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SUMMARY 

Optie al study of K -doped C60 and NiAl ( 11 0). 

The optical properties of two different systems were investigated with ellipsometry. The 

oxidation of a nickel aluminium (NiAl) single crystal is studied with ellipsometry and Low 

Energy Electron Diffraction (LEED) and the deposition of C60 clusters on a silicon substrate is 

studied with Ellipsometry. 

Ellipsometry is a non destructive optical technique. The principle of ellipsometry is based on the 

analysis of the change in polarization state of incident light after reflection. The change in 

polarization state can be coupled to material properties such as the complex dielectric function 

E(ro). The complex dielectric function is directly related to the electronic structure of solids. 

The physical properties of alloys such as NiAl are of considerable importance to material science 

and catalysis. The aluminium oxide layer, which can be formed on top of the NiAl crystal, can be 

used as a model support for catalytically active components; this makes NiAl an important 

model system. The experiments on NiAl (110) show the surface sensitivety of the ellipsometer. 

At a photon energy of 1.18 eVa strong absorption peak is found. We have strong reason to 

assume this corresponds to a surface state with mainly Ni 3d character. If the Ni Al ( 11 0) crystal 

is oxidised a thin Al20 3 layer is formed on top of the crystal. Due to the oxidation the absorption 

peak shifts to 0.92 eV. We assume that at the interface between the NiAl bulk and the Al20 3 
layer the Ni 3d electron states are less hybridised with the Al electron states, due toa preferenee 

of Al-O bonding; this results in a shift of the Ni 3d electron stat es towards the fermi level. 

C60 clusters, also called buckyballs, have remarkable physical properties. Solid C60 is an 

insulator, when doped with Potassium (K), K3C60 can be formed, which is metal-like and 

superconducting below 18 Kelvin. At higher doping rates molecules withup to 6 K atoms 

incorporated can be formed; K6C60 is an insuiator again. This generates a great interest in the 

electrooie structure of c60 and the changes due to K doping. The understanding of the electronic 

structure of this system is essential for the understanding of the superconducting properties. Our 

experiments on undoped c60 show absorption peaks at 3.47 and 4.50 eV. These peaks are 

assigned to optica! transitions; these assignment are in good agreement with other experiments 

reported in literature. The K doped C60 showed a metallike behaviour. The KxC60 which was 

grown, has an x value between 3 and 4. The absorption peaks are assigned to optical transitions, 

again in good agreement with other experiments reported in literature. The 1.10 e V peak is 

assigned toa transition from a "new state", formed by doping, in the band gap of C60 to the 

LUMO state. 
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1 INTRODUCTION 

In this report two different systems are investigated. The oxidation of a Nickel Aluminium 

(NiAl) single crystal is studied with Ellipsometry and Low Energy Electron Diffraction (LEED) 

and the deposition of c60 clusters on a Silicon substrate is studied with Ellipsometry. 

The physical properties of alloys such as NiAl are of considerable importance to material science 

and catalysis. NiAl is an ordered alloy which is known to have a stable, well-characterised 

surface. In this study it will be shown that an aluminium oxide layer is formed on top of the 
crystal when the NiAI crystal is oxidised. This aluminium oxide layer can be used as a model 

support for catalytically active components. 

c60 clusters, also called buckyballs, are only recently discovered (1985) [13]. These clusters of 
60 carbon atoms form a stabie soccer balllike structure. Solid c60 is an insulator, when doped 

with Potassium (K), K3C60 can be formed, which is metal-like and superconducting below 18 

Kelvin. At higher doping rates molecules with up to 6 K atoms incorporated can be formed; 
K6C60 is an insuiator again. This generates a great interest in the electtonic structure of C60 and 

the changes due to K doping, the understanding of the electonic structure of the system is 
essenrial for the understanding of the superconducting properties. 

Ellipsometry is a non destructive linear optica! technique. It is a powerful tool in the study of 
materials, because structural, optica! and electtonic properties can be determined in situ. 

