKE. Two 
different models were proposed to explain the observed phenomena. In a second 
step, interlayer coupling between EuS and Gd was examined and the results 
were compared toa simple Stoner-Wohlfarth model. In conclusion, the EuS/Gd 
bilayer was found to have a nonmagnetic intermixed interlayer mediating a small 
amount of antiferromagnetic coupling between EuS and Gd. 
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Chapter 1 

Introduetion and Technology 
Assessment 

This master thesis consists of two different subjects. In the first part, the 
emphasis is on the design and testing of a new magneto optical Kerr effect 
(MOKE) setup, enabling us to measure the magnetic properties of ultrathin 
magnetic layers. The second part of the master project deals with the magnetic 
properties of a so called spin filter system. A magneto resistance (MR) device 
based on a spin filter is used to select electrous based on their spin direction. 

In the first part of this introduction, the desing of the MOKE setup will be 
discussed. In the group Physics of Nanostructures (FNA) , a new MOKE setup 
is required. The one build during this master project is used to extend the 
already existing low temperature scanning tunneling microscopy (LT-STM). A 
MOKE setup, attached toa LT-STM has several advantages. First of all, with 
LT-STM, the surface properties of a sample can be determined. The MOKE 
setup can now also determine the magnetic properties of the sample, without 
taking the sample out of the vacuum. A first aim we want to reach with this 
setup, is to examine the behavior of oscillations in the coercive field and the 
exchange bias field of Co/Mn structures, as observed before in our group [1]. 
Below, a short introduetion on both LT-STM and MOKE will be given. We 
will notcomeback on LT-STM anymore intherest of this thesis. 

The invention of scanning tunneling microscopy caused a revolution in the 
field of surface science [2]. In this method, an atomically sharp tip is positioned 
by piezoelectric actuators above the surface of an electrically conductive sample 
(figure 1.1). If the tip-sample distance is sufficiently small, the application of 
a small voltage between tip and sample leads to a quanturn mechanica! tun
neling current. By keeping the tunneling current constant while scanning the 
tip laterally above the sample surface the surface topography can be imaged 
with atomie resolution (figure 1.2). A second aim of STM is to detect the lo-

7 
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Figure 1.1: Schematic setup of the STM [2]. 

cal magnetization of the surface below the apex of an STM tip by making it 
sensitive to the spin of the tunneling electron, thereby imaging the magnetic 
domain structure of the sample. The most important field of interest in ap
plied research is certainly the analysis and characterization for high-density 
magnetic data storage devices. Due to the rapidly increasing data density the 
development of innovative high spatial resolution magnetic imaging techniques 
for characterization and quality control of both media as well as heads is highly 
desirable. Spin polarized scanning tunneling microscopy can be the solution to 
those problems. 

Except for the LT-STM, we have another powerful tool to examine surface 
properties, namely the MOKE. In the last decade, application of the Kerr ef
fect to researches in pure and applied magnetism has been widespread. In 1951, 
Williams et al. were the first to visually observe domain patterns in a ferro
magnet (Co) using the polar Kerr effect [3] . The Kerr effect has also been used 
to study the dynamic processes of domain wall motion. Another application 
of the Kerr effect, started in the nineteen sixties, lies in the examination of 
the magnetic behaviour of small magnetic elements in computer information 
storage systems. Therefore we can conclude that the Kerr effect is a useful 
tool, extensively used in exploring the magnetic behaviour of structures. In our 
research, MOKE will be used because of its ability to measure wedge shaped 
samples. Interlayer coupling between two magnetic layers will be stuclied with 
MOKE. We will go deeper into these effect in chapter 5. 

The second part of this master thesis will treat some of the magnetic proper
ties of a spin filter. Spin filters are becoming more and more interesting in nowa
days research. In this thesis, we are continuing previous research performed in 
our group [4]. We want to investigate in detail the magnetic properties of the 
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Figure 1.2: STM-image of Co-islands on NbAI surface. Image resolution 100 x 100 nm. 
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layers in the spin filter including the possibility of interlayer coupling between 
two layers. In the next part, a short introduetion of TMR and spin filter will 
be given. This will be continued in more detail in chapter 5. 

Befare going deeper into the spin filter system, the tunnel magneto-resistance 
effect (TMR) will be discussed. In this effect, two ferromagnetic electrades are 
separated by an insuiator as depicted in figure 1.3. Such a structure is re
ferred to as a magnetic tunnel junction (MT J). The insuiator in between is thin 
enough, typically around 1-2 nm, to allow a tunnel current to flow. The TMR 
effect is the increase in resistance when the magnetization of the different mag
netic layers is switched from parallel to antiparalleL With optimized junction 
prepara ti on methods and the proper choice of the material for the ferromagnetic 
layers, AlOx-based junctions have a TMR effect of 70% at room temperature. 
In figure 1.3, a MR measurement at such an AlOx harrier is shown. MTJ's 
have a high potential for industrial applications because of the large magnitude 
of the TMR effect. In fact, MRAM's are nowadays starting to be implemented 
in working devices. Possible applications of the TMR effect include nonvolatile 
magnetic memories or magnetic sensors. 

The spin filter system is closely related to the magnetic tunnel junction. A 
spin filter system consists of a magnetic insuiator (figure 1.4). If a current is 
sent through the filter , there will be a selection of spins according to the relative 
magnetic orientation of the spins and the magnetic layer. Spins that are aligned 
parallel to the magnetic layer will tunnel through the insulator, while antipar-
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Figure 1.3: Left: illustration of the tunnel magnetoresistance (TMR) effect. Right: The 
magnetoresistance at low temperature (10K) of a Co/ Ab03 /NiFe junction [5]. 

(a) 
Ferromagnetic 

electrode 

Magnetic 
insuiator 

Electrode 

Figure 1.4: Principle of tunneling of the spin filter system. 

allel aligned spins will be blocked ( figure 1.4 b) . Ad ding a magnetic electrode to 
the spin filter gives us a MR device. As in magnetic tunnel junctions, the tun
neling current is the basis of the working of this device. A current can tunnel 
through the magnetic insuiator to the ferromagnetic electrode. The insuiator 
is magnetic, and therefore its magnetization is going to affect the tunneling 
process. Depending on the relative orientation of the magnetization of the two 
magnetic layers, the tunnel resistance can be either high or low (figure 1.4a). 
This will be discussed in more detail in chapter 5. 

To measure the magnetic properties of the ferromagnetic layers in the spin 
filter, some MOKE-measurements, as discussed before, were performed. MOKE 
can be used, in contrary to SQUID, to measure the magneto-optical signal on 
wedges. This reduces the number of samples needed. Only a few samples, 
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with a wedge, are grown, instcad of making several samples with varying thick
nesses. We used the MOKE-setup as well to observe coupling between two 
ferromagnetic layers. 

In the following chapters, first some general theory about the Kerr effect will 
be treated. Chapter 3 describes a measurement technique for MOKE. In the 
fourth chapter, the MOKE-setup, attached to the LT-STM will bedescribed in 
detail. We will go through all the components that were designed, and do a cal
ibration of the magnetic field. Afterwards, test measurements were performed 
at low temperatures and room temperature. Out of these measurements, a 
characterization of the noise will be made. The last chapter treats the so called 
spin filter system in a MR device, consisting of a EuS/Gd bilayer. The magnetic 
moment of the two magnetic layers will be discussed, as well as the interlayer 
coupling between them. Two models were proposed to explain the behavior of 
the magnetic moment. It seems there is a nonmagnetic interlayer, formed by 
intermixing of the EuS and Gd. As to the coupling, a simple Stoner-Wohlfarth 
model is introduced to explain inverse proportionality of the layer thickness and 
the shift of the switching field. We will go more into detail in chapter 5. 
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Chapter 2 

The magneto-optical Kerr 
effect 

2.1 Definition 

In 1877 the Scottish scientist John Kerr (1824-1907) discovered that the po
larization state of light changes by reflection at the surface of magnetic ma
terials [6]. This alteration is due to a difference in the complex Fresnel re
flection coefficients for right and left circularly polarized light. This difference 
is only present when the materials are magnetized, and its magnitude is ap
proximately proportional to the magnetization. Because the proportionality 
constant is generally unknown, the Kerr effect gives ordinarily only qualitative 
information about the magnetization. However, the use of sharply focused light 
beams results in highly localized monitoring of the magnetic properties of a ma
terial, in contrast to bulk measurement techniques such as the Superconducting 
Quanturn Interference Device (SQUID). 

The Kerr effect affects both the real and imaginary part of the complex 
polarization, inducing a rotation of the main polarization axes ( K err rotation) 
and a certain degree op ellipticity (Kerr ellipticity). The origin of these effects 
can be explained by regarding linearly polarized light as the superposition of 
two circularly polarized components with the same amplitude but opposite 
direction. A relative phase shift between these two components causes their 
resultant to be rotated with respect to its original direction (Kerr rotation). A 
relative change in amplitude between the two reflection components causes their 
resultant to become elliptical (Kerr ellipticity). This is illustrated in figure 2.1. 
Given the complex Fresnel reflection coefficients for right circularly polarized 
light (RCPL, subscript +) and left circularly polarized light (LCPL, -) by 

- - i<P-r_-r_e , (2.1) 

the definitions of Kerr rotation (ek) and Kerr ellipticity (Ek) respectively be-
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co me: 

and 

2.2 Kerr geornetry 

2 The magneto-optical Kerr effect 

r+- r_ 
Ek=--

r+ +r-
(2.2) 

Three different geometries can be distinguished in employing MOKE, depending 
on the relative orientation of the sample's magnetization, the plane of incidence 
of the light and the sample's surface. If the magnetization is in the plane of 
incidence and parallel to the surface (figure 2.2b ), we talk about longitudinal 
MOKE; when the magnetization is perpendicular to the surface, we talkabout 
polar MOKE (figure 2.2a); inthelast situation, the magnetization is out of the 
plane of incidence and parallel to the surface, so called transverse MOKE (figure 
2.2c). The choice of geometry depends generally on the magnetic anisotropy of 
the sample to be analyzed. If the magnetization is perpendicular to the sample 
plane, the employed geometry is the polar one. The angle of incidence, ()i, 

with respect to the normal, is nearly zero and the Kerr effect for this geometry 
is the largest of the three. On the other hand, the longitudinal geometry is 
usually employed if the magnetization lies in the film plane. The Kerr effect 
is an order of magnitude smaller than in the polar geometry. The transverse 
geometry is sensitive to an in-plane magnetization perpendicular to the plane of 
incidence. Therefore, if 100% s- or p-polarized light falls on the sample, it will 
not be rotated. In transverse geometry, the Kerr effect is even smaller than the 
longitudinal one, and therefore, the transverse geometry is seldom employed. 

2.3 Dependenee on optical properties 

In the next section a theoretica! derivation of the Kerr ellipticity and Kerr 
rotation will be given. This will be valid in polar geometry. Measuring the 
Kerr effect in polar geometry, the complex Fresnel reileetion coefficient, in the 
case of semi-bulk, can be written as: 

where 

ii-1 r=--
n+l 

n =n-ik 

(2.3) 

(2.4) 

is the complex index of refraction of light. The indexnis the common refraction 
index (an indication forthespeed of light in the material), k is the extinction 
coeflicient. 
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timet time t+dt 

(a) 

(b) 

(c) 

Figure 2.1: Schematic depietion of the origin of Kerr rotation and Kerr ellipticity. The left 
vector indicates LCPL, the right vector RCPL. The middle vector is the sum of both. (a) Lin
early polarized light can be considered as a superposition of right and left circularly polarized 
light. (b) Kerr rotation is present if a relative phase shift between these two components causes 
a rotation of their resultant. (c) A difference between the amplitude of the two components 
causes their resultant to become elliptical. 
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Figure 2.2: Schematic illustration of the polar, longitudinal and transverse geometries. The 
Kerr effect in each particular geometry is sensitive to magnetization changes along the direc
tions indicated by the orientation of the arrow in the film. M is the magnetization of the 
sample, f(i)((r)) is the incident (reflected) wave vector and N is the normal to the surface. 



