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Abstract 

To be able to investigate uitrafast spin dynamics with a high temporal resolution, a high spin sensitivity 
and a high spatial resolution, novel experirnental techniques have to be developed. A promising 
technique is magneto-optical scanning near-field optical microscopy (MO-SNOM). With MO-SNOM, 
it is possible to investigate the magnetic properties of thin film samples at nanometer scale. Presented 
is the building and testing of a MO-SNOM apparatus. A MO-SNOM setup bas been built and initia} 
tests have been petformed to check the operation of the (magneto) optical and spatial components 
of this setup. Initial SNOM measurements have been performed and improvements of the setup have 
been implemented. To be able totest the capabilities ofthe MO-SNOM, samples with sub-wavelength, 
nanometer scale magnetic features are necessary. Test samples have been designed, and production 
bas been started up. To gain insight in the detected signals, a quasi-electrostatic model of the electtic 
near-fields and far-fields that occur during a measurement is developed. 
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Chapter 1 

Introduetion 

In computer industry a continuing increase in hard disk starage capacity and memory capacity is 
wanted. This increase of performance comes tagether with a down scale of dimensions and time 
scales. This is not only the case for the devices, but also for the the physical processes that occur in 
these devices. Processes include the switching dynamics of hard disk read- and write heads, switching 
of elements in magnetic random access memory (MRAM) and the thermo-magnetic write process in 
magneto-optical recording. 

One of the physical phenomena that is of great relevanee in the development of high speed mag
netic recording, is the dynamics of spin systems down to femtosecond time scales. This navel issue in 
magnetism has made extensive progress over the last years. However, local behavior of magnetic sys
tems confined in space, and local magnetic excitations in laterally homogeneaus systems have hardly 
been investigated so far. To be able to investigate these phenomena, novel experimental techniques 
have to be developed that combine a high temporal resolution, a high spin sensitivity and a high spatial 
resolution. 

A very promising candidate to act as such a technique is an apertureless magneto-optical scan
ning near-field optical microscope (MO-SNOM). Scanning near-field optical microscopy combines 
the high spatial resolution of scanning probe techniques like atomie force microscopy (AFM) and 
scanning tunneling microscopy (STM) with an optical detection method. The optical detection makes 
it possible to implement magneto-optical measurement techniques. For spin sensitivity, polarization 
modulation schemes can be implemented. Also, the optical detection allows implementation of an all 
optical pump-probe magneto-optical characterization technique with femtosecond laser pulses. 

Since MO-SNOM is a navel technique, no "out of the box" salution to implement this technique 
is available. A MO-SNOM setup bas to be developed completely from the base up. This report 
treats the building and testing of a MO-SNOM setup at the group Physics of Nanostructures at the 
Eindhoven University of Technology (TU/e). Initial experiments were performed by B. Koopmans 
and C.F.J Flipse in collaboration with H. Brune and E. Riedo at EPL in Laussane. The results of these 
experiments are used as input for the development of the MO-SNOM at TUle. 

The outline of this report is as follows. In chapter 2, a description is given of the magneto-optical 
Kerr effect. Explained is how this effect can be utilized to determine magnetic properties of thin 
films. Further, a general description of the operation of an STM is given. Then, both SNOM and MO
SNOM are explained and a model is developed to investigate the fields that will be detected during a 
(MO)-SNOM experiment. 
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Chapter 3 describes the setup that has been built. The components are treated in detail and im
provements of the setup will be given. In chapter 4, the results of initia! SNOM experiments are given. 
It will be demonstrated that it is possible to detect a SNOM signal. Possible causes for degradation of 
SNOM scans are investigated. Also, a suitable sample designtotest the capabilities of the MO-SNOM 
setup will be described and a startup of sample fabrication is shown. Finally, in chapter 5 conclusions 
will be given. 
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Chapter 2 

Theory 

In this chapter, the theory bebind MO-SNOM is discussed. Pirst, theories of MOKE and STM are 
given, since these two techniques are the underlying techniques for MO-SNOM. Aftera general intro
duetion of the SNOM technique, we will focus on apertureless SNOM, this is the eperation mode of 
the MO-SNOM apparatus at TU/e. Non-magnetic SNOM will be treated fust, after which it becomes 
easy to extend the theory to the MO-SNOM. Por both the non-magnetic and the magnetic cases a 
model is developed to gain insight in the signals that are detected during an apertureless (MO)-SNOM 
measurement. 

2.1 Magneto-optical Kerr effect 

The magneto-optical Kerr effect is an effect discovered in 1877 by John Kerr. The effect implies that 
the polarization state of light can change after being reilected at the surface of ferromagnetic matenals 
[1]. This change in polarization is used todetermine the magnetization ofthe magnetic material. 

The polarization state of polarized light is altered in two ways after reileetion at a surface of a 
magnetic material. Both a rotatien of the polarization direction and a change in the ellipticity of 
the polarized light occurs [2, 3]. The first effect is called magneto-optical Kerr rotation, the second 
magneto-optical Kerr ellipticity. 

Linearly polarized light (LPL) consistsof equal amounts of right circular polarized light (RCPL) 
and left circular polarized light (LCPL). A relative change of the phase of the two components will 
lead to a rotatien of their superposition. A relative change of the amplitude of the components will 
lead to an elliptical superposition. The complex Presnel reileetion coefficients of RCPL and LCPL 
are given by: 

(2.1) 

The (+)-index indicates RCPL, the (-)-index LPCL. The coefficients can be used to define the Kerr 
rotation, e K, and the Kerr ellipticity, EK, as: 

(2.2) 

and 

(2.3) 
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For a given polarization the complex index of refraction of light is 

n =n-ik, (2.4) 

with n the real part and k the imaginary part of the index of refraction. The origin of the magneto
optical Kerr effect lies in the perrnittivity tensor. 

In the following, we discuss isotropie materials that are magnetized along ~ z· The Kerr effect 
only occurs in optically anisotropic materials. In such materials the refractive index for LCPL and 
RCPL are different, and deterrnined by n+ and n_ respectively. The permittivity for such a material is 
described by a tensor instead of a scalar. The perrnittivity tensor for a material with the magnetization 
in the z-direction is 

êxy 0 l 
êyy 0 . 
0 êzz 

(2.5) 

In general, 'iij are complex numbers and 'ixx is equal to 'iyy· For materials that are optically isotropie 
the off-diagonal terms ±'Exy are equal to zero. The diagonal terms of the perrnittivity tensor are even 
functions ofthe magnetization M, the off-diagonal terms are odd functions of M. The latter functions 
are lineair in lowest order. 

The sensitivity of the Kerr effect to the magnetization of a material makes it useful for the de
termination of the amplitude and the direction of the magnetization of a material. For a quantitative 
description of the MOKE technique, the absorption of light in a sample bas to be taken into account. 
For light with a wavelength À, the intensity of light in a material is given by 

I(z) = I(O)e-Kz, (2.6) 

where Kis the extinction coefficient, z the depth into the materialand I(O) the intensity of the light 
when it enters the material. The extinction coefficient can be expressed as 

K = 41rk 
À . 

Here, k is the imaginary part of the index of refraction. The penetration depth dp is defined as 

-1 À 
dp=K = 41rk. 

(2.7) 

(2.8) 

For metals the penetration depth lies in the range of 100 Á - 500 A for optica! wavelengths. This 
means that the MOKE analysis technique is only suitable for investigation of the magnetic properties 
of thin samples. 

2.2 MOKE measurement technique 

The setup in tigure 2.1 is a typical MOKE setup. It consists of a laser, a photo-elastic modulator 
(PEM), the sample, an analyzer and a photodiode which acts as a detector. In this section the mea
surement technique will be explained by descrihing the transformations of the electric field of the light 
when it passes the various components. 
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-sample 

PEM 

- analyzer 

lock-in amplifier 

Figure 2.1: Typical MOKE setup. 

The initia! electtic field of the laser beam ean be represented using J ones veetors. Jon es veetors are 
two-dimensional veetors of whieh the eomponents descri he the horizontal and vertical polarization of 
the electtic field. The Jones vector for the initia! beam is ehosen to be 

(2.9) 

The asciilating phase factor ( ei~P+iït ·X' -iwt) is Ie ft out. The representation of the light using Jon es 

veetors provides a simple way for descrihing the modulation of the light by the optical eomponents. 

2.2.1 Photo-elastic Modulator 

A photo-elastic modulator (PEM) is a crystal mounted on a piezo vibrator. This piezo vibrator has a 
eharacteristic frequency J, this is the PEM modulation frequency. The piezo vibrator will induce vi
brational stretehing of the erystal, introducing a osciilatory birefringence. By this vibrational stretch
ing. a PEM retards a light wave polarized along its modulation axis with respect to a light wave 
polarized perpendicular to the modulation axis in an asciilating way. The asciilating phase difference 
is given by 

ó = óo cos (Ot) , (2.10) 

with 0 = 21r f . The resulting Jones matrix for the PEM is 

MPEM = [ ~ e~6 ] · (2.11) 

The electrieal field after passing the PEM is 
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E 1 = Ein [ e~ó ] . (2.12) 

Defining the unit veetors for coordinates for circularly polarized light as 

~ _...!.._[1] er- m . 
v2 '1, x,y 

-t 1 [ 1 ] 
el= J2 -i 

x,y 

(2.13) 

-t 

we can transfarm E 1 to these coordinates: 

~ Ein [ 1 - ieió ] 
El= J2 1 +iéó 

r,l 

(2.14) 

Modulation of the laser light using a PEM makes it possible to use a lock-in detection technique. 
The detected signa! is processed with a lock-in amplifier. A lock-in amplifier amplifies only compo
nents of the detected signa! that have the same modulation frequency as the reference frequency set 
for the amplifier. In this case the reference frequency is the PEM modulation frequency. This lock-in 
detection technique dramatically enhances sensitivity of the detection setup for the magneto-optical 
signa!. 

I- parallel 

• - senkracht 

Figure 2.2: Definition ofEp and Es. 

2.2.2 Sample 

Now the light approaches the sample. The incoming light vector can be split in two orthogonal compo
nents with respect to the plane of incidence, a perpendicular component Es and a parallel component 
Ep. The subscriptS for the perpendicular component Es originates from the word "senkrecht" that is 
commonly used in literature. Figure 2.2 illustrates the definition of both components. When the light 
passes the sample, the Kerr effect described in section 2.1 causes a change in the polarization of the 
laser light. The complex Presnel refl.ection coefficients for the sample are r + and r _ for RCPL and 
LCPL respectively. After passing the sample, the electric field is: 

E 2 = ~ [ g ~ ~::~~ ; ~ L.l . (2.15) 
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Transferming back to Cartesian coordinates, this becomes: 

(2.16) 

2.2.3 Analyzer 

The analyzer is a linear polarizer and is used to enhance the sensitivity for the Kerr-effect. The Jones 
matrix of the analyzer is given by 

M _ [ cos
2 

<p sin <p cos <p ] 
A - sin <p cos <p sin2 <p ' 

(2.17) 

~ 

where <p is the angle between the analyzer-axis and the x-axis. The resulting Jones vector is E 3, the 
~ 

amplitude of E 3 is 

E3 = E2,x cos <p + E2,y sin <p. (2.18) 

~ 

Here, E2,x is the component of E 2 in the x-direction and E2,y the component in the y-direction. 