Ellipsometry with monochromatic light is widely used to monitor processes where structural 

parameters such as film thickness and composition have to be determined. Spectroscopie 
Ellipsometry is used to measure bulk optica! properties as a function of photon energy, and can 

be used to determine the optica! properties of thin films. 

Linear optica! techniques have limited applications in surface science, because of the large 

penetration depth of light compared to the actual thickness of the surf ace. This can be overcome 
by performing experiments which are only sensitive to anisotropy induced by a surface or 
interface. Aspnes et al. [12] showed the anisotropy change during the growth, going from a 

gallium to an arsenic toplayer. Monolayer sensitivity can be obtained by workingat the Brewster 

angle of the system. Calculations of Wijers et al. [26] show an increase in surface sensitivity if 
the incident light beam is near the Brewster angle. This is supported by experiments on 

germanium were such an increase in surface sensitivity is observed [31] and experiments on gold 
deposition on silicon were the thickness resolution is reported to be about 0.03 monolayers [14]. 

LEED is a well known technique, which is used to determine surface crystallography. LEED is 
very surface sensitive, the typical information depth is a bout 10 Á. Because of the monolayer 

sensitivity of the ellipsometer, it is necessary to have additional information about the surface 

structure, which can be provided by LEED. This makes combination of LEED and Ellipsometry 
very powerful. 
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2 THEORY 

2.0 Introduetion 

In this report two techniques, ellipsometry and LEED (Low Energy Electron Diffraction) are 

combined to study two different model systems. The theoretica! background of both techniques 

will be explained. Also a link will bemadebetween the complex dielectric function E(ro), which 

is determined in an ellipsometry experiment, and the electtonic structure of a solid. 

2.1 Principles of ellipsometry 

Ellipsometry is an optical non-destructive technique, which can provide information on optical 

and electtonic properties of a wide range of materials. The technique is based on an analysis of 
the change in polarization state of incident light after reflection. The change in polarization state 

can be coupled to material properties by means of basic optical theory of plane waves. 

SAMPLE 

fig.2.1. The basic set-up of an ellipsometer. 

The polarization state of completely linearly polarized light can be described by a two

dimensional vector with components EP en E8, these are the complex amplitudes of the 
componentsof the electtic field parallel (p) and perpendicular (s) to the plane of incidence. The 
polarization states incident on (Xi) and reflected from (Xr) the sample are expressed by the 
complex quantities (using the notation of Azzam and Bashara [1]): 
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For an isotropie material, the incident and reflected field components are related by: 

Erp = rpEip 

Ers= rsEis 

where rp and rs are the complex amplitude reflection coefficients of the sample for p and s 
waves. The complex reflectivity ratio p is defined by: 

p =X.= rP = tan ljlexp(iL\) 
X, rs 

(2.1) 

(2.2) 

(2.3) 

where 'I' and L\ are the conventional ellipsometry angles, which are the relative phase shift and 

the relative amplitude attenuation of the electtic field respectively. The dielectric function Eis 

related to the complex reflectivity ratio p as [2]: 

(2.4) 

where cp is the angle of incidence of the light beam on the sample. Finally the refraction index n 
and the absorption coefficient k are related to the dielectric function E as: 

2 k2 e1 =n -

e2 = 2nk 
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2.2 Optical properties: a classica! and quanturn mechanica! model. 

To explain the frequency dependenee of E it is necessary to consider the interaction between the 

electtical component of the incident electromagnetic wave and the electrons in the materiaL The 

equation of motion for an electron in an electtic field E(x,t) is: 

( 
d

2 
d ) m -

2 
x+ y-x+ m5x = -eE0 exp(imt) 

dt dt (2.6) 

Where y is the phenomenological damping force, ro0 the natural angular frequency of vibration 

of the electron, m the electron mass and -e the electron charge. The dipole moment of one 

electron is: 

-e2 
p=-ex= E0 m(m5- m2 + iym) (2.7) 

The electtical polarisation, P, can be expressed by the relationship: 