2.3. Dependenee on optical properties 17 

Making use of the fact that the complex Ftesnel reflection coefficient can he 
written as r = réP = r( cos 4> +i sin 4>), the following equations can he obtained: 

-2k 
tan<j> = 2 k2 ' n + -1 

(2.5) 

(2.6) 

Here r* is the complex conjugate of r. The Kerr rotation Bk is always small, 
therefore the approximation Bk :::::: tan(Bk) is correct. Making use of equation 
2.2, it can he derived that: 

e (-+. -+. ) tan 4>+ - tan 4>-2 k :::::: tan 'I'+ - '!-'- = ----'----'-------'-----
1 + tan 4>+ tan 4>-

(2.7) 

A combination of equation 2.5 and 2. 7 yields the following equation for the Kerr 
rotation: 

e ~ (k+- k_)(k2 + 1) + (n~k_- n:.k+) 
k~ (n2+k2)2+2(k2-n2)+1 ' 

(2.8) 

where the following assumptions are used: 

(2.9) 

because the indices of refraction and the extinction coefficients of LCPL and 
RCPL are similar. This implies: 

(2.10) 

Taking into account eq. 2.3 and the above assumption of n and k we get: 

(2.11) 

Equation 2.2 can he written as: 

(2.12) 

A combination of eq. 2.6 and eq. 2.12 yields the following equation for the Kerr 
ellipticity: 

(n+- n_)(n2
- 1) + (k~n-- k:.n+) 

Ek:::::: (n2+k2)2+2(k2-n2)+1 . (2.13) 

To derive eq. 2.13, eq. 2.9 and eq. 2.10 have been used again. 
Regarding the equations 2.8 and 2.13 for rotation and ellipticity, respec

tively, the condusion can he drawn that the Kerr effect is present if there is 
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Medium of lncidence 
(n,k) = (nln~: , O) 

Z•zn-1 ---

Z .. :rn----· 

z = z N-1 

2 The magneto-optical Kerr effect 

Figure 2.3: Schematic structure of a multilayer structure. Both the substrate and the 
medium of incidence are semi-infinite. 

optical anisotropy (complex index of refraction for right circularly polarized 
light ii+ differs from the index for left circularly polarized light ii_). 

The Kerr effect is a complicated function with mixed terms of the index 
for refraction and the extinction coeffi.cient. Maximization of the Kerr effect is 
therefore not trivial. It is important to employ an experimental method which 
can measure the larger one of the two Kerr effects at a given wavelength ( see 
also section 3.2.2). 

The above derived theory is only valid for semi-bulk samples, with only one 
interface between the air and the bulk. In our case, we are interested in layered 
structures with several thin layers (figure 2.3). Then the derivation becomes 
more complicated, because we have to take into account the reflections at all 
the different interfaces. The effective Kerr rotation and ellipticity is the sum of 
the polarization changes at the interfaces and some other effects like Faraday 
rotation. This analysis can be carried out theoretically. Since this is outside 
the scope of this thesis, we refer to chapter 5 of [7]. 

Finally, we comment on the surface sensitivity of the Kerr effect. Therefore 
the penetration depth in the material is estimated. The intensity I of the light 
in a material can be written as: 

I(z) = I(O)e-Kz_ (2.14) 

I(O) is the intensity at the surface of the materiaL Kis the absorption coeffi.cient 
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of a material at wavelength >. (in vacuum): 

K _ 4nk 
- >. . 

The intensity of the light is reduced to e-1 at a distance dp: 

-1 >. 
dp = K = 4nk· 

19 

(2.15) 

(2.16) 

dp is the penetration depth of the light. The penetration depthof visible light for 
metallic layers is in the range of 200-500 A. The use of the MOKE measurement 
technique is therefore suitable for surface analysis and examination of thin layers 
of materiaL With this method, a resolution of a few mrad can be reached. 
The samples which will be discussed in the rest of this thesis, consist mainly 
of metallic thin layers. In the MOKE-measurements performed, a HeNe-laser 
with a wavelength of 632.8 nm was used. 
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Chapter 3 

Experimental setup 

3.1 Introduetion 

In this chapter, the optical part of a general MOKE-setup is discussed, as well 
as the measurement technique. In the last two sections, the atomie force mi
croscopy (AFM) and the Superconducting Quanturn Interference Device (SQUID) 
are discussed. These two devices were used to measures properties of some sam
ples discussed in chapter 5. 

3.2 MOKE measurements 

The Kerr rotation and ellipticity are only a small fraction of a degree, and 
therefore an accurate measurement method is needed. In figure 3.1 the basic 
parts of the setup are shown. A monochromatic light beam passes through 
the first polarizer and the Photo-Elastic Modulator (PEM), is refiected by the 
sample, and falls on the detector after passing through the second polarizer 
( analyzer). The sample is surrounded by two coils to genera te a magnetic 
field. The most important part of this setup is the PEM, which modulates 
the polarization of the light. The use of modulation and a lock-in amplifier is 
needed because Bk and Ek are very diffi.cult to detect, being only a small fraction 
of a degree and will be further explained in the next section. In figure 3.2, a 
picture of the act u al optical set up is shown with (a) HeN e laser; (b) polarizer; 
( c) PEM; ( d) analyzer; ( e) detector. In the rest of this section, the PEM will 
be treated as well as the measurement technique that was used. 

3.2.1 Photo-elastic modulator 

The PEM consists of a crystal (Fused Silica) , connected to a piezo-electric ele
ment, which vibrates with a frequency f, as shown in figure 3.3. The oscillation 
of the piezo-electric element causes the phase of the component of the light 

21 
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Figure 3.1: Schematic depietion of the MOKE-setup. 

Figure 3.2: Optica! part of the MOKE-setup; (a) HeNe laser; (b) polarizer; (c) PEM; (d) 
analyzer; (e) detector. 
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Figure 3.3: Oscillation of the birefringent crystal, coupled to the piezo-electric element. 

parallel to the optical axis of the crystal to alternately advance or retard, com
pared to the phase of the perpendicular component. The magnitude of the 
phase change is determined by the amplitude of the vibration. If the amplitude 
corresponds to >../4 for light of wavelength >.., incoming light that is linearly 
polarized at 45° with respect to the vibration direction of the PEM will become 
alternately left circularly polarized light (LCPL) or right circularly polarized 
light (RCPL) (figure 3.4). A Kerr effect introduces a modulation of the inten
sity of the light because LCPL and RCPL have different reileetion coeffi.cients. 
Once the polarized light reflects on the sample, a Kerr rotation or Kerr ellip
ticity can be induced. A Kerr rotation is induced due to a retardation of one 
component of the light, while the other component is passed. A Kerr ellipticity 
is due to a difference in amplitude of both components. 

By using a PEM in the setup, a high sensitivity up to 0.001 degree can be 
obtained. The Kerr rotation and ellipticity can be measured without changing 
the setup (section 3.2.2) and the apparatus we use is useful in a very broad 
wavelength range, between 170 nm and 2 J..Lm. 

3.2.2 Measurement technique 

During the measurement, a lock-in amplifier enables monitoring the f- and 2f
modulated intensities of the detected signal, respectively J(f) and 1(2!) , at the 
same time. The detector signal will be calculated and it will become clear how 
Ok and Ek follow from the modulated intensities. 

The signal at the detector can be determined by a Jones matrix calculation. 
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Figure 3.4: mustration of polarization modulation technique. On the left of the figure, the 
optica! elements are depicted. Next to the elements, the corresponding polarization states of 
the light are shown at different points in time. On the right , the intensity of the light is shown 
along the optica! axis as a function of time. Two sample effects can be distinguished: (a) Kerr 
ellipticity is introduced by the sample (b) The sample demonstrates Kerr rotation, which can 
be measured by interposing an analyzer (b2), whose axis is oriented along the x-axis. 
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The light leaving the souree has an electric field vector Ë. Taking into account 
that the polarizer is at 45° with respect to both the x-axis and y-axis of the 
PEM, the Jones vector may be written as: 

E _ ( Ex \ _ _§__ ( 1 \ 
1 - Ey - J2 1 (3.1) 

for the electric field vector in front of the PEM. The modulation 8 of the photo
elastic modulator with operating frequency f, can be expressed as: 

8 = 8osin(27rft) (3.2) 

which affects the y-component of the electric field vector only. The electric field 
vector after traversal of the PEM can be written as: 

E =(1 0\ _§_(1 \=_§__( 1\ 
2 0 etó . J2 1 J2 etó (3.3) 

This is a complex expression. The actual physical value is the real part of this 
equation. It is convenient to transform from Cartesian (x, y) to circular (r, l) 
coordinates. This can be done by making use of the transformation matrix: 

T = ~ ( 1 -i\ 
J21 

Combining the those two equations gives: 

E ( 1- ieió \ 
E2c = 2 1 + ieió 

(3.4) 

(3.5) 

for the electric field vector beyond the PEM, in circular coordinates. The Jones 
matrix for the reileetion at the sample can be written as: 

R=(r+ o \ 
o r_ (3.6) 

where the complex Fresnel coefficients for RCPL ( +) and LCPL (-) can be 
recognized. The electric field vector after reileetion is: 

E _ E ( (1 - iei6)r + \ 
3c- 2 (1 + ieió)f_ (3.7) 

Transforming this equation to Cartesian coordinates yields: 

(3.8) 

The matrix for the linear analyzer is, in Cartesian coordinates: 
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A = ( cos 4; sin 4; \ 
0 0 

(3.9) 

with 4; the azimuth of the transmission axis with respect to the x-axis. The 
resulting electric field vector beyond the analyzer, reaching the detector, is not 
returned in the original (x,y) basis, but on a rectangular basis that is rotated 
over 4;: 

E4q; = E;;:; [[ ( r + + r _) - iei6 ( r + - r _)] cos 4; + [i( r + - r _) + ei6 (r + + r-)] sin 4;] 
2v2 

(3.10) 
Since the intensity I, which is independent of the basis, is measured, there is 
no need to transform eq. 3.10 to the original (x,y) basis. I is proportional to 
I E4q; 1

2 , so the intensity becomes: 

(3.11) 

where a is the proportionality constant and the asterisk denotes the complex 
conjugate. Substituting eq. 3.10 in eq. 3.11 gives: 

Using the definitions of ek and Ek in eq. 2.1, the intensity can be approximated 
by: 

aRE2 

I~ -2-[1 + 2Ek sin8 + cos8 sin2(4; + ek)] (3.13) 

where 

(3.14) 

The expressions sin 8 and cos 8 can be expanded into Bessel functions J n ( 8o) of 
order n, taking into account that 8 = 8o sin 27T ft: 

sin8 

cos8 

2Jl (8o) sin 21r ft+ 2h(8o) sin 61r ft+ ... 

Jo(8o) + 2h(8o) cos47rft + ... (3.15) 

The higher harmonies are neglected. The intensity in eq. 3.13 can be written 
as: 

I~ I(O) +I(!) sin 21r ft+ I(2!) cos 21r ft (3.16) 
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where 

o:RE2 

Io=--
2 

I(O) = Io[1 + Jo(8o) sin2(<jl +Bk)] 

I(2f) = Io[2h(8o) sin 2(</J +Bk)] 
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(3.17) 

(3.18) 

(3.19) 

(3.20) 

I(f) and !(2!) depend not only on Ek and Bk, respectively, but also on the 
Bessel functions J1 and J2. They are maximal at different values of 8o: 

is maximal for 

is maximal for 

8o ~ 1.89 

8o ~ 3.05 

These values are used as retardation in the settings of the PEM. So in order to 
maximize the S/N ratio, 8o depends on wether the Kerr rotation or the Kerr el
lipticity is measured. Both Kerr effectscan be measured together, by changing 
the maximum retardation to an intermediate value or by switching the retar
dation between readout of the f and 2f lock-in outputs during measurements. 