The intensity of the detected signal is I = a I Ë 31
2 

, where a is a proportionality constant. The 

intensity is 

I= a:
2 

[(r!+r:_)+(r!-r:)sinó+2r+r_cosósin2(0K+<p)] (2.19) 

If assumed that r + - r _ « r + + r _, then the following approxirnations can be made: 

(2.20) 

r~ - r: "" ( r + - r _) ( r + + r _) "" 
2 

r + - r- _ 
2 2 2 "" "" - EK 

r++r_ r+(r++r-) r++r-
(2.21) 

Using these approxirnations, the intensity can be expressed as: 

I = I(O) +I(!) sin (27r ft) + I(2f) cos (27r2ft) (2.22) 

where: 

Io = aE
2 (r~ + r:) 

4 
(2.23) 

I(O) = Io [1 + Jo(óo) sin2(<p +OK)] (2.24) 

I(!)= Io[4EKJ1(óo)] (2.25) 

I(2f) = Io[2h(óo) sin2(<p +OK)] (2.26) 

The Kerr ellipticity and the Kerr rotation are now given by: 
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EK~ 4J1(6o)I(O)' 

I(2f) 
cp + (}K ~ 4J2(6o)I(O)" 

I(f) 
(2.27) 

(2.28) 

The ellipticity signal depends on the frequency f, the rotation signal depends on the frequency 2f. 
The signal-to-noise ratio can be optimized by maximizing I(f) for EK and I(2!) for (}K· This can be 
done by maximizing the Bessel functions J 1(60) and h(60) respectively. The optimal values are 

• for ellipticity: 

• for rotation: 

<>o ~ 1.89 (105.4°) 

<>o ~ 3.05 (174.7°) 

2.3 Scanning Tunneling Microscopy 

Scanning Tunneling Microscopy (STM) is a surface sensitive technique. A sharp tip with an apex 
curvature of tens of nanometers is brought near a surface. Due to the shape of the tip, there always 
will be a single atom that is ciosest to the sample surface. The distance between the tip and the surface 
is in the order of a few Ángströms. This distance is small enough for quanturn mechanic "tunneling" 
to occur, i.e. it is possible for electrans to tunnel from the tip to the surface through the air or vacuum 
harrier, due to an applied voltage Vr. The amount of current tunneling from tip to surface depends 
on the distance between tip and surface and the effective harrier height. By monitoring the current as 
a function of the position on the surface, information about the surface topography can be acquired. 

2.3.1 Principle 

STM is basedon the effect of electron tunneling, a quanturn mechanica! phenomenon [4]. The state 
of an electron can be described by its wave function W ( r, t). For a one-dimensional system in equilib
rium, the allowed electron states are one dimensional solutions of the time-independent Schrödinger 
equation 

(2.29) 

Here 1ï is Planck's constant, mis the effective electron mass and V(z) is the potential at point z. 
Figure 2.3 shows a one-dimensional tunnel harrier. Two metals are separated by an insulator, the 

so-called harrier. Inside the harrier with thickness d, the salution of the Schrödinger equation has the 
formof 

'll(z) = w(O) exp( -Kd), (2.30) 

where K. is the inverse decay length of the wave function, 

j2m(V -E) 
K.= 1ï . (2.31) 

Here, E is the energy of the electron. Figure 2.4 shows the geometry of tip and sample. The tunneling 
current I is the probability that a electron will cross the harrier, and depends on the harrier width d: 
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I ex: exp(-2/\,d). (2.32) 

V(z) z 
Et. Evac 

z 

~1 

~2 

EF 
E 

11 li l 11 111 

Figure 2.3: The potential energy (a) and wave function (b) of tunneling electroos versustheir position in the 
left electrode (I), the harrier (ll) and the right electrode (lil). Only electroos with energy less dan e V away from 
the Fermi energy of the right electrode can participate in the tunnel current. 

From this simple harrier we can make the step to metal-vacuum-metal tunneling. Fora metal 
surface the work nmction cp is defined as the minimum energy required to remave an electron from 
the bulk to the vacuum level. The Fermi level is the upper limit of the occupied states in a me tal. If the 
vacuum level is taken as the reference point of energy, then EF = -cp. For sirnplicity, it is assumed 
that the work functions for both tip and sample are equal. Now a bias voltage V is applied, with 
e V « cp. The probability for an electron in the nth sample state to tunnel to the tip surface is 

(2.33) 

Here, '1/Jn (0) is the value of the nth state at the sample surface, z is the distance between the sample 
and the tip and 

.j2iTUp 
1\,=--n (2.34) 

is the decay constant of a sample state near the Fermi level in the harrier region. 

If a summation of all the sample states in the energy interval e V is made, the tunnel current can 
be found: 

Ir:x (2.35) 

From equation 2.35 it follows that the current is exponentially dependent on the tip-sample separation. 
This exponential dependenee provides the high vertical resolution using STM. By monitoring the 
tunnel current the tip-sample separation can be controlled with very high resolution. 
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Figure 2.4: Tip-sample geometry used in modeHing STM. 

-= 

surface atoms 

Figure 2.5: Typical STM setup. 

2.3.2 Basic operation 

Figure 2.5 shows a typical STM setup. In an STM setup the movement of the tip in the x, y and 
z-direction is controlled by piezo-electrical elements. These elements have a crystalline structure. 
When an electrical field is applied to a piezo-electrical element, the crystal inside the element is being 
polarized. This polarization causes an intemal stress that leads to reorganization of the crystalline 
structure inside the element. This reorganization will change the dimension of the element along 
one of its axes. The strain c = !::iljl ~ 10-5 when an electrical field in the order of 105 V/mis 
applied. Standard tube-based STMs will have a lateral resolution of 0.05 A, while the resolution in 
the z-direction is 0.01 A. 

An STM can be operated in two modes, constant-current mode and-constant height mode. In 
constant height mode, a feedback mechanism is used to rnaintaio a constant current while scanning 
over a surface. A constant bias is applied between tip and sample. This way, the distance between 
sample and tip is kept constant. The signal used to alter the height of the tip is used to form the image 
of the surface. An advantage of constant-current mode is that images are directly related to electron 
charge density profiles. 

In constant-height mode, the z-position of the tip is kept constant while scanning over a surface. 
The change in tunnel current due to height differences of the sample surface is used to produce the 
image. The advantage of this method is that faster scanning is possible. In practice however, this 
mode is is rarely used. 
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2.4 Magneto-optical scanning near-field optical microscopy 

2.4.1 SNOM 

Scanning near-field optica! microscopy (SNOM) is an optica! technique which makes it possible to 
detect sub-wavelength features of samples. A conventional optica! microscope is limited in its res
olution because of the diffraction limit. This diffraction limit imposes the Rayleigh criterion, which 
states that the minimum distance between two objects that just can be resolved is given by 

1.22À 
~Xmin = 

2 
. (}. (2.36) 

nsm 

with (} the angular spread of the rays.. The quantity n sin (} is known as the numerical aperture NA 
[6]. So, equation 2.36 can be expressedas 

0.61À 
~Xmin = NA· (2.37) 

Fora microscope in air (n = 1), the numerical aperture bas a maximum value of 1 and thus ~Xmin = 
0.61À. lf light with a wavelengthof 633 nm is used, this willlead toa maximum resolution in the 
order of 400 nm. 

To overcome the diffraction limit, Synge already in 1928 thought a bout the concept of far-field and 
near-field. The far-field is the field detected when the detector is at a distance d from the light souree 
and d > À. When d < À, the detected field is the near-field. In the near-field regime, the diffraction 
limit is no longer applicable and the resolution is thus enhanced. To be able to collect information 
in the near-field, a probe must be placed in this near-field, thus at sub-wavelength distance from the 
sample. 

(a) (b) (c) 

Figure 2.6: Different operation modes for SNOM: a) aperture- illumination; b) aperture- collection; c) aper
tureless. 

There are a number of different SNOM methods, each withits advantages and disadvantages [7]: 

aperture - illumination. Here, a smal! aperture is positioned at sub-wavelength distance from the 
sample. The aperture is used to illuminate the sample. Now, either the light reilected or transmitted 
by the sample can be detected. Depending on which light is detected, the operating mode is called 
reileetion mode or transmission mode. Apertures that are commonly used are small holes in a thin 
metal film on top of glass or pointed metal-coated optica! fibers (figure 2.6a). 

aperture - collection. This metbod is similar to the aperture-illumination method, but now the aper
ture is used to collect the light conring from the sample instead of illuminating it. Again, reileetion 
mode or transmission mode can be chosen as operation mode (figure 2.6b). 
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apertureless. In apertureless SNOM the sample is illuminated in the same way as with the aperture
collection method. To detect the light coming from the sample, a scattering probe is positioned at 
sub-wavelength distance from the sample. Due to the incoming light, a dipale is induced in the 
scattering probe and this dipale acts as a radiation souree to transfer the near-field information to the 
far-field (figure 2.6c). 

Apertureless SNOM with a scattering probe bas significant advantages compared with SNOM 
using an aperture probe: 

• The optical efficiency of an apertureless probeis much higher than that of an aperture probe (a 
coated fiber for instance); 

• The electromagnetic field is significantly enhanced by the probe tip; 

• The apex of a probe tip can be made much smaller than that of a fiber probe. This smaller apex 
leads to a higher spatial resolution; 

• in the case of time-resolved measurements, less depolarization and no pulse broadening takes 
place when compared to aperture SNOM; 

• limitations imposed by an aperture, like the skin-effect and sharpness of shadows, will nat 
occur; 

• less topography artifacts because of the lack of coating; 

• better thermal and mechanica! stability. 

All these advantages result in a unique technique with a high resolution, that is applicable for 
magneto-optical andlor time-resolved measurements. 

2.4.2 Apertureless SNOM 

The apertureless SNOM measurement technique is well suited to our requirements. Figure 2. 7 shows 
a scheme of apertureless SNOM in total intemal reflection mode. 

In this figure the sample consist of a glass substrate with sub-wavelength features at the surface. 
Light is coming from the bottorn of a transparent substrate with an angle of incidence bigger than the 
critical angle. Thus, conditions of total intemal reflection are fulfilled. The incident propagating wave 
reflects completely, and the propagating reflected wave travels away from the sample surface (see tig
ure 2.11 ). According to classica! dynamics (Fresnel formulas ), there should be no propagating waves 
intheupper semi-space. However, there should occur an evanescent field that decays exponentially 
and oscillates at the laser frequency. 

If any object is immersed in this field, induced electrical dipales and higher order multipales 
appear. These induced dipales in their turn induce electtic fields. 

The electric field produced by an asciilating dipale can be described in two extreme cases. When 
r « d, the field has a 1/r3 dependenee of the distance to the nearby observer, this is the near-field. 
When r » d, the field has a 1/ r dependenee of the distance, and is a propagating wave. This regime 
is called the far-field. 
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Figure 2.7: Scheme for apertureless SNOM in total intemal refiection mode. 

To obtain a spatial resolution and to be able to detect individual features, a metallic tip is positioned 
at a very small distance from the sample surface, above the feature selected to investigate. The induced 
electric fields of the surface features will in their turn create an induced dipale in the tip. Again, the 
dipale in the tip wil induce a propagating electric field. This is the tip-induced field. 