(2.8) 

There are N molecules per unit volume, every molecule has Z electrons. Not every electron has 

the same frequency and damping force. So the oscillator strength fj is introduced. Per molecule 

there are fj electrons with an angular frequency roj and damping force Yj· The dielectric function 

is then given by [ 6]: 

(2.9) 

The oscillator strength fj is related to Z as: 

(2.10) 

This model sttictly applies to a dielecttic gas where the molecules are sufficiently far apart. In a 

solid the local electtic polarisation field due to the presence of surrounding induced dipoles must 

be taken into account. In an isotropie medium the local field is given by: 
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(2.11) 

If E1oc is used in equation 2. 7 instead of E0, the expres si on for the di electtic function becomes 

[7]: 

(2.12) 

This equation is known as the Clausius-Mosotti equation. 

In a metal there are free electrons. These free electrens can be accommodated in the dispersion 

equation 2.9 by setting the angular frequency to zero. Due to the free electrens there will be no 

electrical polarisation and hence the local field will be equal to the applied field. In a free

electron metal the major part of the damping is caused by electron-electron collisions. The 

damping "(is replaced by a cellision frequency roe = lltc, this results in the Drude equation [7]: 

Ne2 

e(m) = e0 - . 
mm(m -tmJ (2.13) 

or: 

where cr0 is the DC electrical conductivity, equal to Ne2 I m roc2· 

The physical properties of solids are directly related to the electtonic bandstructure. The 

interaction between electromagnetic waves and the electrens result in two types of electron 

transitions when a photon is absorbed: intraband and interband transitions (see fig. 2.2). 
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k-
fig. 2.2: Bandstructure with interband (a) and intraband (b) transitions. 

The intraband transitions are best described by the Drude model (equations 2.13, 2.14), while the 

interband transitions are described in a classica! model by equation 2.9. Both transitions 
contribute to the dielectric function e(ro). Quanturn mechanics allow a more accurate calculation 
of the interband transitions, this is outlined below. 

The total Hamiltonian for an electron in an electromagnetic field is: 

1 ( 2 H=- p+eA) +Vc(r) 
2m (2.15) 

V c(r) is the perioctic crystal potential, p the momenturn of an electron and A the vector potential 
for an electromagnetic wave. The first order perturbation operator is: 

H' (r,t) = !_A.p 
m (2.16) 

The transition probability of an electron which is excited from the valenee band (wave vector k 

and energy Ev) to the conduction band (wave vector k' and energy Ec) is given by [8]: 

ê2 = 8~ né J dk IM•cl
2 

8(Ec- E.- hm) 
2 2 4 3 

êom (J) 3d-BZ 1C (2.17) 

This is the transition probability for an electron per unit time and unit volume. The delta function 

in the transition probability expresses the selection rule for energy conservation: the energy 
difference between the two states equals the pboton energy. 
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The conservation of momentum: k' = k + K is expressed by the matrix element Mvc· From this 

the imaginary part of the dielectric function can be calculated [8]: 

(2.18) 

The Kramers and Kronig relations can be used to calculate e1. The dispersion relations derived 

by Kramers and Kronig read [9]: 

(2.19b) 

where P means the Cauchy principle value of the integral. Finally a link can be made to the joint 

density of states (JDOS). The JDOS is defined [9]: 

JDOS oe L J dk 8(Ec- Ev- hlü) 
c,v 3d-BZ (2.20) 

lf the matrix elements IMvcl are constant, the imaginary part of the dielectric function is related 
to the JDOS as: 

JDOS oe m2 e2 (2.21) 

The assumption of constant matrix elements affects the intensities of peaks in the e2 spectrum, 
peak positions however are not affected. 
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2.3 Low Energy Electron Diffraction (LEED) 

A Low Energy Electron Diffraction (LEED) experiment is based on the diffraction of a 

monochromatic electron beam on a crystal. From the diffraction (LEED) pattem the surface 
structure of a crystal can be obtained. The kinetic energy of electrans used in a LEED 

experiment vary between a bout 20 and 500 eV. The de Broglie wavelength of an electron with 

mass m and velocity v is given by the equation: 

À= J::_ 
mv (2.22) 

h stands for Planck's constant. Substitution of the relevant values for an electron with an energy 

E (in e V) results in: 

À= e 
1.504 (nm) 
E(eV) (2.23) 

In the energy range 20 - 500 e V the de Broglie wavelength varies from 0.05 nm to 0.27 nm. 