If the angle between the axis of the analyzer and the x-axis, <jl, is small, 
then, because Bk is small, the following assumptions can be made: 

sin2(<Jl+Bk) ~ 2(</J+Bk) << 1 

I(O) ~ Ia 

The equations for I(f) and !(2!) can be written as: 

(3.21) 

(3.22) 

If <P < < Bk, the Kerr rotation can be obtained directly, according to eq. 3.22. 
In practice however, Bk is only a tenth of a degree. Therefore we need an 
extremely accurate zero setting of <jl. This corresponds to a zero 2f-signal if no 
magneto-optically active sample is present. The zero setting of <P is obtained 
by rotating the analyzer till zero 2f-signal. This setting of <P is not critical in 
the following procedure: if <P is small but non-zero, this will cause an offset in 
!(2!). The offset will cancel out if the signal is measured for both polarities 
of the magnetization direction of the sample, by switching the direction of the 
magnetic field. 
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3.3 AFM setup 

Later on in this thesis ( chapter 5), the roughness of thin films used in spin 
filter devices, discussed in chapter 1, will be measured. For those roughness 
measurements, atomie force microscopy ( AFM) is used. AFM is a widely used 
technique to determine the roughness of a surface. Using the right scanning 
mode and settings, it is even possible to measure with atomie resolution. The 
general idea is to scan the surface with a probe. This probe, referred to as tip, 
is mounted on a holder, the cantilever. Our measurements are done in AFM
mode. This involves measuring with a nonmagnetic tip. In this mode the tip 
is used to measure the interaction due to the Coulomb force and the Van der 
\Vaals forces. The interaction of the tip causes a change in the orientation of 
the cantilever, which is measured. 

Three different methods can be used to scan samples: contact, non-contact 
and semi-contact mode. In our case, the samples are scanned by semi-contact or 
tapping mode. The advantage ofthis mode with respect to contact mode (where 
the tip continuously touches the sample) is that no, or at least less, damage is 
done to the sample and the spatial resolution is better than in the non-contact 
mode (where the tip never touches the sample). However the spatial resolution 
is still below the atomie resolution of the contact mode. Working in tapping 
mode means that the surface is briefiy tapped while scanning the sample. By 
briefiy tapping, we mean jumping from the attractive to the repulsive region 
of the surface potential (figure 3.5). The cantilever is driven in its resonance 
frequency. By means of a feedback signal, the amplitude of the cantilever is 
maintained constant. As a result, the feedback signal contains information 
about the topography of the sample. A measurement is performed at several 
locations on the sample. A combination of all these measurements forms a 
image of the surface. 

3.4 SQUID setup 

In the secoud part of this thesis, the result of SQUID measurements are pre
sented ( chapter 5). In this section, there will be a short introduetion about the 
SQUID method. The SQUID (Superconducting Quanturn Interference Device) 
is currently the most sensitive tool to measure magnetic moments. It consists 
of a superconducting ring that contains a Josephson junction. A Josephson 
junction is an interruption between two superconductors, which couples them 
weakly. The operation of the device is based on the quantized state of the ring 
and the non-linear behavior of the junction. Close to the sample there are two 
other small coils, that piek up the magnetic signal from the sample. The field 
in the system is swept by applying a current through a coil. Both the detection 
coils and the magnet are in liquid helium. In the system used, it is possible to 
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Figure 3.5: Van der Waals potential curve. Three regions are distinguished: contact, semi
contact and non-contact region. 

do measurements at a temperature range between 1. 7 and 400 K. To warm up 
the system, we can make use of the gas heater, that heats the helium gas flow, 
and the sample chamber heater, that warms up the sample chamber. In our 
system, a resolution up to 0.5 nAm2 can be reached. 
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Chapter 4 

Development of the ultra high 
vacuum low-temperature 
MOKE-setup 

4.1 Setup 

4.1.1 Introduetion 

The magneto-optical Kerr effect is a well established technique for measuring 
magnetic properties and already known for a long time. In the group Physics 
of Nanostructures (FNA), there are already two MOKE-setups, one to measure 
at room temperature, and the other to measure at liquid Helium temperature. 
The purpose of this research project is to design another MOKE-setup, to be 
attached to the ultra high vacuum (UHV) preparation chamber of the already 
existing low temperature scanning-tunneling microscope (LT-STM). A com
bined MOKE- LT-STM setup offers the possibility todetermine the magnetic 
properties (with MOKE) and surface properties (with STM) without taking 
the sample out of the vacuum. STM is used to obtain information about struc
ture and electronic properties of metals and thin magnetic films at the atomie 
scale. In the last decade, it was developed to study magnetic properties down to 
atomie resolution [2]. This method is called spin polarized STM, and is limited 
to study a small area of the sample. 

Figure 4.1 shows a diagram of the LT-STM setup, used in our group. The 
system consist of (1) LT-STM chamber, (2) Molecular Beam Epitaxy (MBE) 
chamber and (3) preparation chamber. The samples are transported through 
those chambers with transfer rods, as indicated by (4) and (5) in figure 4.1. 
The samples are cleaned and prepared for growth in the preparatien chamber. 
Next , they are grown in the MBE chamber, and afterwards they are transferred 
to the LT-STM chamber where their surface characteristics can be measured. 

31 
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4 

MOKE-setup will 
be inserted here 

Figure 4.1: Schematic illustration of the top view of the LTSTM-setup; (1) LT-STM cham
ber; (2) MBE chamber; (3) Preparation chamber; (4) and (5) Transfer rod; (6) Load loek. 
( dimensions not scaled) 

The LT-MOKE-setup is placed between the preparation chamber and transfer 
rod ( 4). This location is chosen because the availability of enough space in this 
area of the system. 

In order to attach a MOKE setup to the UHV chamber, one has to deal 
with all the requirements of ultrahigh vacuum conditions. As a first demand, 
the dimensions of the setup have to be small enough, in order to fit onto the 
preparation chamber of the STM. Besides the MOKE-setup, the preparation 
chamber also has several optical windows and fl.anges. The MOKE-setup has 
to be small enough, in order not to block any of those components. 

As already mentioned before, the setup is placed in between the preparation 
chamber of the STM and the transfer rod (figure 4.1). New samples are inserted 
via this rod, and can reach one of the chambers. If the MOKE-setup is in use, 
the sample holder is in the center of the cross shape of figure 4.2. This means 
the preparation chamber can no longer be reached with the transfer rod ((4) 
in figure 4.1). A solution for this problem is to attach the sample holder to a 
moving rod mechanism. In this way, it can be moved to the center of the cross 
shape while measuring, and pulled up afterwards to free the passage for the 
transfer rod to the preparation chamber. 

All components of the setup, which are used in vacuum, have to be compat
ible with ultra-high vacuum. In particular, the materials used for the sample 
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holder have to be compatible with UHV. As a second demand, the sample holder 
also needs to be nonmagnetic. While measuring the Kerr effect, a magnetic field 
is applied around the sample. A magnetic sample holder would affect the mea
surement. Therefore the sample holder is made out of gold-plated copper. 

In the setup, temperatures down to 4 K, and up to 400 K in case of baking, 
can be reached. After the system was open, it is baked mainly to get rid of 
water inside the system. This gives a condition for the fixation of the sample, 
sample holder etc. The sample and mirrors cannot simply be glued or fixed 
with grease, because those substances don't hold at 4 K anymore. Another 
option is to use springs to stick the sample and the mirrors. 

The optical setup will be placed on a separate optical table, next to the STM 
setup. On the MOKE setup, an optical head with 4 extra mirrors is placed, in 
order to obtain a higher degree of freedom for the alignment of the light. 

A last thing to consider is the way we want to apply a magnetic field around 
the sample. Several solutions are possible. The magnet can be inside or outside 
the vacuum. However, again an important demand is the small size. 

As a conclusion, there are five important things we need to consider when 
building the MOKE-setup, different from other conventional setups: (1) the 
setup has to be small enough to fit onto the preparation chamber of the STM; 
(2) the sample holder has to be movable; (3) the setup has to be compatible 
with UHV; (4) a temperature range between 4 K and 400 K will be used; (5) an 
optical head is placed on one of the optical windows of the setup; (6) a magnet 
needs to be placed around the sample, either inside or outside the vacuum. 
Several new parts were designed for the MOKE-setup, necessary to fulfil the 
above mentioned requirements. These parts will be described in the following 
sections. A picture of the final design of the UHV part is shown in figure 4.3. 

4.1.2 Sample holder 

A sample holder was designed to fix the sample on the cryostat. The holder is 
placed on the cold finger of the cryostat by three screws ( figure 4.4). Care has to 
be taken to make the sample holder compatible to vacuum. The sample holder 
made of gold-plated copper consists of two parts. The first part is attached to 
the cold finger and is shown in figure 4.5a. The sample is fixed onto this part 
with two copper springs. Springs are used, because they keep the sample fixed, 
even at low temperatures, in contrary to for example glue. 

On top of the first part, another part, (figure 4.5b ), with two mirror holders, 
(figure 4.5c), is mounted. Each mirror is fixed by a spring, because springs are 
a better fixation at low temperatures than for example glue. Those mirrors 
are required for measuring longitudinal MOKE. In this configuration, the laser 
beam should fall onto the sample at an angle of around 45°. In our case, 
the incoming and refl.ected beam have to go through the same narrow optical 
window, making it difficult to get this 45° incidence (figure 4.2). Therefore, the 
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mechanism ---· Cryostat 
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11 Laser light 

Figure 4.2: Schematic illustration of the top view of the setup, attached to the preparation 
chamber. The sample is inserted via the t ransfer rod. The cryostat with the sample holder as 
well as the t ransfer rod can be moved up and down. 

Figure 4.3: UHV part of the MOKE-setup. 



4.1. Setup 35 

two mirrors are attached to the sample holder, at such an angle that the laser 
beam is bend off and reaches the sample under an angle of 45°. 

The sample holder is designed in such a way that there is enough space for 
the head of the transfer rod and the sample to get inside the sample holder, 
and to release the sample inside the sample holder. 

Every screw hole in the sample holder has its own ventilation hole. In this 
way, it is possible to pump the air that stays behind in the screw holes when 
evacuating the chamber. This is necessary to reach ultra high vacuum in the 
system. Between the sample holder and the top of the cryostat, there is a 
moving rod mechanism, as indicated in figure 4.2. With this mechanism the 
sample holder can be moved up or down. While performing a measurement, the 
sample holder is moved down, towards the optical window. If the MOKE-setup 
is not used, and a sample has to be transported with the sample rod, there has 
to be enough space available, and therefore the sample holder will be moved up 
(figure 4.2). 

4.1.3 Cryostat 

All experiments at low temperatures were performed with the Ultrastat-UHV 
Continuous Flow Cryostat from Oxford Instruments. The system can operate 
between a base temperature of 3.2 K and 500 K. Liquid nitrogen can be used 
to cool down till 77 K. If a temperature below this has to be reached, liquid 
helium has to be used. The cryogeen setup is shown in figure 4.6. One part 
of the helium transfer tube is placed inside the helium vessel, the other part is 
placed in the cryostat, the end reaching the cold tip. The helium flows from the 
helium vessel through the transfer tube to the cryostat. The flow is controlled 
by a needle valve at the beginning of the transfer tube. Once the He reaches 
the cryostat, it cools the system and flows back through the transfer tube. At 
the end of the tube, it flows to the VC31 Gas Flow Controller. The gas flow is 
controlled by a needle valve. A GF3 oil free twin rocking piston pump pumps 
the gas from the controller to the recovery system. 

The temperature is controlled by the ICT502S Temperature Controller which 
keeps the system at the desired temperature through a heater placed near the 
cold tip with an accuracy of 0.1 K. 

4.1.4 Heat shield 

Without a heat shield surrounding the sample holder, radiation reaches the 
sample, and warms it up. The amount of radiation that reaches the sample 
should be minimized. Therefore a heat shield was designed, that covers the 
entire sample. The shield is a hollow capper cylinder, with only two small 
openings in it. The top opening is to insert the sample, while the laser light 
falls in through the side opening which is covered with a heat reflection glass 
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Figure 4 .4: Sample holder , attached to the cold tip of the cryostat. 
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2 
2 

(a) (b) 

(c) 

Figure 4.5: Schematic illustration of the sample bolder: (a) bottorn part (diameter 27 mm, 
height 12.5 mm) , (b) top part (height 15 mm) , (c) mirror holder (length 17 mm). The bottorn 
and top part are attached toeach other by two screws through (1). The mirror holder is fixed 
in hole (2). 



38 4 Development of the low-temperature MOKE-setup 

Figure 4.6: Cryogen, exhaust gas and electrical connections [8] 
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Figure 4. 7: Schematic structure of the heat shield, on the left side the heat reileetion glass, 
through which the laser light falls in and on the top the opening to insert the sample. 

(figure 4.7) . The sample holder, as described in figure 4.5, is placed inside the 
heat shield, close to the hole where the laser light falls in. 