The electric field that is detected in the far-field consists of the components that are the result of 
these interactions: 

• a component that is not related to the selected feature and not tip-induced; 

• a component that is related to the selected feature but not tip-induced; 

• a tip-induced component that is not related to the selected feature; 

• a component that is tip-induced a related to the selected feature. 

The latter component is the component that carries the true near-field signaland thus is the com
ponent of interest. So, to be able to perfarm true near-field microscopy, the other components have to 
be filtered out of the detected signal. 

Modulation of the tip 

As described in the last section, the detected signal not only contains a near-field signal but also 
other components. The tip-feature interaction is strongly distance dependent To filter unwanted 
components out of the signal, a lock-in technique is used. The tip is driven in the z-direction by 
applying a sinusoidal voltage at frequency fase to the piezo actuator. The frequency of asciilation 
of the tip is fase· Since the tip is oscillating, intensity of the light that is reflected by the tip will be 
modulated with the same frequency fase· 

The signal coming from the detector is senttoa lock-in amplifier. The reference frequency for 
this lock-in amplifier is the modulation frequency of the tip. Componentsof the detected signa! that 
have the same modulation frequency as the tip will be amplified, other components are filtered out. 

17 



This lock-in technique provides a convenient methad toselect only the tip-induced components of the 
detected signal. 

2.4.3 Reileetion and refraction at the prism plane 

Figure 2.8: Diagram of wave veetors at the upper surface of the prism. 

Consider the situation sketched in figure 2.8. Incident light is reflected and transmitted at the boundary 
plane of the prism. The incident light consists of plane harmonie waves expressed by 

--t --t i(k·r'-wt) 
E = Eoe . (2.38) 

--t 

The incident wave has a wave vector k , the wave veetors of the reflected and transmitted waves are 
--t --t 

given by k r and k t respectively. 
The incident and reflective wave are in the prism, which has a refractive index n. The transmitted 

wave is in air, where the refractive index is nair = 1. 
--t 

The magnitude of k is given by 

lkl = 2~n (2.39) 

and can be split in a component that is parallel to the plane of refraction, k11 - 2~n sin e1. and a 

perpendicular component k1.. = 2).n cos e1. Since nair = 1, lktl becomes 

lktl = 
2
; (2.40) 

with components kt,ll = 2
{ sin e2 and kt,l.. = 2{ cos e2.The law of reflection states 

n sin el =sin e2. (2.41) 

Using expression 2.41, the parallel component kt,ll now becomes kt.11 = 2~n sin el. 

The lengthof kt is given by kl = ki, 11 + ki,1..• so for kt,l.. is found: 
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Figure 2.9: Normalized evanescent field and intensity of the evanescent field as function of the distance from 
the swface z, for n = 1.5, À= 633 run, ei= 45°.0 

- /k2 k2 _ 21r . I 2 · 2 O kt,.L - y t - q - Tv 1 - n sm 1· (2.42) 

If e1 exceeds the critica! angle, which is defined as 

e c = sin -l ( ~) , (2.43) 

then total intemal reileetion occurs. In that case kt,.L becomes imaginary and this results in a damped 
light wave perpendicular to the prism surface; 

(2.44) 

This electrical field is called the evanescent field. 
In the setup at TU/e, a HeNe laser with a wavelengthof 632 nm is used. The prism bas a refractive 

index n = 1, 515 and the angle of incidence is 45°. In tigure 2. 9 the resulting evanescent field using 
these parameters is plottedas a function of the distance to the prism surface z. 

Since I = E · E*, the expression for the intensity of the evanescent field becomes 

(2.45) 

with Io = (Eof In tigure 2.9 also the intensity of the evanescent field as function of the distance 

z is given. Using equation 2.45, the value of lkt,.ll can be determined. From this we can calculate 

a decay factor a = ~, so that I = Ioe-7;. Figure 2.10 shows how a depends on the angle of 
21 kt,.lj 

incidence ei. 
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Figure 2.10: Decay factor a as a function of the angle of incidence fora glass-air transition, nglass = 1.5 so 
that Be = 41.3° , >. = 633 run. The dasbed line indicates the critica! angle Be. 

To he able to collect information from the evanescent field a prohe bas to be brought in this field. 
Since the evanescent field falls of fast, the prohe bas to he put at a distance to the surface that is 
smaller than the extinction depth of the evanescent field. The metallic tip of an STM is suitable to act 
as such a probe. Light from the evanescent field wil then scatter at the tip and the information carried 
by the near-field will be transferred to the far-field. This far-field can he detected using conventional 
collecting opties. 

2.4.4 Quasielectrostatic model 

To get a better insight in the signals that are detected during a SNOM measurement, it is useful to 
make a model of the measurement technique. Consider the following situation. A sample consists of 
a transparent substrate with "features" of a given dielectric tensor at the surface. These features are 
spheres of negligible diameter. Por simplicity, only two features are present at the sample surface: a 
feature that is selected to he investigated (denoted with the subscript s) and a not-selected feature at 
a distance l from the selected feature. The not-selected feature is denoted with the subscript n . The 
tip is represented by a small metallic sphere at distance h from the sample surface. The tip is also 
considered as a feature and is denoted with subscript t (figure 2.11 ). In practice, the tip will he larger 
than the radius of the sphere in this model. If it a tip radius of R is assumed, this model is valid for 
d>R. 
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Figure 2.11: Geometry used in the model. 

In the model, the features on the sample surface and the tip are radiated by p-polarized light, 
coming through the sample substrate. This initia] external local field will induce dipole moments in 
the features and the tip. These induced dipoles will induce electtic fieldsintheir turn. By taking an 
iterative step, the influence of the induced fields on the dipole moments in the features is investigated 
and the induced electtic fields are approximated .. 

On the sample surface there are two features. One is the selected feature (subscript s), the other 
is the not-selected feature (subscript n). The third object taken into account is the tip (t). The objects 
are considered to be single polarizable spheres with a negligible radius. 

The features are assumed to have an isotropie polarizability tensor '71, 

'71 i = [ ~i ~i ~ l 
0 0 O:i 

,i= s,n,t. (2.46) 

To calculate the electtical field a dipole interaction is assumed. The dipole moment for the i-th feature 
IS 

(2.47) 

---+ 
where E ext (7 i) is the electtic field of the incident light and 

3---+ (---+ ---+) ---+ E . . (7) - n p j . n - pi 
dtp,J - 4 1---+ ---+ 13 

7rEo r - r j 
(2.48) 

is the electtic field originating from the induced dipole moment in the j-th object. Here, rt is a unit 
vector directed from 7j to 7 [?]. 

---+ 
The external field E ext outside the substrate ( z 2: 0) can be expressed as 

---+E ·( ) E -k.J..z---+ + E ik 11 x---+ ext z = oe e z oe e x (2.49) 
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for p-polarization. In this expression, the time-dependent factor eiwt is omitted for simplicity. The 
z-component of the field in equation 2.49 is the evanescent field treated in section 2.4.3. In the rest of 

~ 

this section, the x-component of E ext is not taken into account, the focus is on the z-component. 

The dipole moment of a feature i (i = n, s, t) is determined by the local field that is present at the 
feature position. This local field is a superposition of the (extemal) electric field of the incident light 
and the field induced by the other features: 

~ ~ [~E (~ ~)] . Pi = a i · local r = ri , '!. = n, s, t. (2.50) 

The induced dipole moment of the not-selected feature is given by 

(2.51) 

Only the dipole moment in the x-direction is taken into account. It is assumed that the dipole fields 
induced in the selected feature and the tip have no influence on the dipole field of the not-selected 
feature. 

and 

The dipole moments p s and p t can be expressed as 

~ 

Ps (2.52) 

(2.53) 

(2.54) 

(2.55) 

Equations 2.52 and 2.53 form a linear set of equations which can be solved analytically. A sirnplified 
salution for this linear set of equations is to solve the set using an iterative step. Assumed is that the 
induced dipoles p t and p s in the right hand side of equations 2.52 and 2.53 are induced only by the 
extemal field (equation 2.49). Equations 2.52 and 2.53 then become 

~ ~ [E ~ + 3""tz (Pt,ini · ""tz)- Pt,inil 
P s = as· 0 e z I st ~~ ~ l3 · 

47rEo r s - r t 
(2.56) 

~ ~ [E -k.1.h~ + 3""tz(Ps,ini·""tz)-ps,inil 
P t = a t · oe e z lts 

4 
~~ ~ l3 · 

7rEo r t- r s 
(2.57) 
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Here, Pt,ini and Ps,ini are the dipole moments that are induced by the evanescent field of the 
light incident on the sample: 

~ E-t p s,ini = as 0 e z. (2.58) 

Using this expression for p t,ini• p s becomes 

~ +-+ at oe ~ 

[ 
2 E -k~h] 

Ps= as· Eo+rst 4m:od3 ez, (2.59) 

since 1---:t s - --:;7 tI = d, and p t becomes 

~ +-+ [ -k~h 2asEo] ~ 
p t = at · Eoe +lts 4m:od3 e z· (2.60) 

Having found an approximate solution to the oscillatory dipole moments, we finally calculate the 
radiation detected in the far-field. For the far-field, the radiated electtic field is given by 

k2 (~ ~) ~ 
~E (---+) _ ""-- r X p i X r ikr rad r -04 3 e . 

i 7l"Eo r 
(2.61) 

Here, r is the distance between the features and the detector. r » d. and k = 2:;r is the wave number . . "' 
[21]. The factor eikr is a phase factor, that will be omitted intherest of this section. For this model, 
the radiated electtic field in the z-direction that is detected is proportional to 

E 
Pn+Ps +Pt 

rad,z""' r 
(2.62) 

Using equations 2.51, 2.59 and 2.60 the expression for Erad,z becomes 

Eo [ -k~h asat (e-k~h + 1)] 
Erad,z""'--; (an +as)+ ate +I st 2?TEod3 · (2.63) 

In equation 2.63, three parts can be distinguished: 

non tip-induced component; 

tip-induced component, notfeature related; 

true near-field signal. 

Note that the signal that is measured at the detector is not the radiated field but the intensity, 

I= IEI2· 

Since the tip oscillating in the z-direction, the tip-sample distance h will have an oscillatory com
ponent hosc ""' sin (211" fase)· The lock-in technique that is used only amplifies signals that are mod
ulated with a frequency fase· As a consequence of this lock-in technique, only those componentsin 
the far field that are dependent on the tip-sample distance h will be detected. The non-tip-induced 
component will be filtered out. This can be shown by taking the derivative of the components of E as 
a function of h for h ~ 0: 

d h2 • dh T st ex: ' 
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d 1 h-4 
• dh dJ ex: . 

The d-3 component bas the strengest h-dependence for small values of h, while the phase factor 
1 st bas the weakest h-dependence. Since Erad,z,2 is independent of h, this component will be filtered 
out by the lock-in technique. 

Two components are present in the detected signal: the tip-induced, notfeature related component 
Erad,z ,2 and the true near-field component Erad,z,3· The two components Erad,z,2 and Erad,z ,3 show 
a very different behavior as a function of the tip-sample distance d. Por Erad,z,2 we have found that 
Erad,z ,2 "' e-k.Lh, while Erad,z,3 depends on h like Erad,z,3 "' h-3. The value of k can be calculated 
from equation 2.42. With a wavelengthof 633 nm, an angle of incidence Oi = 45° and n = 1.52 
(glass), the value of kis found to be k = 4 · w-3 nm-1 . This value for kis used to compare the 
h-dependence ofthe components Erad,z ,2 and Erad,z,3· The result is shown in tigure 2.12. 
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Figure 2.12: Comparison of the h-dependence of Erad,z,2 and Erad,z,3 · In this example a value of k = 4-10-3 

nm-1 is assumed. Figure a shows both components for small values of h. In figure b the behavior E r ad,z ,2 

component can be seen for larger h. 