These wavelengths are comparable to the lattice spacing of a typical crystal, so one will expect 

interterenee effects. In the energy range used, electrans have a short mean free path within a 

solid (see fig. 2.3). This makes LEED very surface sensitive. 

I I i 11 I ij 1 i 1 I I ~~ ' I I IJ,, 
I 1ol E I 
' ::: -.... - ~ ~ -- -' ... ;- ~ 

l'tJ i- -1 a. L I 

CJ L 1 CJ 

J '-

toL 
...... 
c: 
re § CJ ~ E ,_ 

' ï j [ ' i I I I' I ' I I' I :I ' I I I li 
10 :oo 1000 

electron energy (eVJ 
fig. 2.3 The mean free path as function of the kinetic energy of the electrans. 

The two dimensional surface structure can be described by a lattice and a basis. The lattice is a 
regular perioctic array of points in space. The basis is a group of atoms attached to every lattice 

point. The lattice is defined by a translation vector T: 
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I= ng_+m/2. (2.24) 

~ and .Q are the unit veetors of the lattice, n and m are integers. A diffraction pattem is formed in 

the case of constructive interference, this is expressed by the Laue conditions: 

/2.(/i.- /i.0 ) = 2mn 

ko and k are the wave veetors of the incident and reflected beam respectively. Figure 2.4 shows 

the principle of Laue diffraction in one dimension. 

fig. 2.4. Laue diffraction in one dimension. 

Diffraction occurs when the two Laue conditions are both satisfied. This results in the reciprocal 

lattice veetors ~* and .Q*, which satisfy both Laue conditions and are related to the veetors ~ and 

.Qas: 

b*=27r !1X{l 
- (/2., !1 x g_) 

In the equations 2.26a and 2.26b n. is the vector normal to the surface. Figure 2.5 shows 

schematically the way a pattem is formed. 
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fig. 2.5. Formation of a diffraction pattern in LEED experiment. 
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3 EXPERIMENTAL SET-UP 

3.0 Introduetion 

The experimentalset-up consistsof a main UHV chamber with the ellipsometer and a separate 

UHV chamber connected to it with a LEED system. These chambers are connected to each other 

with a valve, so samples can be transported from one chamber into the other without breaking 
the vacuum. 

On the main chamber also surface cleaning facilities are available. An argon ion souree for 

sputtering the surface of the samples. An oven and E-beam heater are available to heat samples 

up to 1200 °C. A quadrupole mass spectrometer is used for residual gas analysis and leak testing. 
The system can be equipped with an evaporation souree to study growth processes. The 

ellipsometer UHV chamber has a base pressure of 1.10-10 mbar. Section 3.1 explains the optical 

system of the ellipsometer, whereas the data analysis is discussed in section 3.2. 

The LEED UHV chamber is used for LEED experiments only and has a base pressure of 5.10-10 
mbar. The LEED system is discussed insection 3.3. 

3.1 Spectroscopie Rotating Polarizer Ellipsometer 

fig.3.1: 

STARTCLOCK 

---------------1 
I 

I 
I 

SAMPLE 

: ___ U_H_y _C!i~~J?~f!_ __ 

The experimentalset-up of the ellipsometer 
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Figure 3.1 shows the optical system of the ellipsometer, this system is very similar to that of 

Aspnes and Studna [2]. The light souree is a cascade argon plasma are, and is designed by the 

Plasma Physics group of the Eindhoven University of Technology [11]. This cascade are has a 

lot of advantages compared to the more commonly used 75 W Xe short are light source. The 

cascade are produces fully unpolarized light, the aperture of the light beam is very small, but the 

intensity within this small aperture is very large. Because of the large length of the plasma are 

the sensitivity to defocusing effects is reduced substantially. The intensity of the light beam 

producedis 10- 1000 times brighter as the Xe light source. 