4.1.5 Optical head 

Most of the optical setup is placed on an optical table, close to the rest of 
the setup. However, in our case, because of a narrow optical window, it is 
required to place two mirrors inside the chamber, to enable the alignment of 
the light. The way those mirrors are attached is described insection 4.1.2. The 
mirrors are made of aluminium, that is sputtered onto silicium oxide (SiOx) 
and tantalum (Ta). Four additional mirrors are placed outside the vacuum on 
an optical head (figure 4.8). Two mirrors align the light into the vacuum, the 
other two guide the refl.ected beam. The mirrors can be rotated two by two, 
in order to make it possible to orient the setup under different angles. Each 
mirror has two degrees of freedom, it can rota te in two directions by turning two 
setscrews. The rotatable disc of the optical head is made of aluminium, as well 
as the four tubes in which the mirrors hold. The mirror holders themselves are 
made of two brass plates, with a spring in between them. Two setscrews and 
a little ball ( diam. 3 mm) are placed on three corners, to be able to rota te the 
mirror. The mirror itself is made of aluminium, because of its good refl.ectivity. 

4.1.6 Electramagnet 

While performing a MOKE-measurement, the sample has to be in a magnetic 
field. To create this field , an electramagnet was designed. As to the placement, 
there are two options: inside the vacuum or outside. Due to little space available 
inside the chamber (about 1 cm) it is notpractical to place the coils inside, close 
to the sample. Because the sample rod still has to be able to pass through the 
MOKE-setup, as described before, the coils were placed outside the vacuum as 
close to the sample as possible, which means that the poles of the magnet are 
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Figure 4.8: Top view of the optica! head with 4 mirrors, attached to UHV part of the set up. 

at least 40 mm apart from each other. Some other restrictions had to be taken 
into account. First of all, the volume of the coils has to be as small as possible, 
and they still have to provide a considerably high magnetic field. In our case, 
the desired field is approximately 200 mT, because of the first experiments, 
as explained in [1]. Copper wire with a cross section of 1 mm2 is used. The 
inner diameter of the coils is 45 mm, the outer diameter is 150 mm. They have 
a height of 30 mm (figure 4.9). The covering of the coils is made of plastic. 
Therefore, the current that passes through the coils cannot exceed 5 A, to avoid 
melting the plastic. Inside the coils, there is a yoke, made of armco. Armco 
is used because it is a soft magnetic material with a high relative permeability 
of 200. The electramagnet should not touch the system, because of its weight 
and possible vibration problems. Therefore a separate holder was designed to 
support the coils. If the MOKE-setup is not used, those coils, together with 
the holder, can be easily removed by unscrewing some screws. The removal is 
necessary, when the system has to be baked out, or during STM measurements, 
to avoid vibration problems. 

A special holder was designed to support the coils. Two rods of different 
height, which can be adjusted in height, are attached on the table of the STM. 
On top of those, a rotatable plate is attached, which is again attached to the 
yoke. This setup has three degrees of freedom, the height can be adjusted by 
the rods, the angle of the coils by the rotatable plate, and the entire setup can 
be movedover the STM-table. 

4.1. 7 Electranies 

The electrollies consists of a lock-in amplifier, a power source, a Gauss meter, 
and a PEM-controller. The conneetion between the electronics and the com
puter is made by a National Instruments card. The electronics of the cryostat 
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Figure 4.9: Schematic illustration of the coils, used in the MOKE-setup. 

are discussed in section 4.1.3. 

Lock-in amplifier 

41 

The lock-in amplifier used is a MODEL SR830 DSP Lock-In Amplifier from 
Stanford Research Systems. The lock-in is used to obtain the signal from 
the detector. Input A/I is used to conneet the detector, and the X- and Y
component of the signal are displayed on channel 1 and channel 2, respectively. 
The signalis send to the National Instruments card through the analog output 
of channel 1. REF IN is used to couple the reference signal of the photo-elastic 
modulator. The PEM frequency is 50kHz, therefore the detection frequency of 
the lock-in amplifier should be 50 kHz. Typical settings for the lock-in in our 
setup are: a sensitivity between 10 and 100 f.l V and a time constant between 10 
and 100 ms. The first or second harmonie of the signalis measured, to detect 
ellipticity or rotation, respectively. In most cases, the setup is more sensitive 
for ellipticity than for rotation. The first harmonie is measured to determine 
the ellipticity, while for rotation the second harmonie is used. In general, the 
first harmonie gives a higher signal, and a higher S /N ratio. 
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Power souree 

In our setup a power supply SM7020-D of Delta Elektronika BV is used. The 
current supplied by the power souree is automatically controlled by computer. 
The current is sent through two coils, which provide the magnetic field around 
the sample. The power supply can supply a current up to 20 A, but the maxi
mum current applied is 5 A. Higher currents could cause the coils to warm up 
and eventually melt. The power supply can only apply positive current. This 
means it can only create a magnetic field in one direction. Therefore a so-called 
switch-box was needed, to switch from positive to negative current. 

Gauss meter 

A Lakeshore 421 Gauss meter is used in the setup to measure the applied mag
netic field. The Hall probe is placed close to one of the poles of the coils. The 
calibration of the field was done by first measuring the field at the sample po
sition. Afterwards the field was measured at the pole of a coil. The calibration 
is described in detail in section 4.2. 

PEM-controller 

The final part of the electronics, the Hinds Instruments PEM-90 controller, 
is needed to control the Photo-Elastic Modulator. The wavelength and the 
retardation are adjusted for our setup. The wavelength is set to 632.8 nm, the 
wavelength ofthe laser used. The retardation is set to 1.89 radians for ellipticity 
and to 3.05 radians for rotation, as explained in section 3.2.2. 

National lnstruments card 

The conneetion between the electranies and the computer is made by a National 
Instruments card. The type of the card is PCI-6221M. The card has sixteen 
16-bit analog inputs with a sample rate of 250.103 s- 1 . Two of them are used 
for the Gauss meter and the lock-in amplifier. It has two 16-bit analog outputs, 
with a sample rate of 833.103 ç 1 . One of them is used to control the power 
supply. 

4.2 Magnetic field calibration 

The Hall probe, used to measure the applied field in the setup, is an external 
probe. The field is not measured directly on the sample, because the sample is 
in ultra-high vacuum (UHV). This would induce some extra problems, to reach 
the sample from outside the vacuum. 

A calibration is performed, in order to obtain the applied field at the sam
ple position, while measuring the field outside the vacuum chamber near the 
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magnetic poles of the setup. The calibration is not universal, and depends on 
the position of the Hall probe. It is recommended to redo the calibration every 
time the system is opened, and whenever the position of the sample holder or 
the coils is relatively changed. The following procedure is used, to determine 
the field at the sample. First, the field inside the setup, at the sample, is mea
sured, for different currents. This is obviously clone when the setup is opened 
up. Afterwards the Hall probe is placed at a pole, and the measurement is 
repeated for the same current range. In figure 4.9, the placement of the Hall 
probe is shown. The data obtained from these measurements are plotted in 
figure 4.10. Two different linear equations are obtained, one for the measure
ment outside ( dashed line) and one for the measurement inside ( full line). The 
relation between current and magnetic field is: 

( 4.1) 

B is the magnetic field in mT and I is the current through the coil, measured 
in Ampère. 

A calibration measurement has been clone, to determine the parameters a 

and b, in order to be able to do some test measurements at the setup. Close 
to the sample, a and bare given by (0.0 ± 0.1) mT and (21.0 ± 0.1) mT/A 
respectively. Close to the pole, they are given by (1.6 ± 0.1) mT and (54.0 ± 
0.1) mT /A. The first parameter, a, is nonzero because of the remanence of the 
yoke. The remanence can be positive or negative, depending on the sign of the 
field that was last applied. 

With those four parameters, implemented in the computer program (section 
4.4), it is possible to deterrnine the field inside the cryostat, at the sample, while 
measuring the field outside the vacuum, at one of the poles. 

4.3 Sample temperature calibration 

The temperature sensor in the cryostat is situated at the cold tip. The bot
torn part of the sample holder is fixed to this cold tip with three screws. The 
sample is placed on top of this bottorn part. Therefore, the sample is ap
proximately 1 cm away from the cold tip, in metallic contact with the sample 
holder. This means the temperature at the sample is not the same as the cold 
tip's temperature. Therefore a temperature calibration is performed. A K-type 
thermocouple is spot welded to the sample. This couple is calibrated in liq
uid nitrogen and helium. Afterwards, it is placed inside the cryostat and the 
system is cooled down. The voltage over the thermocouple is measured over a 
temperature range. With the aid of the K-type thermocouple conversion table, 
the voltage is converted to a temperature. In this way, the relation between 
cold tip temperature and sample temperature is determined. Unfortunately no 
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Figure 4.10: Calibration of the magnetic field. The field is measured at the sample and at 
a magnetic pole, for a variabie current range. 

results can he shown here, because of the break down of the heater inside the 
cryostat during the last measurements. 

4.4 Lab Windows program 

The intention of the software is to control the power supply and the switch-box, 
and to get information from the lock-in amplifier and the Gauss meter. The 
switch-box is a device made to switch the direction of the current. This allows 
us to apply positive as well as negative fields. In the MOKE-program, first the 
field is set, by cantrolling the power supply (figure 4.11). A current is set to 
obtain the desired field, according to the calibration data, obtained in section 
4.2. Afterwards, the field is measured by the Hall probe, to know the exact 
field in the measurement. In the next step the program measures the output of 
the lock-in amplifier, which gives the magneto-optical signal. The field is then 
changed to measure the next point of the hysteresis loop. In this way, we pass 
through the whole loop. The measured data are saved in an array. If more than 
one loop needs to he averaged, this procedure starts all over again. The data 
are added up and saved in the same array. At the end of the measurement, 
the data in the array are averaged over the number of measured loops, and the 
array is written to a file. 
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Flowchart 

Measuring a sequence of N points 

n=1 

Setting of current, which induces magnetic 
field 

Measuring the applied field with Gauss 
meter 

Measuring output of lock-in amplifier 

Saving field and signa! in array 

n = n +1 

n = N+1 

Field is set to zero 

Data array is written to file 

End of sequence 

n < N+1 

Figure 4.11: Flowchart of the LabWindows program, used to control the setup. 
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4.5 First measurements 

The first test measurements with the cryostat were performed at 95 K. In 
the results shown underneath, the ellipticity was measured. The sample used 
consists of 500 A Co, deposited on a SiOx substrate. 

In a first measurement, a magnetic field between -6 and 6 mT is applied, 
with a temperature of 95 K (figure 4.13b). A coercivity of 2 mT is observed, 
slightly higher than the coercivity at room temperature (figure 4.13c). This is 
due to the cooling process. If the temperature drops, the switching of the layer 
becomes more difficult, because the coercivity is temperature dependent, due 
to the temperature dependenee of the anisotropy. 

In a next step, the temperature is decreased till 11 K. A magnetic field 
between -10 and 10 mT is applied. The result is shown in figure 4.13a. The 
coercivity is approximately 3 mT. 

After testing the cryostat, we tried to improve the signal. In the first mea
surements, we made use of a LabJack data acquisition board. However, this 
board turned out to be to slow. Therefore, a NI-card was installed, to take 
care of the communication between the computer and the electronics. The 
alignment of the setup was optimized as well. As a result the measurement 
procedure became a lot faster. Totest the system again, another measurement 
was performed at room temperature and at ambient pressure. We could not 
measure at low temperature, because of the failure of the cryostat. The mag
netic field was switched between -10 and 10 mT. The obtained coercivity was 
1 mT (figure 4.13c). 

Afterwards, some calibration measurements were dorre at the already ex
isting room temperature MOKE-setup. The switching field was found to be 
around 2.5 mT (figure 4.12). This coercivity is slightly higher than the one 
observed with the new setup. This could be due to an uncertainty in the cali
bration, due to a displacement of the Hall probe, or due to oxidation of the Co 
sample. 