Prom tigure 2.12a it is clear that Erad,z ,3 is a component that is only significant for small tip
sample distances, h < 3 nm. Erad, z ,2 is almost constant for small values of h and is significant at 
much larger distances, as can be seen in figure 2.12b. 

To investigate how these components manifest themselves in the detected signal during an actual 
MO-SNOM measurement, a simulation is made. In this simulation, only two features are present, the 
tiptand the selected features. The not-selected feature n thus is left out. 

Por simplicity, the polarizabilities O:t and as are assumed to be equal to 1. Purthermore, the 
phase factor 1 st and the pre-factor 2.;~0 are omitted. Because of the used lock-in technique, only 
h-dependent components of Erad will be detected, this part of the field looks like: 

(2.64) 
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Now, a scan is made. The tip is at a constant height h from the sample surface and moves in the 
x-direction. For k, again a value of k = 4 · 10-3 nm-1 used. The selected feature is positioned at 
x = 0, y = 0. The scan is made in the y = 0 plane. The h-dependent part of electric field that radiated 
towards the detector during the scan is shown in figure 2.13. 
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E 
1 
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Figure 2.13: Simulation of the detected signal duringa SNOM scan, with k = 4 · w-3 nm-1(>. = 633 nm, 

n = 1.52, fh = 45°) and h = 0 nm. 

The detected signa! is dominated by the e-k.th_component at large distances, as already expected. 
Figure 2.14 shows the detected signa! for short distances. The two components of the signa! are 

also shown. The e-k.th component is almast constant at small sample distances, and the shape of the 
peak is determined by the true near-field component. 

E 

I 

I I 

---==--==-::"':-=-- - - -~- :b- - .... - - - ---=-~-~--
\ 

/ o. 5 

-4 -2 

' ' 

2 4 
x [run] 

Figure 2.14: Detected signal for small distances, with h = 1 nm. The components Erad,z,2 and Erad,z,3 are 
also shown ( dasbed lines). The peak bas a FWHM of 1.5 nm. 

The model can be used to simulate the detected signa! when the selected feature is of finite di
mensions instead of a point source. Figure 2.15 shows an example. Here, the selected feature is a 
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rectangular shape. The width of the rectangle is 10 nm, the height is 2 run. The distance between tip 
and sample substrate is 2.5 run. The rectangular shape of the scanned feature is clearly visible in the 
detected signal. 
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Figure 2.15: Simulation of the detected signal when a rectangular feature is scanned. The reetangwar shape is 
marked by the grey box. Used parameters: n = 1.5, À= 633 nm, Bi = 45°, h = 0.5 nm. 

2.4.5 MO-SNOM 

Magneto-optical scanning near-field optical microscopy or MO-SNOM is a novel technique that has 
been developed in the last decade. It combines the features of both SNOM and the MOKE measure
ment technique. Since the fust report of MO-SNOM [9], this field of research is rapidly developing. 
In 1998, Fumagalli et al. were the fust to use polarization modulation for detecting the magnetic 
properties of a sample in a SNOM contiguration [10]. One year later an apertureless MO-SNOM was 
developed by Grésillon et. al. [ 11]. 

This combination results in a measurement technique that is capable of detecting magnetic prop
erties of thin films with a high spatial resolution. 

In the past decade, many exciting time-resolved extensions of MOKE have been developed. This 
research area includes laser-induced femtosecond magnetization dynamics in ferromagnetic matenals 
[15, 12], elementary excitations of such systems ,damping and coherency ofmagnetization precession 
[13] and investigation afspin dynamics in (magnetic) semiconductors [14] to name but a few. This 
time-resolved extension of MOKE can be implemented in the MO-SNOM measurement technique. 
The possibility to perfarm time resolved MO-SNOM measurements would provide a spatia-temporal 
detection of magnetic properties of thin magnetic films. 

The desired signal is the tip-induced feature-related signal, this is the true near-field signal. It is 
necessary to distinguish each component so that the near-field signal can be extracted. To be able to 
do this, the electromagnetic field of each component should be determined. 

It it possible to model a MO-SNOM measurement in the same way as the "ordinary" SNOM 
measurement in section 2.4.4. The features that are present on the sample surface will have magnetic 
properties now. For these features, the polarization tensor tz1 will change to 
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(2.65) 

Here, (}i is the Kerr rotation, and a magnetization along 7! x is assumed. As in the non-magnetic case, 
the x-components of the extemal field and the dipole moments are not taken into account. 

Using expression 2.65 and equation 2.51, p n now becomes 

P n = +z1 nEext(z = 0) = BnEo 7! y + anEo 7! z· 
The induced dipole moment in the selected feature is given by 

P s - +eis [ Eo + 1st at:::o~:J_h] 7! z 

[1+1sta;;:ok;3h] BsEof!y+as [1+1sta;;:::ah] Eof!z, 

and 

For 2: Pi we find 
i=n,s,t 

(2.66) 

(2.67) 

(2.68) 

(2.69) 

The magnetic information of the selected feature appears in the y-component of the sum of the induced 
dipale moments. 

As in the case of the model for the non-magnetic SNOM, only the part of the signal that is de
pendent of h will be detected because of the modulation of the tip and the applied lock-in technique. 
Equation 2.61 gives the radiated field, this is the field that is detected. The y-component is given -by Erad,y = p y/r. The component detected signal that carries the magnetic information bas a 
(1 + e-kJ_h) jd3 dependenee on d. Insection 2.4.4 it was shown that in the expression the 1/d3 term 
dominates and that this is a smali-distance component. The magnetic information is only present in 
the true near-field signal. 

2.4.6 Image dipole 

In literature, reports can be found about large enhancements in the detected signal when metallic tips 
and samples are used [7, 16]. Since these large enhancements cannot be explained by the model that 

27 



was introduced in the previous sections, this model has to be adjusted. A plausible suggestion for this 
enhancement is the introduetion of an image dipale in the sample substrate [16]. This quasieletrostatic 
model is schematically shown in figure 2.16. The dipale in the tip Pt induces an image dipale p~ in 
the sample. This image dipale depends on Pt and the dielectric constant of the sample ê 8 : 

where f3 is defined as 

1 ês -1 
Pt = ês + 1Pt = f3pt, 

(3 = ê 8 -1. 
ê 8 + 1 

(2.70) 

(2.71) 

In the case of anideal metal, ês = oo and f3 becomes 1. Now p~ = Pt• the image dipale is of equal 
size as the original dipole, which is to be expected far an ideal metal. 

Figure 2.16: An image dipale p' is induced in the sample substrate by the dipole p. 

The mirror dipale p~ will act on the dipale moments Ps and Pt and change their values. Let us 
start with the non-magnetic case. In the previous sectian, the expressions for Ps and Pt were given by 
equations 2.56 and 2.57: 

---t +--+ [E---t + 37z (Pt,ini · ~z)- Pt,inil 
Ps=Os· oez '"Yst 1---t ---tl3 . 

r s- r t 

Adding the dipale moment p~ ta these expressions gives 

---t 
Ps 

+--+ [E 7 + 3etz (Pt,ini · 7z)- Pt,inil 
-Os· 0 z '"Yst 

1

_ ---tl3 
r s- r t 

[ 

3 ---t (---tI ---t ) ---tI l +--+ e z P t,ini · e z - P t,ini 
+ a s · "' t---'-----~.."..---

's 1---t ---tll3 ' r s- r t 
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-+ 
Pt 

~ [E -kJ..h-+ + 3êzCPt,ini"êz)-Ps,inil 
- at· oe ez 'Yst I-+ -+l3 r t- r s 

[ 

3-+ (-+' -+ ) -+, l ~ e z p t,ini . e z - p t,ini 
+ a t · r2tt' I-+ -+,

1
3 · 

r t- r t 

(2.73) 

Since p s,ini and p t,ini are given by expressions 2.58, the dipole moments of the tip and the selected 
feature are given by 

-+ ~ at oe -+ 
[ 

E -kj_h] 
Ps= as· Eo+(l+f3)'Yst 21fEod3 ez, (2.74) 

(2.75) 

The dipole moment of the not -selected feature p n is not altered and is given by expression 2.51. 

h . -+ -+ -+ -+b T e total d1pole moment p = p n + p s + p t ecomes 

(2.76) 

The amplitude of the radiated electric field that is detected is proportional to 

Erad,z "' (2.77) 

(2.78) 

It is clear from equation 2. 77 that the radiated electric field is enhanced by a factor that depends 
on f3 as compared to the radiated electric field when the image dipole Pt is absent (equation 2.63). 
The extra component in Erad,z is originating from the image dipole p~. since it has a f3 dependence. 

To show the impact of the extra factor in Erad,z, tigure 2.17 shows Erad,z with and without the 
extra contribution. Again, in this simulation it is assumed that as = at = 1 and the phase factors 'Y d 
and r2d are omitted. Furthermore, f3 is chosen to be equal to 1, the sample substrate is considered an 
ideal metal. It is clear from tigure 2.17 that the image dipole enhances the sensitivity significantly. 
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Figure 2.17: Enhancement of the detected near-field signa! by the image dipole. The solid line shows the signa! 
with the image dipole present, the dasbed line show the signa! without the image dipole. 

For the magnetic case, the introduetion of an image dipale is similar to the non-magnetic case. 
Again, an extra factor is introduced in the expressions for p s and p t· Expressions 2.67 and 2.68 
become 

(2.79) 

and 

(2.80) 

+at [e-k~h + lst 27r~~d3 + ~ ( ~~:~:::)] Eo ê z· 

With p n given by expression 2.66, the total dipale moment p = p n + p s + p t becomes 

(2.81) 
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The y-component of the detected field Erad,y will show a dramatic increase due to the image 
dipole. lf we look at small tip-sample distance d, d < 10 nm, then e-k1.h ~ 1. Por E rad,y we find 

(2.82) 

Por an ideal metal f3 = 1 and in this case the image dipole enhances the signal by 50%. The 
introduetion of an image dipole thus indeed causes a large enhancement of the MO-SNOM signal. 
Pornon-ideal metals f3 will besmaller than 1 but still be in the order of 1. This means that for metallic 
sample substrates an enhancement of the MO-SNOM signal is to be expected. 
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Chapter 3 

Experimental setup 

This chapter gives an overview of the experimental setup. After a general description of the setup, the 
different components of the apparatus are treated in detail. During the initial experiments it tumed out 
that several parts had to be improved to assure a correct functioning of the apparatus. A description 
of the modifications that are made for improvement is also given in this chapter. 

3.1 General setup 

As already explained in sectien 2.4, a MO-SNOM setup consists of an optical part and a probe that 
is able to piek up the near-field signal. In apertureless SNOM, the probe acts as a scattering probe. 
Sharp tips are commonly used as scattering probes. To be able to piek up the near-field signal, such a 
tip bas to be placed in the near-field. 