The light beam is linearly polarized by a rotating polarizer which rotates with a frequency of 30 

Hz. The rotator also triggers the data acquisition interface. After the light beam is reflected from 

the sample in the UHV vessel the light beam passes a static analyzer. This analyzer has three 

positions, 00, +45° and -45o. 

Finally the light beam comes into the detector. In the detector a prism is used to disperse the light 

on the photodiode array. This photodiode array has 1024 elements, which measures the intensity 

over a photon energy range from 0.8 to 4.8 eV. The energy resolution is 0.007 eV at 1.5 eV and 
0.003 eV at 3.4 eV. In the high energy range the sensitivity of the photodiodes is low, to be able 

to use the full range of the AID converter two amplifiers are installed. The signal above 3.3 eV is 

amplified 10 times and the signal above 4.1 e V is amplified 100 times. 

A data acquisition interface is used to readout the photodiode array. The interface can average 

over a maximum of 4096 readouts, and normalize the data for the number of averages. After a 

measurement the data are transmitted toa Hewlett-Packard workstation over the IEEE bus. 

3.2 Mathematica! description of the data analysis 

The theory has shown that the dielectric function E can be obtained from the complex reflectivity 

ratio p (equation 2.4). The determination of the complex reflectivity ratiopis done by Fourier 

analysis of the irradiance at the detector. The irradiance at the detector Id can be expressed in the 
form (for each photodiode) [3]: 

(3.1) 

Here a en ~ are normalized Fourier coefficients, I0 is the average irradiance over one cycle of 

the polarizer, 01v is the polarizer cycle frequency and Pc is the phase angle of the rotating 

polarizer determined in calibration. The Fourier coefficients are related to the ellipsometry 

angles 'I' and ~ through [4]: 
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cos(2A)- cos(2 f/1) a= __ ___,;. ___ .:......;_ 
1- cos(2A)cos(2 f/1) 

f3 = sin(2A) · sin(2 f/1) ·cos(~) 

1- cos(2A) cos(2 f/1) 

where A is the angle of the fixed analyzer relative to the plane of incidence. The Fourier 
coefficients a and ~ can be calculated from Id(t) by a discrete Fourier transformation. However, 
since the only components of interest are the DC and 2ro components the more efficient 
Hadamard metbod [5] can be applied. If the light flux on a linear detector is integrated over four 
successive 7t/4 sectors of the polarizer angle, represented by Si (i=1,4) (see fig. 3.2), then the 
Hadamard rule can be applied and the Fourier coefficients a and ~are given by [5] 3.3a and 3.3b. 

l(t) 

T 

fig. 3.2: Thefour sectors Si (i=1,4) 

/3= n. sl-s2-s3+s4 
2 S1+S2+S3+S4 

A consistency check is then given by: 

S4 

----7 t 

A non-zero sum of this consistency check indicates alignment errors [5]. 
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Before starting a measurement the darkeurrent has to be measured. This is the signal from the 

photodiode array and amplifiers, without any light on the detectors. All data are automatically 

corrected for this darkeurrent The calibration is done with the analysator in the ()<> position, this 

is called the reference spectrum. The reference spectrum is used to calculate the average 

irradiance 10 and the phase angle of the rotating polarizer Pc· The Fourier spectrum can be 

determined with the analysator in the +45° or -45° position. lf both are measured a correction can 

be made: by zone averaging of the +45° and -45° Fourier spectrum, the real +45° Fourier 

spectrum can be calculated. In this way systematic errors caused by polarizer imperfections and 

an inaccurate()<> position of the analyzer can be cancelled out in frrst order [10]. From the Fourier 

spectrum the dielectric function and the n,k spectrum can be calculated. 