4.6 Noise characterization 

Obviously, after the first set of measurements, the noise on our signal needs to 
be characterized. Several sourees of noise were introduced in the setup during 
the design. Every optical component contributes to the noise. The optical head, 
as introduced insection 4.1.5 is probably a large souree of noise. In comparison 
with this optical head, the other optical components, like mirrors, polarizers 
and the laser, are less noisy. A second large souree of noise is the table on 
which the UHV part of the setup is placed. In the next part, a characterization 
of the noise, due to the optical head, is performed. Therefore, two different 
MOKE loops were measured, one at the setup without the optical head with 
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Figure 4.12: Reference MOKE-measurement at sample with 500 Á Co, magnetic field ap
plied between -100 and 100 mT. Measurement is performed at room temperature, at already 
working MOKE setup. 

the four minors (section 4.1.5), and the second one at the entire setup. 
Firstly, we have to deduce a standard, in radians, which can be comparcd 

with Vin, the voltage from the detector. The signal is fi.rst set to zero, by 
rotating the analyzer. Once the signal is set to zero, the analyzer is rotated 
by a few degrees. The output of the detector is linearly related to the rotation 
of the analyzer. In our case, the analyzer is rotated 20 mrad, which matches 
a change of 18.3 p,V at the entrance of the loek-in. Thus 1 {.LV corresponds to 
1.09 mrad. 

The measurement, obtained at the setup without the optical head is shown 
in figure 4.14a. The noise level at saturation is 0.5 f.LV, which is derived by 
taking the maximum and minimum value of the signal, at saturation. This 
corresponds to a rotation of 0.55 mrad. The magnitude of the MOKE-signal, 
in this measurement, is 17.12 f.LV, which corresponds to 18.66 mrad. Therefore 
the signal to noise (S/N) ratio is 34. 

The noise level of the entire setup can be deduced from the data of figure 
4.14b. At saturation, the noise is 0.8 f.LV. This corresponds toa rotation of 0.87 
mrad. The magnitude of the MOKE-signal, in this measurement, was 13.03 
{.LV, which corresponds to 14.20 mrad. Therefore the S/N ratio is 16. 

Before the noise characterization, it seemed that the optical head would 
cause the largest amount of noise. Out of the two previous measurements, we 
can conclude that the optical head reduces the intensity of the light that reaches 
the detector, and therefore deercases the S/N ratio. However the extra noise, 
introduced by the optical head, is rather small. The biggest contribution to the 
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Figure 4.13: MOKE-measurement at sample with 500 A Co, magnetic field applied between 
-10 and 10 mT. Measurement is performed at (a) 11 K, (b) 95 K and (c) room temperature. 



4. 7. Discussion 49 

noise was due to vibrations of the table on which the vacuum part of the setup 
was placed. 

4. 7 Discussion 

In the first part of this master project, the design of a new low temperature 
MOKE setup is discussed. All components, necessary for the working of the 
setup were developed and tested. Some test measurements were performed, 
tagether with a noise characterization. The setup is now a working device on 
itself, with a good S/N ratio. The only large souree of noise is due to the 
vibration of the table on which the setup is placed. A next step is to implement 
the cryostat back in the setup, when the heater is repaired. Afterwards, the 
setup can be attached at its final destination, at the preparation chamber of 
the LT-STM. 
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Chapter 5 

Coupling and magnetic 
behavior of Gd and EuS spin 
filter 

5.1 Introduetion 

Spin electronic (" spintronic") devices, based on using both the spin and the 
charge of electrons, open up an entirely new class of electranies [9, 10]. Examples 
of such devices are magnetic memories, reprogrammable logic and field sensors. 
One major issue in this development is the search for sufficiently polarized 
(near 100% spin polarization) current sources. Instead of using a perfectly 
polarized material, a semimetal, spin filtering can also be used to create near 
100% polarization [11]. A spin filter (SF) is an insulating magnetic layer, acting 
as a spin dependent tunnel barrier. As shown in [4], the combination of a spin 
filter layer with a ferromagnetic metal results in a very large magnetoresistance 
(MR) effect. However, these systems are not well developed yet and in particular 
their magnetic properties are far from understood. In this chapter, the magnetic 
moment of both layers and coupling between the two will be treated. 

A simple way to understand electron tunneling is possible by consiclering 
an electron wave which encounters a potential step (figure 5.1). Most of the 
intensity is reflected at the potential step, but a portion decays exponentially 
through the barrier. For sufficiently thin barriers, some intensity remains on 
the other side of the potential step, and therefore, the electron will have a fini te 
probability to escape to the other side of the potential barrier. We consider 
now an idealized metal insulator metal (M/I/M) structure, with the electrode
tunnel barrier system modeled as a step potential (figure 5.1b). Without a 
voltage across the junction, the electrons in the two metals will equilibrate, 
and the Fermi levels will be at the same energies for the two electrodes. When 
a bias voltage V is applied across the junction, one Fermi level will shift by 
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(a) (b) 

M 

Figure 5.1: Tunneling in metal-insulator-metal structures. (a) Electron wave function decays 
exponentially in the barrier region, and for thin barriers, some intensity remains in the right 
si de. (b) Potential diagram for a M/I/M structure with applied bias eV. Shaded areas repre
sent filled states, open areas are empty states, and the hatched area represents the forbidden 
gap in the insulator. 

e V with respect to the other, where e is the electron charge. The number of 
electrous available at the left side of the harrier is the product of the density of 
states at a given energy in the left electrode, pz(E), and the probability that the 
states in the left electrode are occupied, f(E), where f(E) is the Fermi-Dirac 
function. The number of electrous at the right side is the product of the density 
of states at a given energy in the right electrode, Pr(E), and the probability 
that the states in the right side are empty, 1- f(E + eV), in the case of an 
applied bias voltage V. One also has to multiply by the square of a matrix 
element I T 1

2 , which is essentially the probability of transmission through the 
harrier, according to Fermi's Golden Rule. The tunnel current (I) from the left 
electrode (l) to the right electrode (r) is now given by: 

!
+= 

h-•r(V) = -= pz(E).pr(E + eV) I T 1
2 f(E)[1- f(E + eV)]dE (5.1) 

where the subscript l(r) refers to the left (right) electrode. The total tunnel 
current is then given by lz_,r - Ir_,z, with lz_,r the current fiowing from the left 
electrode to the right electrode and Ir_,z the current from the right to the left 
electrode. 

As a application of this tunnel harrier, a magneto-resistance (MR) device 
is considered. In a MR device, two conducting electredes are separated by this 
spin filter (figure 5.2). An electron current is sent through the top electrode. In 
figure 5. 2a, we can see that above the Curie-temperature (Tc) of the insulator, 
the spin-upand spin-down electrous experience the same potential harrier upon 
tunneling through the insulator. Below Tc the spin-upand spin-down electrous 
have a harrier of different height to overcome, due to the exchange splitting of 
the conduction band (figure 5.2b ). As a result of the exponential dependenee 
of the tunnel current on harrier height, electrous of one spin orientation have 
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a larger tunneling probability than electrons of the other spin orientation, re
sulting in a spin-polarized current. The transmission is given by [12]: 

(5.2) 

In this equation, V (x) is the spin dependent potential banier, E is the en
ergy of the particle. As mentioned before, the tunnel cunent depends on the 
number of filled states in the first electrode and the number of available states 
in the second. Using one magnetic electrode, figure 5.2, having a density of 
available states that is spin dependent, the tunnel current will depend on the 
relative orientation of the filtered spins and the electrode magnetization. For 
parallel magnetization, the majority electrons of the ferromagnetic electrode 
mainly tunnel through the harrier, allowing for a large tunnel cunent. For an
tiparallel magnetization, the minority electrons predominantly tunnel through 
the lower spin up harrier, leading to a small tunnel cunent. The magnitude of 
this spin filter effect can be estimated within a simple two-current model [13]. 
Since the tunnel current depends on the density of states of the ferromagnetic 
electrode and the transmission through the banier, the conductance in the 
parallel and antiparallel case can be written as: 

Gp "'PrTr + PlTl 

Gap"' PrTl + PlTr. 

(5.3) 

(5.4) 

Pi(l) is the density of spin up (down) in the fenomagnetic electrode. The 
total density pis the sum of Pi and Pl· Trw is the transmission coefficient of 
spin up (down) in the filter. The total transmission T is the sum of Tr and Tl. 

The change in resistance between the parallel and antiparallel case can be 
derived with the help of eq. 5.4, taking into account that Rap"' -G1 • 

ap 

~R is the change in resistance between the parallel and the antiparallel mag-
P 

netization configurations normalized by the resistance in the parallel state. In 
order to simplify the notation, wedefine the efficiency (polarization) of the spin 
filter as [9, 14]: 

(5.6) 

With the aid of eq. 5.2, an example of this efficiency can be calculated. In the 
case ofEuS, V(x)-E = E9 ±~LlV. E9 = 1.6 eV and Ll = 0.36 eV. Taking into 
account these numbers, a spin efficiency of 97% is reached. The polarization of 
the left, ferromagnetic electrode is defined as: 
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p
1 
=Pi- Pl. 

Pi+ Pl 
(5.7) 

Pz is typically in the order of 10-40% [15]. With the help of eq. 5.6 and 5. 7, 
the density of states Pi(l) in the ferromagnetic electrode and the transmission 
Ti(l) of the spin filter can be written as: 

1 + Pz 
Pi= -

2
-p, 

1- Pz 
Pl = -

2
-p, 

T = 1 +PJT 
i 2 ' 

1- Pf 
Tl=--T 2 . 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

If we substitute these values for Pi(l) and Ti(l) in eq. 5.5, we can derive the 
magnetoresistance: 

MR (1 + Pz)(1 + PJ) + (1- Pz)(1- PJ)- (1 + Pz)(1- PJ)- (1- Pz)(1 + PJ) 
(1 + Pz)(1- PJ) + (1- Pz)(1 + PJ) 

(5.13) 

The behaviour of the Al/EuS/Gd spin filter has been investigated before [4]. 
At temperatures well below the Tc of EuS, a resistance change of more than 
100% was observed, clearly indicating the efficiency of the spin filtering (figure 
5.3). Above Tc, almost no magnetoresistance is observed, indicating that the 
observed effects are due to the presence of the ferromagnetic spin filter harrier. 
However, as can beseen in figure 5.3, the antiparallel state is not clearly defined. 
There are large difference in resistance, up to 20%, in the antiparallel state. 
In contrary, the data obtained from SQUID measurements clearly show the 
antiparallel state (figure 5.4). The EuS switches around 0 mT, while the Gd 
switches later, around 100 mT. In between, the EuS and Gd are in antiparallel 
state. 

In this research, the magnetic behavior of the EuS/Gd magnetic bilayer will 
be discussed more thoroughly, to get a better understanding of the behaviour of 
the magnetic bilayer. The relation between the resistance measurements of [4] 
and the magnetic moment of the separate layers, in function of their thickness, 
will be discussed. Also the possibility of coupling between the EuS and Gd 
layers will be examined. 



5.2. Theory on EuS/Gd magnetic bilayers 55 

c) d) 

J:x:J~p ... 

M I~ 
'polarizl:r' 'analyzcr' 'polarizer' 'unalyzer' 

Figure 5.2: Schematic illustration of spin filtering and the MR effect. (a), above Tc of the 
filter the two spin currents are equal. (b), below the Tc, the tunnel harrier is spin split, 
resulting in a highly spin polarized tunnel current. With a ferromagnetic (FM) electrode, the 
tunnel current depends on the relative magnetization orientation. For parallel alignment (P) , 
(c), a large current results, while for antiparallel alignment (AP), (d), a small current results. 

In the next section, the theory behind the magnetic bilayer system will be 
treated. First , two different models will be formulated, one starting from the 
hypothesis that there will be intermixing between the Gd and the EuS, at their 
interface. The second model starts from the roughness of the EuS surface. Both 
models will be derived in more detail in the next sections. Next, the coupling 
between the two layers, which is closely related to their magnetic moment will 
be discussed. A simple Stoner-Wohlfarth model will be derived to explain the 
coupling. 

In the last section, the experimental results will be presented. Measurement 
data were obtained with the SQUID method as wellas the MOKE method. The 
obtained results will be compared with our models. 

5.2 Theory on EuS/Gd magnetic bilayers 

In this section, the theoretical aspects of the magnetic bilayer, consisting of EuS 
and Gd, will be treated. A schematic picture of the magnetic moment of both 
layers will be proposed, that can be used to describe the experimental results 
presented in section 5.5. In the second part, the interlayer coupling between 
EuS and Gd will be discussed, which is closely related to the magnetic moment. 
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Figure 5.3: (a) MR of a Al/ EuS/ Gd magnetoresistance device as a function of magnetic field 
at 2 K (wel! below the EuS Tc) and (b) at 7 K, and at 30 K (wel! above the EuS Tc) [9]. 
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Figure 5.4: Hysteresis loop of Ta/ Al/EuS/Ga/ Al sample, obtained from a SQUID
measurement. Measurement is performed at 5 K. 