If the SNOM is operated in total intemal reflection (TIR) mode, the near-field occurs at the upper 
sample surface and the tip thus bas to be positioned in a controlled manner at nanometer scale from 
this surface. There are several different techniques that are capable of positioning a tip at such small 
distances from a sample surface. Two well-known techniques are atomie force microscopy (AFM) 
and scanning tunneling microscopy (STM). 

The two most commonly used eperating modes of AFM are contact mode and tapping mode. 
In contact mode, the tip is brought in contact with the sample surface and stays in contact all the 
time during a scan. This mode bas two disadvantages when applied in MO-SNOM. First, if the tip 
is being dragged over the sample surface during a scan, the tip could damage or alter the sample. 
More important, to enhance the sensitivity of the MO-SNOM technique, it is desired to modulate the 
movement of the tip in the z-direction in an oscillatory way. This modulation makes it possible to use 
a lock-in technique at the detected signal toselect the tip-induced scattered light. In contact mode, it 
is not possible to modulate the movement of the tip and thus the lock-in technique can not be used. 

This problem does not occur in tapping mode. When an AFM is used in tapping mode, the tip and 
the cantilever have an oscillatory modulation of the movement in the z-direction. 

The general operatien of an STM is already explained in sectien 2.3. To be able to use a lock-in 
technique the tip needs an oscillation in the z-direction. This can be achieved by applying a sinusoidal 
voltage to the piezo in the z-direction The tip-sample distance will vary in the same oscillatory way as 
the applied voltage. During a period of this oscillation, a tunnel current only exist when the tip-sample 
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Figure 3.1: Tip-sample elistance and the corresponding tunnel current as a function of time. The average 
feedback signal is also shown. 

distance is minimaL So, there will be a tunnel current only during a very small part of a period. This 
process is illustrated in tigure 3.1. The tunnel current occurs in small, high peeks. This results in 
a high resolution in the z-direction. This is important for (MO)-SNOM since the theory prediets a 
strong tip-sample distance dependenee of the near-field signal. This is the reason that in the setup at 
TU/e an STM is used as distance control technique and not an AFM. 

On the other hand, this can be a cause of tip damage. As long as no tunnel current occurs, the 
tip will approach the sample. Due to the steep slope that is present in the z-modulation, the tip can 
already be touching the sample before the feedback electtonics detect a tunnel current en prevent the 
tip from further approach. 

Figure 3.2 gives a schematic representation of the MO-SNOM apparatus. The setup can be 
divided into three parts: 

• an optica! part which supplies the incoming laser light. The optica! part also contains a PEM, a 
mirror to determine the angle of incidence, a right angle prism and the sample. The right angle 
prism is necessary to be able to perform MO-SNOM in total intemal reileetion mode. 

• a scanning probe part that controls the probe brought in the evanescent field. As explained, in 
our setup an STM is chosen as scanning probe. 

• a detection line that detects and processes the SNOM-signal scattered by the probe. 

Each part will be treated in detail in the next sections. 
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Figure 3.2: Schematic representation of the MO-SNOM setup. 
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Figure 3.3: Top view of the base of the setup. The translation stages for movement of the STM and the prism 
are shown. 

The complete setup is assembied on an optica! table. The optica! table provides vibrational damp
ing and easy assembly of optica! components. The vibrational damping is important for STM opera
tion. Both the prism and the STM head are mounted on translation stages (figure 3.3). This way, the 
STM head and the prism can be translated independent of each other in the xy-direction. Movement 
is done manually using micrometer screws. 

The translation stages for the STM and the prism are mounted on a stainless steel base plate. This 
base plate, in its turn, is carried by two rigid supports. These supports are made of steel bars with 
cardbox between them. The steellcardbox stades are used for extra vibrational damping. Also the 
stacks lift the base plate from the optica! table, so that a laser beam can pass undemeath. This way, 
the incoming laser beam and detection line can be positioned in one vertical plane. This symmetry 
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Figure 3.4: Side views of the setup base. 

is preferred when detecting changes in the polarization of the laser light, which is the case in MOKE 
and thus MO-SNOM experiments. 

3.2 Initial optical setup 

The laser used in the setup is a 10 mW HeNe-laser that produces linear polarized light with a wave
length of 633 nm. The light is modulated by a PEM which operates at a frequency of 50 kHz. After 
modulation, the light is being reflected by a mirror towards the prism. The mirror can be used to adjust 
the angle of incidence to the prism carrying the sample. 

To minimize the spot size on the sample surface a converging lens is used for focusing. focusing 
the incoming beam to a spot as small as possible is important to assure that the power of the scattered 
light will be big enough. Another important reason to minimize the spot size is to maximize the 
ratio between tip-induced scattering and non-tip-induced scattering. This way, the sensitivity of the 
apparatus will be increased. To focus the beam, the distance between the lens and the prism can 
be adjusted using a micrometer screw. The minimum spot size that can be achieved depends on the 
numerical aperture (NA) of the focusing lens. With equation 2.37, the minimum spot size can be 
calculated. 

The focusing lens that is used has a NA =0.2, which leads to D..x =1.9 J.Lm. Since the incoming 
beam has an angle of incidence of ei =45°, the spot on the surface will have an ellipsoidal shape with 
a width of 1.9 J.Lm and a lengthof 1.9/ sin45° =2,7 J.Lm. These dimensions are valid intheideal case 
when there are no lens faults. In practice, lens faults will occur and the minimum dimensions will be 
bigger than the sizes in the ideal case. 

The prism used in the setup has a refractive index of n = 1.52 , from equation 2.43 fellows a 
critica! angle of Oe =41.1 °. To be able to operate the SNOM in total intemal reileetion (TIR) mode, 
the angle of incidence has to be bigger than this critica! angle. In the initial experiments an angle of 
incidence ei =45° is used. At one side of the prisma plano-convex lens is attached index matching 
fluid (figure 3.8). This lens reduces abberations caused when the light enters the prism. 

3.2.1 Prism and sample fixation 

The prism is glued on an aluminum holder, so that the top surface of the prism is aligned horizontally. 
The light internally reflected by the prism surface propagates through the prism in the direction of the 
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prism holder. The transition between the prism and the holder could reileet light back in the opposite 
direction, this is in the direction of the spot. This reilected light can give a contri bution to stray light 
collected by the detection line, reileetion should therefor be minimized. To reduce scattering and 
reilection, a hole is drilled in the prism holder (figure 3.5). Behind the holder a mirror is attached, to 
reileet light further away. The hole and mirror thus function as a 'light drain'. 

hole 
clamps 

~ ~ 
sample 

prism 

t t 
screws 

(a) (b) (c) 

Figure 3.5: Prism holder that is initially used in the setup, viewed from three sides: (a) cross sectional view, 
(b) back view, (c) side view. 

As a substrate for the thin film samples, we use glass plates of 1.1 mm thickness and an index of 
refraction similar to that of the prism. A sample is mounted on the prism using index matching iluid. 
This iluid has approximately the sameindex of refraction as the prism. By using index matching iluid, 
reileetion at the prism-sample transition is minimized. If there would be a gap between the prism and 
the substrate there would be a glass-air transition, and the field in the z-direction would be evanescent 
in the gap (section 2.4.3). If the gap would be bigger than >..j2, total reileetion would occur at the 
prism surface and no light is sent through the substrate. Further more, the adhesive farces between the 
iluid and both sample and prism provide a fixation of the sample. The sample is fixed by two clamps 
at the sides of the prism. The clamps also act as an electrical conneetion to the sample. This way a 
bias voltage can be applied to the sample, necessary to perfarm STM. 

3.2.2 Aligning the tip and spot 

During the first experiments, several difficulties were encountered: 

• at an angle of incidence of 45°, still a large amount of scattered light propagates from the top 
surface of the sample. This occurs with samples that have a rough surface. This scattered light 
gives an unwanted contribution to the background light and this makes it more difficult to filter 
out the desired signal that is to be detected. 

• it turns out that it is very difficult to align both the laser spot and the STM tip at the Same po
sition. Alignment is done by adjusting the tip position using the micrometer translation stages. 
The tip and the spot can only be viewed from the side (figure 3.7) using a CCD camera (see 
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section 3.3) and a monitor. This view turns out to be unsuitable for alignment purposes. The 
viewing direction and the direction of the laser light have an angle of 30°. This makes alignment 
using the translation stages even more difficult. 

incoming laser light 

., 
: \ 
: \ . \ 

~'~ 
CCDcamera 

Figure 3.6: Angle between incident laser light and view from CCD camera. 

Due to these difficulties, alignment becomes very time consuming. A course alignment is done 
using the view from the CCD camera. To check if the tip is at the spot position, a scan at maximum 
scan range is done. If the tip is at the spot position, the tip will scatter the evanescent field and a 
SNOM signal of the spot should be detected and be visible in the SNOM image. Furthermore, if the 
tip is scanning in the spot range, a perioctic flashing of the light scattered by the tip is visible on the 
monitor. This perioctic flash is caused by the movement of the tip in the xy-plane during the scan. 

If the tip is not at the spot position no SNOM signal is detected and no flashing on the CCD 
camera is visible. The tip bas to be adjusted using the micrometer translation stages and the procedure 
is repeated. The lateral scan range has a maximum of 15 J.Lm (section 3.3), and thus the maximum 
tip displacement using the translation stages should be of the same order. This procedure bas to be 
repeated until finally a SNOM signal is detected. 

3.3 Scanning probe 

The STM used in the MO-SNOM setup is a home-built STM. The STM is controlled by EasyScan, 
a software and hardware package from Nanosurf AG. To be able to control the STM with EasyScan, 
custom-made electronics had to be designed and built. These custom home-built electronics also pro
vide additional features for cantrolling the STM-tip and monitoring signals during operation. The cir
cuitry makes it possible to switch between high-voltage and low-voltage control of the piezo actuator. 
A !ow-voltage control results in a smaller scan range, but enhances the sensitivity in the z-direction. 
Another important feature provided by the home-built electronics is the possibility to moctulate the 
movement of the tip in the z-direction. This moctulation is done by an extemal function generator. 

The piezoelectric scanner of the STM is a tube scanner. By applying a bias voltage between the 
inner side and the outer side of the tube, the tube will bend and thus displace the tip that is attached at 
one end of the tube. The displacement of the tip in the lateral direction is given by 

38 



(3.1) 

Here, d31 is the so called piezoelectric coefficient, L is the length of the tube, D is the diameter of the 
tube, h is the thickness of the the tube and V is the voltage that is applied to the piezo element [4]. 
Por the displacement in the x-direction, ~x. the expression is the same as formula 3.1. 

The tube used in the STM has a length L = 4 cm, diameter D = 3 mm and thickness h = 1 mm. 
The typical value for the piezoelectric coefficient is d31 = 2.1 · 10-12 m!V. The maximum voltage 
that is applied to the piezo is 200 V. This leads to a maximum displacement LlYmax = 20 J-Lm. This 
maximum displacement is the scan range of the scanner in the xy-direction. 

The maximum scan range in the xy-direction bas also be determined using a commercial sample 
consisting of a grating with well known dimension. This calibration measurement also gives a scan 
range of 20 J-LmX 20 J-Lm, in agreement with the calculated value. 

The same calibration sample bas been used to determine the displacement in the z-direction as a 
function of the applied function. Prom the calibration of the piezo it is found that the z-displacement 
is ~z = 69.3 ± 3.6 nm!V. 

A similar calculation as for ~y gives the maximum displacement of the tip in the z-direction. Por 
this setup, ~Zmax is 4.5J-Lm. 
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Figure 3.7: The STM head used in the MO SNOM setup. Figures (a) and (b) show side views of the STM 
head. Figure (c) shows a cross sectionat view. For simplicity, the stepmotor is not shown in figure (c). 

The STM consists of a compact scan head and controller electronics. The STM head contains the 
piezo actuator for the tip, initial electranies and coarse approach mechanics. Also, a camera can be 
attached to the head to be able to get a side view of the tip. A lamp is integrated in the STM head to 
provide enough light for the camera to give clear images of the tip. 

The scan head is made of stainless steeland is supported by three screws. Two screws are con
trolled manually, one can be actuated with a stepmotor. The three screws are used as a course approach 
ofthe tip towards the sample surface. The three screws and the tip have a special geometry (figure 3.8) 
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which reduces the translation of the tip by a factor of 5 as compared to the translation of the stepmotor 
driven screw. The stepmotor makes 200 steps per turn, the thread of the screw is such that the screw 
translates 1 mm per 3 turns. Each step of the stepmotor thus results in a displacement of the tip of 

5 . 3~200mm= 0.33ttm. 

screws 

tip 

Figure 3.8: Bottom view of the STM head, showing the geometry of the screws and the tip. The diameter of 
the head is 70 mm. 

The procedure for a coarse approach to the sample is as follows. First, a course approach is done 
manually by turning the screws by hand. Using the camera mounted on the STM head, both the tip 
and the reflection of the tip by the sample surface can be seen. The distance between the tip and its 
image is an indication of the distance between tip and surface. 

After this manual approach, a computer controlled coarse approach is used to reduce the tip
sample distance further until the tunneling regime is reached. This computer controlled coarse ap
proach involves the following steps: 

• The piezo for controlling movement in the z-direction is retracted as far away from the sample 
as possible. 

• Now the stepmotor makes one step. 

• Then the piezo actuator is used to move the tip towards the sample surface. An electtonic 
feedback control monitors if there is a tunnel current between tip and sample. 

• If no tunnel current occurs, the piezo driven approach towards the sample continues until the 
piezo has reached its maximum displacement 

• Then the piezo performs again a maximum retraction of the tip. 

• Now, the stepmotor takes another step. 

This process is repeated until a tunnel current is detected by the feedback controL The coarse approach 
process then is completed. 

Since the piezo actuator's range of operatien is larger than the displacement of the tip by one step 
of the stepmoter, the piezo actuator will be displaced almost to its maximum when a tunnel current 
is detection during the coarse approach. The tip will not be able to approach the surface much more. 
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Figure 3.9: Schematic representation of the detection line. 

This degrades the resolution of the STM. To overcome this problem, the feedback control is switched 
off and the stepmotor is controlled manually to take a few more steps. Then the feedback control is 
switched on again, making sure the piezo actuator is now somewhere near the middle of its range. 

3.4 Detection line 

The detection line consists of several optical components that are mounted on a Spindier and Hoyer 
rail system. The rail system makes it possible to move the detection line while maintaining the align
ment of its components . 

First, the light is collected by a plano-convex collecting lens. Next, the light passes a pinhole. This 
pinhole makes it possible to filter out non-tip related scatter sources. After this pinhole a focusing lens 
is mounted. This lens focuses the light on the detector. Befare the light reaches the detector, it passes 
through an analyzer. This analyzer is necessary to be able to detect changes in the magneto-optical 
signal. 

Finally, the light reaches the detector. The detector is home-built and consists of a photo diode 
that is sensitive in the AC regime. Figure 3.9 shows a schematic representation of the detection line. 

The signal coming from the detector is senttoa lock-in amplifier. In the initia! experiments the 
reference frequency for this lock-in amplifier is the the modulation frequency of the STM tip. This 
way, only the signal from light scattered by the tip is amplified. The output of the lock-in amplifier is 
now sent to a computer. An ND converter in the EasyScan electranies is used to transfarm the analog 
detection signal. Since the EasyScan electranies is used to control the STM tip and to process the 
detection signal, synchronization of bath the detected STM signal and the optical signal is assured. 

Scanning of the STM is controlled by a pc. On this pc the EasyScan software package is used. 
This software package is able to capture both the STM image and the SNOM image. 

3.5 Modifications 

Since the initia! setup gave rise to several problems (see section 3.2.2), modifications have been made 
to the prism/sample mounting part of the setup. Figure 3.10 shows a detailed view of the new setup. 

The biggest change is that the prism is replaced by a half-balllens. This bas the following advan
tages: 

• focusing of the incoming laser beam is easier; 
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• it is possible to get a view from underneath the sample. 

The latter advantage makes it easer to see whether the incoming laser beam is focused on the 
sample surface or not. Furthermore, now it is possible to view the sample surface plane, alignment of 
the STM tip and the laser spot becomes easier. 

The angle of the tube guiding the incoming laser beam can be adjusted so that the angle of mei
denee is 30°, 45° or 60°. 

focusing 
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t 
incoming 
laser light 

sample 

halt-ball lens 

lens 2 

to eed camera 

mirror -' 
Figure 3.10: Optical setup with half-balllens. 

The sample is mounted on the half-halllens using index matching fluid and small springs made 
of tungsten wire. These small springs also provide the contact to the sample necessary for electrical 
conductance. 

For the experiments with this modified setup, an angle of incidence of 60° is used. This angle is 
sufficiently bigger than the critical angle of e c =41.1 o. When the sample surface is rough, light can 
propagate in the z-direction since for a part of the sample surface the incident angle will be smaller 
that the critical angle. By increasing the angle of incidence, this effect will be reduced. 

Another impravement that was made was reptacement of the STM tip. During the initial tests, a 
home made tip was used. This tip was made out of iridium wire by a "cut & pull" technique. The 
wire was cut partially and the tip was pulled off the wire. This results in a rough tip, of which the 
exact shape is not known. Possible shapes that could occur are blunt tips and tips with two protrusions 
instead of one. No two tips made with this technique will be of similar shape. 

Since the experiments with these pulled tips did not produce very good results, it was decided 
to replace the tips by tungsten tips that are chemically etched. This etching results in sharp and 
symmetrie tips. Etched tips have a similar shape, so reproducing measurements when a tip is replaced 
will become easier. 
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Chapter 4 

Results 

4.1 First SNOM scans 

Figure 4.1: First scans made with the SNOM setup. Left: SNOM scan, right: STM scan. The shown scale for 
the STM scan is incorrect. 

To test the operation of the SNOM setup, scans have been made of the laser spot that is focused at the 
surface of the sample. Por the first scans the sample that was used was made of a 2 mm thick glass 
substrate with a thin layer of indium-tin oxide (ITO) on top. This sample was used because it has a 
high degree of optical transparency and is electrically conductive. 

The STM tip that is used is a tungsten tip coated with a gold layer of 280 nm. The Au coating 
prevents the tungsten from oxidizing. Oxidation of the tip will introduce a thin oxide layer on the tip 
surface. The oxide layer will act as a harrier for the electrons tunneling between tip and sample. This 
extra harrier can cause the tip to be in contact with the sample during a scan. This contact can darnage 
both sàmple an tip. Therefore, oxidation of the tip should be prevented. 

Figure 4.1 shows the obtained scans. The left scan is the SNOM scan, the right scan is the STM 
image. Although brighter areas are clearly visible in the SNOM image, a distinct ellipsoid spot shape 
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can not be seen. Furthermore, a diagonal interterenee pattem is present. Possible causes for this 
interterenee pattem are: 

• non tip-induced scattering that is partial shielded by the tip; 

• tip-induced scattering that is not scattered at the apex of the tip, but at other positions. 

There will be a phase factor in the detected signal arising from phase difference in the electric 

fields from the different scattering sources. A phase factor 'Yst = ei27rlr'.-r'tljÀ was introduced 
in section2.4.4 for the electric fields coming from the investigated feature at the sample and the tip. 
The distance between to maxinmms in the interterenee pattem in figure 4.1 is of the order of the 
wavelength of the laser light. This corresponds with the phase factor 1 d· This phase factor has a 
period of 21rdj À, and maxima will occur when d = À. 

There was a lot of non tip-induced scattering at the sample surface, reducing the sensitivity of 
detection of the SNOM signal. This scattering is probably caused by the high surface roughness of 
the ITO. 

4.2 Au sample 

To reduce the non tip-induced surface scattering from the sample surface, a sample with less surface 
roughness is desired. Therefore new samples were produced to improve the SNOM sensitivity. These 
samples consisted of a 30 nm gold layer deposited on a glass substrate with a thickness of 1.1 mm. 
The glass from the substrate is cut from microscope cover plates. The 30 nm gold layer has a good 
electrical conduction, while the layer still transmits enough light to make detection possible. 

With these samples it tumed out that it was possible to get a clear SNOM image of the laser spot 
at the surface. Figure 4.2 shows a typical SNOM image of the laser spot. Also shown is the STM 
scan made at the same time the SNOM image was acquired .. The resolution of the STM scan is not 
very good, this is probably due to the fact that the STM tip is getting damaged during scanning. The 
tip was asciilating with a frequency of fase =20.91 kHz, the amplitude ofthe oscillation voltage was 
Vasc =0.200 V. The scan consisted of 256 x 256 pixels at a scan rate of 1.056 s per line. The time 
constant of the lock-in amplifier was set at T =1 ms, with a sensitivity of 5 mV. 

In figure 4.2 it can clearly be seen that the spot in the SNOM image is a purely optica! effect. The 
STM scan shows no topographical features that are similar to the spot features in the SNOM scan. 
The spot diameter is 16 p,m. 

Figure 4.3 is a shifted SNOM image of the same spot. At the edge of the spot, interterenee fringes 
clearly can be seen. From this image, the width between to consecutive maxima in the interterenee 
pattem can be deduced, this distance is 280 nm. This is in the order ofthe same size as À/2, since the 
wavelength of the laser light,is 633 nm. The origin of these fringes is a phase factor that occurs in the 
detected signal. 
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Figure 4.2: Left: SNOM image of the laser spot at the surface of the sample. Right: STM scan of the sarne 
area. 

Figure 4.3: SNOM scan of laser spot. At the edge of the spot interference fringes are visible. 

Since a laser beam in TEMoomode is aGaussian beam [5], it is to be expected that a cross section 
of the laser spot will have a Gaussian shape. In figure 4.4 a line scan of the spot can be seen. The 
arrow in the left image of figure 4.2 indicates the line that is shown in figure 4.4. The line scan shows 
a profile of the laser beam. The profile has a Gaussian shape, as can be seen by the Gauss fit that 
is shown in image 4.4. The oscillating behavior of the left side of the profile is due to interference 
effects. The right side of the profile is much smoother, indicating a good signa! to noise ratio. 
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Figure 4.4: SNOM line scan showing the profile of the laser spot. The dasbed line is a Gauss fit of the detected. 
profile. 

Figure 4.5: SNOM scan of the laser spot. Instead of a single spot a distorted. image showing several dark lines 
is obtained.. 
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Figure 4.6: Structure of the sample used to measure the z-dependance of the intensity of the field. 