A simple Stoner-Wohlfarth model will be introduced to describe the behavior. 

5.2.1 Schematic picture of EuS/Gd interface behavior 

As already mentioned in the previous section, two different models were set up 
to understand the behaviour of the magnetic bilayer, consisting of EuS and Gd. 
Out of the results, which will be discussed later on, it seems that some of the 
EuS and Gd, at the interface, is nonmagnetic. Starting from those results, we 
developed two possible models, to explain the observed results. The goal of 
these models is to describe the magnetic moment of both layers separate, start
ing from some general assumptions. Two alternative pictures of the EuS/Gd 
surface are investigated to understand the behaviour. The first one assumes a 
nonmagnetic interlayer between the Gd and EuS layer. The secoud one assumes 
a rough interface between those two layers. 

Inter layer-model 

The first model assumes the EuS and Gd to intermix at their interface and 
form an interface layer in between the EuS and Gd, consisting of both EuS and 
Gd. This layer is assumed to be nonmagnetic. In figure 5.5, the basics of the 
interlayer model, with a EuS-wedge, are depicted. The magnetic moments of 
EuS and Gd, referring to the interlayer-model, are plotted in figure 5.6. Figure 
5.5 will be used to explain the magnetic momentsas depicted in figure 5.6. 

At the origin of the wedge, there is only Gd that grows on top of the Al. 
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Start of the x 
wedge 

Figure 5.5: Schematic structure of an interlayer betweenEuS and Gd, formed by intermixing 
of both layers. 

Therefore, at 0 A EuS, the moment of EuS equals zero, and the moment of 
Gd equals its nominal value. No Gd has intermixed yet with the EuS, and 
therefore all the Gd contributes to its magnetic moment. The interlayer starts 
to form when the first EuS is deposited. In the beginning, the EuS contributes 
entirely to the non-magnetic interface-layer. Therefore the magnetic moment 
remains zero. Part of the Gd is also used to form the interface layer. It is 
assumed in the model that the Gd that forms the intermixing layer with the 
EuS becomes nonmagnetic. This causes a reduction in the amount of Gd that 
contributes to its magnetic moment, and thus reduces the magnetic moment. 
At X A, the interlayer is completely formed, and any additional EuS starts to 
form a magnetic EuS layer. From this point on the magnetic moment of EuS 
increases linearly with the amount of EuS. In theory, the slope is 7!-LB/atom, 
which corresponds to 5.81 nAm2 /A. Since the interlayer remains of constant 
thickness in this regime, the amount of Gd that remains magnetic, stays con
stant. Therefore the magnetic moment of Gd is constantfora thickness of EuS 
from X A to 160 A. 

In the case of a Gd wedge, the role of EuS and Gd is reversed. The model 
prediets that the moment of the Gd remains zero the first X A, as long as the 
interlayer is formed. Afterwards, it rises linearly. The moment of EuS decreases 
the first X A, and remains constant the rest of the wedge. 

Roughness-model 

A secoud model we will discuss, assumes the EuS grows very rough on top of 
the Al. This induces a rough interface between the EuS and the Gd. For small 
thicknesses of EuS, there is no closed layer, and we assume the EuS grains 
are also nonmagnetic, because their size is too small to obtain a magnetic 
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Figure 5.6: Magnetic moment of EuS and Gd, obtained with the interlayer-model. 

(a) (b) 

EuS dots EuS dots 
(c) 

EuS dots 

Figure 5. 7: Schematic structure of the rough interface between EuS and Gd, formed by both 
layers; (a) only a few grains; (b) grains start to connect; (c) completely formed EuS layer, 
with rough surface. 
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Figure 5.8: Magnetic moment of EuS and Gd, obtained with the roughness-model. 

moment. However, if the layer thickness increases, these grains will conneet 
and the magnetism will partially recover. In figure 5. 7, the structure with a 
rough interface between EuS and Gd is schematically plotted. The magnetic 
momentsof EuS and Gd, referring to the roughness-model, are shown in figure 
5.8. 

Two different regions are observed in the graphof the moment of EuS. While 
depositing the first grains of EuS, the moment remains zero, because the dotsof 
EuS that are first formed, are nonmagnetic. Once the EuS dots are big enough, 
and touch each other, they get magnetic and the moment start to rise very 
fast. At X Á EuS, the interface between EuS and Gd is completely formed. 
The contribution of the interface remains constant, and the extra contribution 
in the moment comes from the EuS that is deposited additionally. This causes 
the moment to rise linearly. If we extrapolate this linear behaviour of figure 5.8 
to zero magnetic moment, the EuS moment crosses the x-axis at zero thickness. 
Therefore, a large offset in the measurements would be in favor of the interlayer 
model, described in the previous section. 

The magnetic moment of the Gd remains constant at all thicknesses of EuS 
(figure 5.8). The Gd forms a closed layer, and therefore doesn't loose any of its 
magnetic moment. 

Again, the behavior in case of a Gd-wedge is derived in the same way. The 
only difference is that the infiuence of the EuS on the Gd will remain constant, 
because the EuS thickness doesn't change. The influence of the Gd on the 
underlying EuS will change. 

5.2.2 Coupling between EuS and Gd layers 

After the study of the magnetic moments of EuS and Gd in the first part of this 
section, the interlayer coupling between the two magnetic layers, a metal and an 
insulator, will be discussed. In contrast to metal- insuiator coupling, interlayer 
coupling between two magnetic metals across a nonmagnetic metallic interlayer 
has been stuclied extensively [16]. In many layered magnetic structures, oscilla-



5.2. Theory on EuS/Gd magnetic bilayers 61 

020 1.0 

""-Me..sm 
0.8 

;. ~ 
!2. 

Ë • 0.6 <g • ~ l 0.10 • • 
; •• E 

• 0.4 <g 
• -! • 0.05 • 0.2 •••J(l) • 

"'-
0.00 

5 10 15 20 
T[K) 

Figure 5.9: Temperature dependenee of the eoupling strength (left axis, filled symbols) and 
the relative magnetization of the EuS layer (right axis, line) in a Fe/EuS(lOO) bilayer. The 
eoupling data were reearcled on samples with different Fe and EuS layer thiekness ratios, as 
indieated by the different symbols [17]. 

tory magnetic interlayer coupling has been observed. This behavior is believed 
to be caused by a spin dependent confinement of electrons in the interlayer due 
to spin dependent reflection at the interfaces. 

In addition to the work on coupling between two metals, some research 
has been clone on metal- insulator coupling in Fe/EuS bilayers [17]. In figure 
5.9, the coupling between the two layers is depicted. The coupling term J is 
negative, which indicates antiferromagnetic coupling. The coupling strength de
creases with increasing temperature. The magnetization MEuS is proportional 
to the coupling term. 

The coupling observed between the EuS and Gd layer was never examined 
before and will be stuclied with MOKEon EuS/Gd wedges. From preliminary 
SQUID measurements, we can conclude there has to be antiferromagnetic cou
pling between the two matcrials (figure 5.10). Figure 5.10 shows that, in the 
case of for example 80 A EuS, while cooling down from room temperature at a 
constant positive field, the total magnetic moment increases due to the align
ment of Gd along the field. Around the Tc of EuS, 16.8 K, the total magnetic 
moment decreases, because of the antiparallel alignment of EuS along the field. 
This is an indication that the magnetization of EuS and Gd have opposite sign, 
thus they are coupled antiferromagnetically, at least to some extent. 

The sign (ferromagnetic or antiferromagnetic) and strengthof coupling be
tween two magnetic layers across a nonmagnetic interlayer can be measured by 
the hysteresis loop if both magnetic layers have different coercive fields [18]. In 
the case of zero magnetic coupling between the two magnetic layers, a stepped 
hysteresis loop will be observed due to the different coercive fields of the mag
netic layers. The steps correspond to the two coercive fields in figure 5.1la. 
Large ferromagnetic coupling will cause the two layers to switch together. Small 
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coupling between the magnet ie layers will result in a change of the external field 
at which the magnetization of each layer reverses its orientation. In the case of 
(anti)ferromagnetic coupling, the (anti)parallel alignment of the magnetization 
of the magnetic layers is stabilized and the field interval at which the magneti
zation of the magnetic layers are antiparallel aligned (increases) decreases, see 
figure 5 .lla ( dashed curve). The shift of the switch fields of the magnetization 
can be determined by either measuring a major hysteresis loop, in which case 
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the reversal fields of both layers can be observed. However, for this technique, 
two different samples are needed, one with the two layers coupled and the sec
ond one with a thick layer in between the two magnetic layers to uncouple them. 
A second possibility is to measure a minor loop which is only possible for the 
layer with the smallest coercive field. This type of loop will be referred to as 
inner loop (figure 5.1lb) and will be explained below. Some measurements were 
performed to be able to observe the coupling behavior between EuS and Gd. 

In the case of the EuS/Gd sample, the inner loop is measured by sweeping 
the field from large negative field to the point where the EuS layer has reversed 
its magnetization (point of return in figure 5.11b). Only the EuS switches, 
while the magnetization of the Gd stays in its original direction. If this point is 
reached, the field is swept back. While increasing the field, the magnetization 
of the EuS layer switches at the same value as the entire loop. Once the EuS 
has completely switched, the field is decreased again. At the way back, the 
EuS layer can switch earlier or later than the value of the entire loop, due 
to interaction of the EuS with the Gd. If it switches later, the field interval 
in which both layers are antiparallel aligned increases, which corresponds to 
antiferromagnetic coupling (~H in figure 5.11b ). If the EuS layer switches 
earlier, the field interval in which both layers are antiparallel aligned decreases, 
indicating ferromagnetic coupling. 

5.2.3 Simple Stoner-Wohlfarth model for coupling 

In this section, a theoretica! model will be derived, to better understand the phe
nomenon of coupling between two magnetic layers. Insection 5.6, some results 
will be shown, and compared to this model. As stated before, two ferromagnetic 
layers, in our case EuS and Gd, close to each other, can couple ferromagneti
cally or antiferromagnetically (section 5.2.2). This coupling induces a shift of 
the switching fields of both layers. 

To understand the phenomenon of coupling, we make use of two energy den
sity terms, used in a simple Stoner-Wohlfarth (SW) model [18, 19], a frequently 
used model to describe magnetic layers. In a SW model all magnetic layers are 
assumed to behave as a single magnetic domain. SW models are based on cal
culating the magnetic energy density. In our example, only two energy density 
terms are taken into account: the magneto-static Zeeman energy density, the 
bilinear exchange coupling energy density. The Zeeman energy density term is 
given by: 

(5.14) 

In this term Msat,i is the saturation magnetization of layer i, H is the 
externally applied field. ai is the angle between the magnetization and the 
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applied field, t is the thickness of the layer. The bilinear exchange coupling is 
given by: 

Eexc = -J cos(o:z- 0:1). (5.15) 

In this term, J is the coupling constant. A negative value of J indicates anti
ferromagnetic coupling between the two magnetic layers, a positive value of J 
indicates ferromagnetic coupling. The interlayer coupling can now he deduced 
by deriving an energy density equation, as proposed in a SW model. However, 
in our case, we will consider the idea that the coupling acts as an effective field 
on both layers. Within our model, we can now consider two different situations. 
In the first case, there is no coupling between the two layers, and in the second 
one there is coupling, determined by the coupling term J. Without coupling, 
the Zeeman energy at the switch field of the first layer is given by: 

(5.16) 

Hs,o is the field at which the first layer switches without coupling (figure 
5.11). If coupling is introduced, the switch field shifts and the Zeeman energy 
of the first layer is given by: 

(5.17) 

Hs,c is the field at which the first layer switches with coupling (figure 5.11) . 
.6.H is the difference between Hs,c and H8 ,o, thus an indication for the shift 
of the switching field under influence of coupling. The magnetic anisotropy 
is not influenced by the coupling, and stays constant. Introducing coupling 
introduces an extra effective field, that acts on both magnetic layers. Therefore 
the Zeeman energy has to become larger, to overcome the extra field. The 
difference in Zeeman energy equals this effective field, and thus the coupling 
strength: 

(5.18) 

The relation between the magnetic field shift and the thickness of the layer 
is given by: 

.6.H = J 
f-LolEuSMs,EuS 

(5.19) 

Out of this simple SW model, we can conclude that the shift in switching 
field is inverse proportional to the thickness of the first layer. Intuitively, it 
is clear that the shift should he less, if the layer gets thicker, for a constant 
coupling strength. In the last section, the obtained results will he compared 
with this theoretical relation. 
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5.3 Description of Al/EuS/Gd samples used in the 
experiments 

It is commonly known in literature that Gd has a Tc of 290 K [20]. BulkEuS 
has a band gap of 1.65 eV and a Tc of 16.8 K. The exchange splitting of the 
EuS conduction band in the ferromagnetic state reaches its full value of tlEex 
= 0.36 eV at 4 K. When EuS is used as a tunnel harrier, the harrier height for 
spin-up and spin-down electrons is changed by the conduction-band splitting: 
<Pu = <Po =f tlEex (T)/2, where <Po is the average harrier height above Tc. As 
explained before, the tunneling process depends sensitively on the harrier height 
and the splitting of the EuS conduction band greatly increases the probability 
of tunneling forspin-up electrons andreduces that forspin-down electrons [21]. 