4.3 Characteristic of evanescent field 

In section 2.4.3 a general theory about the non-propagating evanescent field in the z-direction (per
pendicular to the sample surface) is given. lt is useful to measure the characteristic of the field in the 
z-direction to check if it is a_q evanescent field indeed. The sample used in this experiment consists 
of a glass substrate that is covered by three layers (figure 4.6): th fust layer is a 1.5 nm thick layer 
of tantalum. The Ta layer assures a good adhesion of the cabalt layer. Then a 3.5 nm thick layer 
of cabalt is deposited. Finally a ruthenium layer with a thickness of 2.0 nm is deposited. This lay
ers acts as a capping layer for the sample. Since ruthenium reacts in a self-terminating process with 
oxygen, this capping layer prevents the sample from being oxidized. Also it provides the electrical 
conductallee necessary for STM. Cabalt is a ferromagnetic material, thus the sample can be used for 
magneto-optical experiments. 

The field is measured by retracting the tip from the surface and looking at the change in the 
intensity of the detected signal. First, the tip is brought into the tunneling regime. The feedback is 
turned af and the ip is retracted by applying an offset voltage to the z-piezo. Now, the intensity of the 
detected signal can be measured as a function of the applied offset voltage. 

The z-displacement is ~z = 69.3 ± 3.6 nrnN (section 3.3). This value can be used to convert 
the change in voltage over the z-piezo into the displacement The characteristic of the field in the 
z-direction is shown in figure 4.7. Since the initial tip-sample distance is nat known, there will be an 
unknown offsettin the distance shown in figure 4.7. 

Equation 2.45 gives the intensity of the evanescent electrical field. Using this equation, the value 
for the decay factor a= ~~~ can be determined. For the data from figure 4.7 a value of a =54 nm 

2 kt,.L 

is found. Two more measurements of the evanescent field have been performed. The corresponding 
graphs can be found in appendix A. These two measurements give a =38 nm and a =58 nm. Using 
2.45 the expected theoretica! value for a can be calculated. For n = 1.52, Oi =60°, >. =633 nm a 
value of a =58.8 nm is found. The values of 54 nm and 58 nmarein good agreement with the theory, 
the value of 38 nm is small compared to the other two measurements. 

The measurements show a relatively large deviation from the line that is fitted through the data. 
The measurements are not very precise. One of the causes is the z-modulation of the tip. During 
the measurement of the evanescent field, te tip vibrates in the z-direction, introducing an error in the 
tip-sample distance. 
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Figure 4.7: Measured intensity of the electrical field in the z-direction as function of the distance between tip 
and sample surface. 

The measurements are in agreement with other measurements of the evanescent field for a glass
air transition found in literature [7, 17]. 

4.4 Darnaging of tip and sample 

It turns out that it is very difficult to reproduce SNOM scans of the spot. After doing several scans 
at the same spot on the sample, degradation of the SNOM signal occurs. Insteadof a single spot, 
distorted images are obtained. Figure 4.5 shows an example of such a distorted SNOM image. A 
possible cause for this degradation is tip-sample interaction during scanning. If the tip hits the surface 
both tip and sample could be damaged. 

To check this assumption, the tip and sample have been investigated using a Scanning Electron 
Microscope (SEM). An SEM uses electrans instead of light, and since the wavelength of an electron 
is much smaller that the wavelengtbs of light, an SEM can obtain a much higher resolution than a 
conventional microscope. An SEM can have a magnification in the range of 15x to 200,000x and a 
resolution of 5 nm. 

The left part of figure 4.8 shows a SEM image of an unused tip. Clusters of the gold coating are 
clearly visible. The right part of the figure shows a tip after tens of scans. The tip is damaged and 
bent, and part of the gold coating can be seen coming off from the tip. This image is a proof of the 
assumption that the tip touches the sample during scanning. In figure 4.9 close-ups of the gold coating 
can be seen. Both the thickness of the coating and the size of the grains can be deduced from these 
images. The thickness of the coating is about 280 nm, the grains have typical sizes in the order of 50 
to 100 nm. 
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Figure 4.8: SEM images of a new and a used STM tip. Left: unused gold coated tungsten STM tip. Right: 
STM tip after multiple scans. 

Figure 4.9: SEM images of the gold coating of the STM-tips. The left image shows details of the grain size of 
the coating, the image on the right shows the thickness of the layer. 

The sample bas also been analyzed. The left image in tigure 4.10 shows a SEM image of a sample 
area where scans have been performed. A scratched square, marking the scanned area, is clearly 
visible. This scratched square is further proof of the tip touching the sample. The dimensions of the 
scratched area is 19 p,m x 19 p,m, in agreement with the scan range of 20 p,m x 20 p,m. At the corner 
of the square at the right of the image, liquid-shaped distortions of the sample surface can be seen. A 
more detailed image of such a distartion is shown in the right image of tigure 4.10. The shapes in the 
middle of the image show a part of the sample surface where no gold is on top of the glass. 

These non-coated parts of the sample surface farm a possible course of tip damaging. Since the 
surface is non-conductive at these parts, no tunnel current can occur. When doing a course approach 
of the tip to the surface, the appearance of a tunnel current is used to determine whether the tip is close 
enough to the surface. Since no tunnel current will be present, the tip will continue to approach the 
surface, even if it is already in mechanica! contact with the surface. This way the tip will be crashed 
into the sample. 
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Figure 4.10: Left: SEM image of sample surface after being scanned. A scratched square is visible. Right: 
Detail of the sample surface where no gold coating is present. 

The left image of tigure 4.11 shows a more detailed image of the edge of a scanned area. The 
lower left part of the image shows a part of the sample surface that not has been scanned, the upper 
right part is a scanned part of the surface. The scanned part shows cracks in the gold coating. Scanning 
the surface with a STM causes a stress in the gold film and this stress can create cracks in the gold 
film. 

An even more detailed image of a non-scanned area of the sample surface can be seen in the right 
image of figure 4.11. The gold film does not form a closed layer, but connected islands. It can be 
concluded that the adhesion of the gold to the glass substrate is not very good. 

Figure 4.11: Left: SEM image of both a scanned and a non-scanned area of the sample. Right: detailed image 
of a non-scanned area. The gold coating does not form a closed layer. 

Darnaging of tip and sample is an unwanted effect when perforrning rneasurements and should 
therefore be prevented. The darnaging that has been described in this sectionis caused by the lirni
tations of STM. To be able to use STM as a technique to position the probe, there has to be a tunnel 
current. As a consequence, the tip has to be positioned very close to the surface, and the surface 
should be electrical conducting over the whole scan range. Due to the applied modulation of the tip in 

50 



the z-direction, the tip can get in contact with the sample before the feedback control detects a tunnel 
current (see section 3.1 and figure 3.1). The feedback control of STM appears to be insufficient to 
prevent darnaging of tip and sample. 

Therefore, the question raises if a more suitable distance control can be found. A candidate is 
shear force distance control [18, 19]. In shear force, a tip vibrated in a direction parallel to the sample 
surface using a voltage driven crystal. When the tip-sample distance becomes small, a change in 
the amplitude and phase of the vibration of the crystal can be detected. The amount of change of 
the vibration depends on the tip-sample distance. With shear force for tip-sample separation control, 
contact between sample and tip could be prevented or at least reduced. 

Another advantage of shear force feedback control is that tip and sample do not have to be con
ducting. This would make the MO-SNOM technique applicable to a wider range of samples. 

4.5 Lithograpbic samples 

In preliminary experiments performed at EPL in Laussane by B. Koopmans and C.F.J Flipsein col
laboration with H. Brune and E. Riedo, MO-SNOM contrast was detected. However, the spatial 
resolution could not be tested. 

To test the lateral magnetic resolution of the MO-SNOM setup, a sample with specific magnetic 
properties is required. To show that the magnetic sensitivity of a MO-SNOM is not limited to perpen
dienlar magnetization of the sample, a sample with in-plane magnetization is preferred. To determine 
the lateral resolution, the magnetic features of the sample should have sub-wavelength dimensions. A 
high magneto-optical contrast is desired, and therefore it should be possible to make a 180° change of 
the magnetization direction of a magnetic feature. 

A promising candidate totest the MO-SNOM resolution, is a sample that consists of ferromagnetic 
islands of sub-wavelength size. If the spacing between islands is also smaller than the wavelength, the 
lateral resolution of the MO-SNOM can be tested. 

Por a high contrast, it is desired that the magnetic islands are single domains. This demand is a 
limitation for the shape of the islands. An ellipsoid shape is appropriate, since a flat ellipsoid shape 
can be considered to be a single domain when the dimensions of the ellipsoid are sub-wavelength. 

4.5.1 Demagnetizing factors 

If a body of ferromagnetic material is placed in a uniform applied field Ho the magnetic field inside 
the material H differs from the applied field. In the material a demagnetizing field Hd can be defined. 
This demagnetizing field depends on two factors, the magnetization M inside the material and the 
shape of the body. The demagnetizing field is given by 

(4.1) 

where Nd is the demagnetizing factor which depends on the geometry ofthe body [22]. The compo
nents of the resulting magnetic field are 

Hi = (Ho)i - NiMi, i = x, y, z. (4.2) 

A general ellipsoid can be described in Cartesian coordinates as 

x2 y2 z2 
--+--+--=1 
u + a2 u + b2 u + c2 ' 

(4.3) 
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where x, y, and z are the position coordinates of any point on the ellipsoid surface [24]. The factors 
a, b and c are called the ellipsoid semi-axis. 

Defining Ni (i = a, b, c) as the demagnetizing factor in the ith axial direction, the following 
relationship between the demagnetizing factors exists: 

The general expression for Ni is 

00 

N _ j (abc) du . _ b 
t- 2 (u+ i 2) j(u + a2) (u+ b2) (u+ c2)' ~-a, 'c. 

0 

In the case of a very flat ellipsoid (a 2: b » c) , the demagnetizing factors are given by 

N = ~ (1 - 2) K - E 
a Ï 2 ' a ï 

c E- (1- 1 2) K 
Nb=- ' 

a 12)1- 1 2 

Ne= 1- ~ E . 
a )1- 1 2 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

In these expressions ï = J1- ~ and K and E are complete elliptic integrals with argument ï [23]. 

The general expression for K is given by 

(4.9) 

and E is given by 

w/2 1 

(
7r ) J 1)1- k2v2 E = E -, k = V1- k2 sin2 (}d(} = dv. 
2 )1- v2 

(4.10) 

0 0 

4.5.2 Design 

The direction of magnetization is assumed to he in the direction of the long axis of the ellipsoid, this 
is the direction of the a semi-axis. This implies that Nb > Na. 

To be able to switch the direction of the magnetization, the coercive field should be equal to the 
demagnetizing field in this direction: 

He = Hd = (Nb- Na) · Ms, 

with Ms the saturation magnetization of the materiaL 

(4.11) 

For cabalt the saturation magnetization Is=&, bas a value of 1400 Gauss at room temperature. 
P.o 

Here f-Lo is the permeability of vacuum. This means that M 8 = 1400 Oe. To he able to switch the 
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a [run] b [run] .Q 
n . 

100 55 0.55 
200 85 0.43 
300 105 0.35 
400 115 0.9 
500 125 0.25 
600 125 0.21 
800 130 0.16 
1000 135 0.14 

Table 4.1: Calculated values of sample width b for several sample lengtbs a. Sample thickness c= 10 run, He= 
lOOOe 

direction of magnetization in an easy way the coercive field of the sample should be of the order of 
100 Oe. This results in a demagnetizing factor Nb- Na= 0.071. 