In this section, the structure of the samples, used for our measurements, 
will be discussed. The sample structure is similar as was used by LeClair for 
a EuS tunnel junction [4]. For the SQUID and MOKE measurements, the 
electrodes were replaced with plane layers of the same materials. The magnetic 
moment and the coupling of the bilayer will be determined, in function of the 
layer thickness. In a first attempt, samples were measured with SQUID to 
determine the magnetic moment and potential coupling. Afterwards, wedge 
shaped MOKE samples were grown, to be able to go deeper into the coupling 
phenomenon, by means of measuring inner loops. All the samples used have an 
oxidized silicon wafer as substrate. On top of it, a Ta layer of 20 A is grown. 
This first layer is grown to promote a good wetting of the Al bottorn electrode 
and the SiOx surface. The next layer, Al, has a thickness of 50 A. 

To grow SQUID samples with variable EuS-thicknesses (figure 5.12), a flat 
layer of EuS of 40, 60, 80 or 100 A is grown on top of the Al. Next, a layer of 
90 A of Gd is deposited. Finally, a capping layer of 25 A of Al is sputtered. As 
to SQUID samples with a variable Gd-thickness, the EuS layer is kept constant 
at 60 A and the Gd layer is varied between 20, 40, 60, 80 and 100 A. 

The MOKE samples contain a wedge of either EuS or Gd. To make a sample 
with a EuS-wedge (figure 5.13a), a wedge from 0 to 160 A ferromagnetic EuS 
is deposited on the bottorn Allayer, with a length of 20 mm. On top of the 
EuS, a layer of ferromagnetic Gd (3 different samples grown: 60, 90 or 120 A 
Gd) is sputtered. To cover the entire sample, 25 A of Al is used as a capping 
layer. The two most important layers in this stack are the EuS and Gd layer. 
They are both magnetic at low temperatures and form, with the Al as a second 
electrode, the spin filter system. 

As to the Gd-wedges (figure 5.13b), a layer of EuS (2 different samples: 60 
or 100 A EuS) is grown on the Ta and Al bottorn layer. On top of the EuS, 
a wedge from 0 to 160 A Gd is sputtered, with a length of 16 mm. Again, 
the entire stack is capped with a layer of 25 A Al to prevent the stack from 
oxidizing. 
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Figure 5.13: Structure of Al/EuS/Gd tunnel junction, with (a) EuS-wedge; (b) Gd-wedge. 
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The roughness of the samples has been determined with AFM. The principle 
of AFM was explained in section 3.3. AFM measurements were performed on 
several wedges to examine their roughness. For one of the samples with a BuS
wedge, an AFM image on three different points on the wedge, around 0 A, 
around 80 A, and around 160 A, is shown in tigure 5.14. For this particwar 
sample the Gd-layer has a thickness of 90 A. The root mean square value (RMS) 
of the thickness variation at those three points was calculated. At the start of 
the wedge, the RMS-value is 2.63 A, at het middle 4.18 A and at the end of the 
wedge the RMS is 3.34 A. One monolayer of EuS corresponds to 3 A. Therefore 
the surface of the sample is quite smooth. 

5.4 Interpretation of the MOKE and SQUID signal 

5.4.1 Interpretation of the magneto-optical signal 

Longitudinal MOKE measurements were performed at a temperature of 5 K, 
well below Tc of EuS. The result is the superposition of the signal of EuS and 
the signal of Gd. A typical example is shown in tigure 5.15. Two switches are 
visible, one around 0, which is attributed to EuS, and the other one around 80 
mT, attributed to the Gd. An indication for these switches has already been 
given in earlier SQUID measurements ( tigure 5.4). However, in contrast to what 
is expected, it appears that the magneto-optical signals of EuS and Gd have an 
opposite sign in this configuration, as explained in tigure 5.16. Therefore both 
rotate the light polarization in a different direction. This hypothesis was tested 
with a program that describes the magneto-optical response of the bilayer [22]. 
Indeed, it appears that for different values of the coefficients of the dielectric 
tensor ( chapter 2), the rotation due to the different materials has a different 
sign. If the two signals are added, we get a hysteresis behavior as shown in tigure 
5.15. In this section, a fit method will be developed to obtain the magneto
optical signal and the switching field of the measurements. 

A first attempt to obtain these values consist of looking at the derivative 
of the measured curve. The derivative of a field scan in one direction of the 
hysteresis curve gives only one peak, associated with the switching field of EuS 
(figure 5.17). The peak due to the Gd-switching is not visible. The EuS peak 
can be fitted, as a first approximation, with a Gaussian distribution. The 
signal to noise ratio on the derivative is rather low, which makes it difficult 
to fit properly. The signal becomes smoother if we average, but in this case, 
the information of the switching of EuS can be determined less accurately. 
Therefore, it is better to work with the original curve. The integral of the 
Gaussian gives an error function. 

In view of this, all curves were fitted with the sum of two error-functions, in 
order to obtain the magneto-optical signal and the switching field of both EuS 
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Figure 5.14: AFM-measurements at Ta/Al/EuS(O- 160 A)/Gd(90 A)/Al sample. Three 
different positions at the wedge are measured, one around 0 A EuS (a), one around 80 A (b) 
and one around 160 A (c). The graysealing is between 0-40 A, and the size of the picture is 
4590 x 4590 A. The tips used during the measurements were bought at Nanoworld. 
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Figure 5.17: Derivative of the scan direction from positive to negative field of the MOKE
loop shown in tigure (5.15). 

and Gd. To test the fitting procedure, single layers of EuS and Gd were fitted 
(figure 5.18). The error function seems to fit the measurement rather well. The 
first error-function is used to fit the switching of the EuS and the second one 
represents the switching of the Gd: 

(5.20) 

In this equation, a1 and b1 give the magnitude of the magneto-optical (MO) 
signal of respectively EuS and Gd. a2 and b2 represent the switching field of 
respectively EuS and Gd. a3 and b3 determine the slope of the error functions. 
With the computer program "Analysis", written in our group, the curves are 
centered symmetrically around the horizontal axis. B is the applied field in 
kiloGauss. The hysteresis curve is divided into two parts, one part going from 
negative to positive field, the other going from positive to negative field. On 
both, two error-function fits are applied (figure 5.19). The magnetic moment 
and coercivity are determined by taking the average of the parameter values 
of both fits. We can see in tigure 5.19 that the fit matches the measured loop 
reasonably well. Looking at the EuS-switch, the measured curve starts to switch 
earlier than the fit. The reason is the not completely Gaussian distribution of 
the switch fields. However, the rest of the fit matches the curve very well. The 
sum of the parameters a1 and b1 gives the measured magneto-optical signal. 
This sum remains the same for both fits. The parameters a2 and b2 determine 
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Figure 5.18: Error function fit of (a) single EuS layer (60 Á) and (b) single Gd layer (90 Á). 
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Figure 5.19: MOKE-measurement at 5 K, of a Ta/ Al/EuS(70 Á)/Gd(90 À)/ Al sample, fitted 
with a superposition of two error-functions. 

the switching fieldsof EuS and Gd. b2 remains constant for both fits. However, 
a2 shows more fluctuations, which is due to its small switching field. The results 
obtained with this fitting procedure will be discussed in the next section. 

5.4.2 Interpretation of the SQUID signal 

In contrary to the MOKE measurements, the results obtained with SQUID, 
as shown in figure (5.20), are not appropriate to fit with the error function 
method, described in the previous section. SQUID is not sensitive for the dif
ference in phase between both layers, which makes it difficult to fit those results. 
Therefore, another method is developed. In figure (5.20), two measurements 
are plotted. The first one is at 5 K, which shows the ferromagnetic magnetiza
tion of EuS and Gd. Around 0 mT, the EuS switches, while the Gd switches 
between 50 and 100 mT. The second loop is measured at 30 K, above Tc of 
EuS. In order to calculate the absolute magnetic moment of the separate layers 
from this measurement, we assume that EuS is no longer magnetic, and that 
the moment observed at this temperature is due to the Gd. The difference 
between the saturation magnetization at 5 K and at 30 K is then the magnetic 
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Figure 5.20: Hysteresis loop of Ta/ Al/EuS/Gd/ Al sample, obtained from a SQUID
measurement. Measurement at 5 K, below Tc and at 30 K, where the EuS is no longer 
magnetic. 

moment of EuS. The assumption that EuS is no longer magnetic at 30 K, is not 
completely true. The Tc of EuS is 16.8 K, but still some magnetic moment can 
be visible at higher temperatures, at high fields. Measurements of single EuS 
layers show that the remaining magnetic moment of EuS is about 5% (figure 
5.21). Therefore, the uncertainty in the results is about 5%. 

5.5 EuS & Gd magnetic moment 

A first step in the characterization of the EuS /Gd bilayer is to look at their 
absolute magnetic moment as a function of the thickness of the EuS layer, fora 
Gd-layer thickness of 90 A (figure 5.22). The figure shows a linear increase of 
the magnetic moment, starting around 20 A. We expect the magnetic moment 
of EuS to increase linearly above 20 A in agreement with our interlayer model 
of section 5.2.1. There are no data points for EuS layers thinner than 40 A EuS, 
therefore the first part of the model can not be checked. As to the magnetic 
moment of Gd, it remains more or less constant, with increasing thickness of 
the EuS-layer. 

In figure 5.23, the saturated MOKE-signal of EuS and Gd is plotted, for 
a EuS-wedge for a thickness of the Gd-layer of 90 A. The fit parameters a1 

and b1 give the MOKE-signal of respectively EuS and Gd. Measurements were 
repeated every 3.2 A on the wedge. As to the EuS, there is only a MO-signal 
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Figure 5.22: Magnetic moment of EuS, Gd and the entire moment of the sample, for 
Ta/Al/EuS/Gd/Al samples with variabie EuS-thicknesses. The thickness of the Gd-layer 
is 90 A. 
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observed for tEuS > 45A. When the EuS-layer gets thicker, the MO-response 
starts to rise, in full agreement with the SQUID measurements. The moment 
of the Gd shows a different behavior. The first 45 A of the EuS-wedge, the 
MO-response rises quickly. After that, the magneto-optical signal of the Gd 
drops. This drop could be explained by absorption of the laser beam in the 
EuS layer. 

In both models, discussed in the previous section, we predict a linear rela
tionship between the magnetic moment of EuS and the thickness of the EuS 
layer, for the EuS-wedge . In the interlayer model, the moment only starts to 
rise at a certain thickness of X A (figure 5.5 and 5.6). In the roughness model, 
the magnetic moment starts to rise from zero. The results for SQUID and 
MOKE (figure 5.22 and 5.23) show the same linear behaviour with an offset, 
as in the interlayer model. According to the SQUID measurements, the mag
netic moment rises with 4.5 nAm2 I A. In theory, this value is higher, around 
5.81 nAm2 I A. The difference can be explained by the fact that the EuS is not 
completely in saturation yet at the field of 200 mT. This can be seen in figure 
5.20. 

According to both models, the magnetic moment of Gd should drop at the 
start of the wedge, and remain constant after a certain thickness of the EuS. 
The SQUID measurement indeed shows a constant moment in the second part 
of the wedge. As to the first part, no samples with small thicknesses were mea
sured with SQUID, and therefore no data are available. The MOKE data are 
more difficult to explain (figure 5.23). At the start ofthe wedge, the MO-signal 
rises quickly. After a certain thickness, the magneto-optical decreases. This 
decrease could be due to the absorption of the laser light in the EuS layer. As 
to the first part, we can only speculateabout it. The fact that Gd is growing on 
Al at the start of the wedge, and on EuS at the end, could be an explanation [23]. 

The same SQUID measurements are clone at samples with variable Gd
layers (figure 5.24). The first 40 A the Gd has no magnetic moment. After 40 
A, the magneto-optical signal of Gd increases linearly, again in agreement with 
the interlayer model discussion of section 5.2.1. The magnetic moment of the 
EuS stays more or less constant throughout the measurements. The thickness 
of the EuS doesn't vary and indeed the moment remains constant. 

In figure 5.25, a plot of the magneto-optical signalof EuS and Gd is shown, 
with the thickness of the EuS-layer being 60 A. The magneto-optical signal of 
Gd was too small to obtain an appropriate fit between 0 A and 60 A. Starting 
from 60 A, the MO-response of Gd increases linearly. The behavior of the EuS
signal shows a phase-shift of the signal. The absolute value of the response 
remains almost constant the first 20 A, and for thicknesses over 100 A. In 
between, from 20 A to approximately 80 A, the signal changes sign. Around 
40 A, the response crosses through zero, and changes sign. The Gd layer on 
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Figure 5.23: Magneto-optical signa! of EuS and Gd as a nmction of EuS thickness. The 
thickness of the Gd layer is 90 A. The EuS is wedge-shaped, from 0 to 160 A, with a length 
of 20 mm. < a1 > and < b1 > are the magneto-optical signa! of respectively EuS and Gd in 
arbitrary units, in accordance to the symbols used in eq. (5.20). 
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Figure 5.24: SQUID-measurement. Magnetic moment of EuS, Gd and the entire moment of 
the sample, for variabie Gd-thicknesses. The thickness of the EuS layer is 60 A. 

top, is thought of to be the reason for the phase change of the signal. 
Turning now to the Gd wedges, the model of the Gd wedge will be compared 

with the SQUID and MOKE measurements. According to both models, the 
magnetic moment of Gd should increase linearly with its thickness. In the 
interlayer model the moment starts to increase only after a certain thickness of X 
A. This linear increase is also observed in the SQUID and MOKE measurements 
(figure 5.24 and 5.25). They both show an offset, as suggested in the interlayer 
model. 

As to the magnetic moment of EuS, both models predict a drop of the mo
ment at the start of the wedge. Above a layer of a certain thickness of X Á, the 
magnetic moment remains constant. Looking at the SQUID measurements, the 
magnetic moment of EuS remains constant along the entire wedge. While in 
the MOKE measurements, the magneto-optical signalof EuS endures a phase 
shift, still the absolute value of the signal is the same at the start and the end 
of the wedge. So both SQUID and MOKE agree with each other. 

Camparing the models and the results obtained with SQUID and MOKE, 
the interlayer model matches the results the best. Especially the nonmagnetic 
interlayer and the linear increase of the moment afterwards are well described 
with the interlayer model. The only dissimilarity between this model and the 
results is that the model prediets a drop of the magnetic moment of the uniform 
layer at the start of the wedge. While no SQUID data are available in this 
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signa! of resp. EuS and Gd in arbitrary units, in accordance to the symbols used in eq. 5.20. 
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Figure 5.26: Ta I A! I EuS(64 Á) I Gd(90 Á) I A! sample. First the entire loop is measured 
(solid line). The point at which the EuS is completely switched is determined, and afterwards 
an inner loop is measured (dashed line). The arrows indicate the pathof the inner loop. 

range, MOKE doesn't show this behavior. Therefore we can conclude that the 
magnetic behavior of the wedge shaped layers is well understood. However, 
there are still some uncomprehended results of flat layers, which can not be 
explained with the proposed models. 

5.6 Interlayer coupling measured with inner loops 

In figure 5.26, the inner loop is plotted together with the fullloop. The mea
surement was clone for a EuS thickness of 64 Á, and a Gd thickness of 90 Á. 
The magnetization of EuS in the inner loop switches later than in the entire 
loop. In section 5.2.2, we stated that this indicates antiferromagnetic coupling 
between the EuS and Gd layer. The "point of return" of the inner loop, the 
point at which the EuS has switched, as discussed before, is determined directly 
out of the measurement of the entire loop, without fitting. Shifting this point 
to slightly higher or lower fields does not infl.uence the position of the switching 
of the EuS. 

The shift of the EuS loop as a function of the EuS thickness is plotted in 
figure 5.27. Below a thickness of 50 Á, the signal was too noisy to obtain a 
decent switching field. The thinner the EuS-layer, the more the loop is shifted. 
Insection 5.2.3, arelation between the shift of the switching field, f:lH and the 
thickness t was derived with a simple SW model. f:lH is inversely proportional 
to the thickness. In figure 5.27, it is observed that the shift in switching field 
of EuS decreases with increasing thickness of the EuS layer. As a first attempt, 
a 1/t fit, with t the thickness of the EuS layer, is applied to the measured 
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Figure 5.27: Ta I Al I EuS(0-160 À) I Gd(90 À) I Al sample. The shift of the switching 
field of EuS is plotted as a function of the EuS thickness. Solid line is a 1l(t-a) fit through 
the data points. 

data points. However, this fit is not accurately enough to describe the data. 
Secondly, a fit of the form 1/(t- a), with a as variabie parameter and t the 
thickness, is applied to the data. In this way, we were able to fit the results, 
giving a parameter a of 24.4 A. The discrepancy of this fit with the SW model 
can be explained by the nonmagnetic interlayer, formed by the EuS and Gd. In 
the SW, the nonmagnetic EuS that contributes to the interlayer, is not taken 
into account. However, in our fit, we took into account the entire layer of 
EuS. Therefore, the parameter a, 24.4 A, indicates the thickness of the EuS 
that contributes to the interlayer. In figure 5.27, some peaks were observed. 
The origin of these peaks is not known. Some extra measurements need to be 
performed, in order to determine the souree of these peaks. 

Figure 5.28 shows the same measurements fora Gd-wedge. The thicker the 
Gd layer gets, the bigger the shift is of the EuS layer. The first point, at 56 A, 
has a positive value. This indicates ferromagnetic coupling. However, all the 
inner loop measurements include an error margin of 1 mT. Therefore we can 
conclude that the shift in the switching field of EuS, as a function of the Gd 
thickness is too noisy to obtain decent results. 

Although the infiuence of the Gd thickness on the shift of the switching 
field of EuS is smaller than the infiuence of the EuS thickness and the noise 
is considerably high, some preliminary speculations can be made. Looking at 
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Figure 5.28: Ta I Al I EuS(lOO Á) I Gd(0-160 Á) I Al sample. The shift of the switching 
field of Gd is plotted as a function of the EuS thickness. 

figure 5.28, the shift of EuS is found to be constant starting from a Gd thickness 
of 130 A. For thicknesses smaller than 130 A, the shift is remarkably less. This 
could be explained by the "simple" idea that the EuS needs a certain amount 
of Gd, before the coupling reaches its final value. For small Gd thicknesses, 
there is not enough Gd for the EuS, to exert its maximal coupling force. 
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Chapter 6 

Conclusions 

In this master project, two subjects were treated. In the first part, a MOKE 
setup is designed, developed and finally tested. The first tests show that the 
system is correctly working. In the second part, the spin properties of a EuS/Gd 
bilayer system were investigated. The magnetic moment of both layers, as well 
as interlayer coupling between the two was examined. The EuS/Gd bilayer was 
found to have a nonmagnetic intermixed interlayer mediating a small amount 
of antiferromagnetic coupling between EuS and Gd. 

In more detail, in the first part, a magneto optical Kerr effect (MOKE) setup 
has been developed. This setup will be attached to the preparation chamber of 
the already existing low temperature scanning tunneling microscopy (LT-STM) 
setup. Therefore, it has to deal with all the requirements of this setup. First of 
all, the setup is small, because of the lack of space on the preparation chamber. 
Secondly, the sample holder, inside the setup, is movable, to avoid blocking 
other parts. The system is compatible with the ultra-high vacuum (UHV) of 
the LT-STM, and is able tooperateat a temperature range between 4 and 400 
K. The magnetic field, necessary for MOKE-measurements, is applied outside 
the vacuum, because of the lack of space inside. The optical setup will be placed 
on a movable, optical table close to the LT-STM table, except for an optical 
head with four extra mirrors which is attached to the system. All the necessary 
parts, like the sample holder, the optical head and the coils that provide the 
magnetic field, were designed by ourself. 

After instaHing the system on a vacuum chamber, the setup was tested. 
First field calibration measurements were done, and the cryostat was tested 
on a simple 500 Á thick sample of Co. A first set of measurements was done 
at three different temperatures (11 K, 95 K and room temperature). A last 
step in the development of the MOKE setup was the noise characterization. 
A quantitative analysis is made, which shows that the noise due to the opti
cal components of the setup is sufficiently small. The largest souree of noise 
is probably due to the table on which the setup was attached. Probably this 
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problem is solved when the setup is attached to the LT-STM, which is placed 
on an actively damped table. 

The second part of themaster project includes the characterization of mag
netic properties of the Al/EuS/Gd spin filter system. First of all, the magnetic 
moment of EuS and Gd is determined by SQUID and MOKE. Both meth
ocis show similar results. In our MOKE samples, one magnetic layer is wedge 
shaped, and the other one has a constant thickness. If the wedge shaped layer is 
very thin, the obtained data, for SQUID as wellas MOKE, show that this layer 
has no magnetic moment, while the other layer conserves its magnetic moment. 
According to both models, this conservation is unexpected. If the thickness of 
the wedge shaped layer is thicker than 20-30 Á, its magnetic moment starts to 
rise linearly, as expected out of the interlayer model. This indicates the exis
tence of a nonmagnetic layer in between the EuS and Gd, formed by intermixing 
of both the EuS and Gd. 

In the last part of this master project, interlayer coupling between the Gd 
and EuS is examined. A simple Stoner-Wohlfarth model is derived which shows 
that the shift in switching field of EuS is inversely proportional to the thick
ness of the EuS layer. This model is verified by measuring inner loops of a 
EuS wedge with MOKE. First of all, the shift of the switching field of EuS is 
plotted as a function of the EuS thickness layer. The shift is proportional to 
1/ ( t-a) wi th t the thickness of the EuS layer and a a constant. The discrepancy 
with the SW model comes from the EuS that contributes to the nonmagnetic 
interlayer. The effect of the EuS layer thickness on the shift of the switching 
field of Gd was very small, and within the error margin of the MOKE data. 

As to the development of the LT-MOKE setup, several recommendations 
can be made. First of all, if the heater is repaired, the cryostat has to be 
implemented on the system and tested again. The setup can be placed on an 
actively damped table, in an attempt to get rid of the vibrations due to the 
table. Extra lenses can be put in the optical setup, to reduce the laser spot 
size, and reduce losses of the intensity of the beam. Afterwards, the setup can 
be attached to the LT-STM. In a next step, some first measurements can be 
clone at Co/Mn structures, as described in [1]. 

In the near future, some final measurements will be performed at the EuS/Gd 
bilayer system. First of all, the roughness of a single EuS layer, without any 
capping layers, will be determined. In this way, an indication will be given if 
the roughness model could be a good explanation. An extra sample will be 
grown, with a EuS wedge, and the Gd layer replaced by Ta and the magnetic 
moment of EuS will be determined. In this way, the magnetic moment of EuS, 
capped with Gd and Ta, can be compared, which reveals the influence of the 
Gd on the EuS. In a last step, a sample with a different slope of the wedge as 
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those measured previously, will be stuclied in detail. The shift of the switching 
field of EuS in ftmction of the EuS thickness was found to show some strange 
peaks. By measuring a sample with a different slope, we will try to explain the 
origin of those peaks. 
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