With the theory of section 4.5.1 it is possible to calculate the optimal dimensions of a ellipsoid 
shaped magnetic island, when the magnetic material is known. 

To simplify the calculation a procedure written in the software package Mathematica was used. 
Table 4.1 gives the value of b for several values of a. 

60nm 

200 nm 

Figure 4.12: Example of the design of the lithograpbic sample. The ellipsaids are made of ferromagnetic 
material. 

Now the optimal dimensions for the ellipsoids are known, a sample design can be made. The cho
sen structure is shown in tigure 4.12. The structure is an altemating pattem of ellipsoids. The distance 
between the ellipsoids is smaller than the wavelength of the laser light used in the experiments. The 
direction of the extemal magnetic field used to magnetize the ellipsoids is at an angle of 45° with the 
long axis of the ellipsoids. Because of the shape of the magnetic ellipsoids, they will be magnetized 
in the direction of the long axis, with the extemal magnetic field incident under this angle of 45°. Two 
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neighboring ellipsaids thus will have perpendicular magnetization directions. 
If the direction of the extemal field is reversed, the magnetization of the magnetic islands will 

change to the opposite direction of their initial state. This process is illustrated in tigure 4.13. Thus by 
switching the extemal field, the magnetization of the island can also be switched. The magnetization 
direction makes a 180° change and this provides the maximum change in contrast when performing an 
experiment. This is also illustrated in tigure 4.13. Let us assume that the setup is tuned is such a way 
that a minimum in contrast is detected when the magnetization direction is in the y-direction (dark 
ellipsaids in tigure 4.13a). When the extemal field is switched, the magnetization direction of the 
islands will switch too ,and now a maximum in contrast will be detected (white ellipsaids in 4.13b). 
The sample structure thus provides a maximum contrast. 

(a) 

-- ®-- ® 
®-- ®-
-- ®-- ® 

(b) 

Figure 4.13: Magnetization directions of the magnetic islands as a function of the extemal field. 

4.5.3 Fabrication 

To be able to fabricate samples with sub-wavelength structures a technique called e-beam lithography 
is used [25]. With e-beam lithography, a pattem is written into a layer of photo resist using a beam of 
electrons. These electrans will develop the photo resist locally. After writing the pattem, the pattemed 
part of the photo resist is etched away in a chemical etch process, creating the pattem in the photo 
re sist. 

The fabrication process of the samples is as follows. As a substrate, 1.1 mm thick glass is used. 
First, a 1.5 nm thick layer of tantalum is deposited on the glass substrate using plasma sputtering 
(figure 4.14a). Besides assuring a good adhesion of the cobalt, this layer provides electrical conduc
tance, which is favorable for the e-beam lithography process. During the patteming with the e-beam, 
the sample will become charged by the incoming electrons. If the sample is non-conductive, local 
charging of the sample will occur and the degrades the lateral resolution of the writing process. 

Next a layer ofPMMA (poly methyl methacrylate) photo resist is spih coated on the sample. This 
was done at 4000 rpm during 34 seconds. This will result in a layer thickness of 62 nm (see appendix 
C, A2 curve). After spin coating, the PMMA is baked out at 175 oe for one hour. 
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- Tantalum 
~ PMMA 
c::::::::J Cobalt 
- Ruthenium 

(a) 

(d) 

(b) 

(e) 

(c) 

-rt:r~;v~~~ .;;;'> .Sb '~J~}i'+>~W""'-4~~=.,,~&\~ *'/"'" 

(f) 

Figure 4.14: Fabrication steps ofthe sample: (a) glass substrate with Ta deposited; (b) spin coating ofPMMA; 
( c) deposition of Co; ( d) etch removal of PMMA; ( e) sample after etch removal; (f) deposition of Ru. 

Now, the sample is ready for patterning. After patterning the PMMA, chemica} etching is done 
(figure 4.14b). The next step is the deposition of a layer of cobalt of 3.5 nm thickness by plasma 
sputtering. After this deposition the sample is etched again. During this secend etch process, the rest 
of the PMMA and the excess cobalt are removed (figure 4.14d). As a final step, a 2.0 nm layer of 
ruthenium is deposited (figure 4.14f). 

The e-beam lithography process was done at the group of Semiconductor Physics of TUle. To be 
able to write a pattem using e-beam lithography, the structure design bas to be made using a software 
package. Furthermore, the optimal dose for writing the structures bas o be determined. The optima! 
dose is determined by writing a structure with different doses and check the pattems after writing and 
etching. Checking the pattem can be done using the e-beam, which can act as a SEM when de electron 
energy is lowered. 

The idea was to create a sample that contains several different structures. Variatiens in the different 
structures would be the ellipsoid height and width and the distance between the ellipsoids. Also, both 
the perpendicular structure of figure 4.12 and a structure where the ellipsaids are aligned parallel 
would be included on the sample. Each structure would be written on a 10 J.Lffi x 10 J.Lffi square. The 
squares would be spread on the sample in a matrix form. 

For the different structures dose tests were performed. The structures were checked using the 
e-beam in SEM-mode. The dose tests showed that the smallest ellipsaids were written optimally at 
large doses. At smaller doses, the elliptical shapes were not clearly distinguished. 

As another check to test at which dose the pattems were written correctly, a 20 nm layer of 
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aluminium was deposited on the sample using sputtering. After the Al deposition, the sample was 
etched te remove the remainder of the PMMA and the excess Al. Afterwards, the sample was checked 
again using the e-beam in SEM mode. Unfortunately, no structures were found anymore on the 
sample. Possible causes are: 

• the deposition process of the aluminium. The have been reports from people who encountered 
difficulties with layers deposited by the sputter clock that was used to deposit the aluminium; 

• degradation of the PMMA during the SEM checks before the deposition of the Al. Since the 
PMMA is sensitive to electrans for patterning, the PMMA will also be interacting with the 
electron beam used for the SEM mode. This interaction will degrade the PMMA. 
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Chapter 5 

Conclusions 

A apertureless MO-SNOM setup that operates in total intemal reileetion mode has been built and 
initial performance tests have been done. During this tests, alignment of the STM-tip and the laser 
spot tumed out to be difficult with the original setup. Therefore improvements to the optical part of 
the incoming laser light have been made. The original prism has ben replaced by a half-ball lens. 
After the implementation of these adjustments, alignment could be performed much easier. 

SNOM scans have been made of the laser spot that occurs at the sa1ï1ple surface. The detected 
SNOM signal has an is an optical effect and not a topographical effect, the spot does not appear in the 
STM scan that was made at the same time. A cross sectien of the laser spot is measured. The cross 
sectien bas a Gaussian shape as was expected. The SNOM scan shows interference pattems that occur 
from the phase difference between fields originating from different scattering sites. 

The evanescent field bas been detected as a function of the tip-sample distance. From these mea
surements the decay factor a is determined. Fora, values of a= 54 nm, a =38 nm and a= 58 nm. 
Two of the three experiments are in good agreement with the theory. The theoretica! value for a is 
a =58.8nm. 

After performing multiple SNOM scans with the same tip, degradation of the scans takes place. 
Investigation of the tip and the scanned samples using a scanning electron microscope revealed that tip 
and sample were in contact during scanning. Due to this contact, both sample and tip were damaged. 
This appears to be a drawback of STM, since STM requires a good conductive sample and also the 
tip to be in close contact with the sample surface. A salution to prevent darnaging of tip and sample 
would be to use another tip-sample distance control technique. A promising candidate is the shear 
force technique. The shear force technique is able to operate in non-contact mode. Further more, 
sample and tip no longer have to be conductive. In the present setup, the shear force technique bas 
been implemented and is used to control the tip-sample distance. 

Fabrication of samples with sub-wavelength ferromagnetic structures totest the capabilities of the 
setup was started. Optimal dimensions of such structures have been calculated and a design consisting 
of ellipsoid ferromagnetic islands is made. lnitial tests to fabricate such samples using e-beam litho
graphy have been performed. The initial tests failed during the lithography process. Possible causes 
for this failure are degradation of the photo resist during the dose tests and bad deposition of a thin 
metallic layer. 

A model has been developed to investigate the signal that is detected during a (MO)-SNOM mea
surement. lt tums out that the true near-field signal, that carries information about the sub-wavelength 
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features present at the sample surface, is only picked up by the tip if the tip is very close to the sur
face. The tip-sample distance should be within a few nanometer. At larger tip-sample distances, the 
near-field information is lostand the detected signalis dominated by notfeature related, tip induced 
scattering. 

The model also shows that for p-polarized light, the magnetic information of the sample will occur 
in the y-component of the radiated field. 

To find an explanation for the large enhancement of the SNOM-signal when a metallic tip or 
sample surface is used, an image dipole is introduced in the model. This image dipole is induced in 
the sample substrate by the tip dipole. Implementation of the image dipole shows an enhancement of 
the signal of 50% in the case of an ideal metal as a substrate. 

Much work needs to be done before the MO-SNOM setup will be able to perform spatie-temporal 
magneto-optical measurements. With the implementation of the shear force distance control, it looks 
like the apparatus is able to perform SNOM measurements. The next logical extension would be 
testing of the magneto-optical capabilities of the setup. Starting with a sample consisting of a thin 
ferromagnetic film, the magneto-optical resolution can be tested. Once magneto-optical SNOM mea
surements can be done, time resolution can be implemented. 

Also, fabrication of lithograpbic samples has to be continued. As a start, a less complex litho
grapbic sample design could be chosen. This way, it is possible to gain experience in the fabrication 
of samples using e-beam lithography. Later on, more complex samples can be designed and fabricated 
and the lateral and temporal capabilities of the MO-SNOM setup can be tested. 

To gain further insight in processes that occur during a MO-SNOM experiment, modelling of 
MO-SNOM measurements have to be continued. The model that is presented in this report could be 
extended by including higher order multipoles. 
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Appendix A 

Characteristic of evanescent field 

10 

• experiment 
0,1 -fit 

0 50 100 150 

Distance [nm] 

Figure A.l: Detected intensity as a function of tip-sample distance. The tip sample distance has an unknown 
offset. À = 633 run, Bi = 60°. 
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Figure A.2: Detected intensity as a function of tip-sample distance. The tip sample elistance has an unknown 
offset. À = 633 run, ei = 60°. 
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AppendixB 

Material constants 

In the table the values are given for the index of refraction and the dielectric function. The complex 
index of refraction of a metal is given by 

n = n+ik. (B.l) 

The complex dielectric function is expressed as 

(B.2) 

where 

(B.3) 

and 

êi = 2nk. (B.4) 

material n k êr êi 

Au 0.13 3.16 -9.97 0.82 
Co 2.21 4.00 -11.12 17.68 
Ru 4.04 4.81 -6.81 38.86 
Ta 1.83 1.99 -0.61 7.28 
w 3.60 2.89 4.61 20.81 

Table B.l: Material constants for various metals. 

The values in table B.1 are the material constants for light with a wavelengthof 620 nm. Source: 
Handhook of Chemistry and Physics, 79th edition, CRC Press (1999). 
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Appendix C 

PMMA spin coat curves 
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Figure C.l: Spin coat curves for PMMA resists. 

Spin speed [rpm] film thickness [run] 

1000 120 
1500 90 
2000 77 
2500 71 
3000 65 
3500 63 
4000 62 

Table C.l: Spin speeds and accompanying film thicknesses, deduced from the A2 curve in tigure C.l. 
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