3.3 LEED set-up 

The LEED system used is a commercial available VG Microtech Reverse View LEED opties. 

The systems consists of an electron gun, a phosphor screen and four grids (see fig. 3.3) and a 

power supply. 

l. ~ I 
/ / ,, ~ 

/ / ,, 
/ / ,, 

/ /// 
I /// 

I lil 

l 

,,,, ~ ,,, 
electron gun 1 11 1 \ ,", ~""' r--1 --=----' . ·-----,1 ~ 

') I \1 \ 

\ \'.:,:._ 
\:, ,,,, 
'\:. ,,,, 

phosphor screen /''::::::'\:,,,, '': ~ ~ ~, 
... ' ''' 

fig. 3.3: 

l ' '-grid (4x) 

..:::r:.. s k volt .---1 
Scheme of a LEED display system. 
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The grid assembly consistsof four concenttic spherical sector grids and a spherical sector glass 

screen. The glass screen has a fluorescent phosphor coating. The electron gun is located in the 

centre of the screen and the grids. It produces a monochromatic electron beam with an energy 

between 5 and 1000 eV. The spot size on the sample is 500 ~m. at 1 ~A target current, 100 eV 

beam energy. A mu-metal cylinder surrounds the gun and opties to provide shielding from stray 

magnetic fields and electrons. The two outside grids are earthed, while the potential of the two 

middle grids can be adjusted using the MESH BIAS control of the Power Supply. The diffraction 

pattem is viewed on the phosphor screen. The spots can be focused using the focus controls, 

which adjust the voltage of the simple Einzellens arrangement in the electron gun. 
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4 OXIDATION OF NiAI (110) 

4.0 Introduetion 

In this section the study of the interaction of oxygen with a NiAl ( 11 0) single crystal is reported. 

Two aspects are of interest: the NiAl ( 11 0) single crystal itself and the oxide which is formed on 

top of the crystal. 

The properties of alloys are of considerable importance to heterogeneous catalyst and to material 

science. In catalytical processes the surface is of interest, because the stoichiometry of alloy 

surfaces determines the active componentsin a catalyst. In material science alloys are used to 

customise specific physical properties in order to create materials for applications which are very 

demanding. NiAl for example is used in jet engines, because of its high ductility and high 

temperature characteristics. This makes the study of the basic chemical and physical properties 

of single crystal alloys, which are still not very well understood, of great interest. The NiAl 

system is an ordered alloy which is known to have a stable, well-characterized surface. This 

stabie character makes NiAl an ideal model system. 

Wh en a NiAl ( 11 0) is oxidized an Al20 3 film is formed on top of the crystal, this is reported in 

literature by different authors (for example: Jaeger et al. [15] and Isern et al. [28]). Aluminium 

oxide is of great importance in catalysis, since it is often used as a support for catalytically active 

components. However aluminium oxide is difficult to study with techniques which cause 

charging (for example LEED), because it is an insulator. Therefore a thin aluminium oxide layer 

on a metal support, like a NiAl (110) single crystal, is a very suitable model system, because the 

metal support will prevent the oxide layer from getting charged. 

Jaeger et al. [15] investigated the oxidation of a NiAl (110) with various surface sensitive 

techniques. He reports the formation of a well ordered thin film of AI20 3 of approx. 5 Á. We 

performed ellipsometry experiments, because the optical data could provide additional 

information on the electtonic structure of the NiAl (110) single crystal and the changes due to the 

oxidation process. 
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4.1 Theory 

Bulk NiAl has a fee structure, with two atoms per unit cell. Figure 4.1. shows the real and 

reciprocal space representation of the NiAl (110) surface. 

r. 
2..387 ~ 

.i. 
("'\ 
'v' Al F'!RST ~~YE:.~ 

• ~i .=IRST ~.AYE:!~ 
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:@ ~~ SE:CONO L.AYE:R 
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R 
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TOP VIEW 

fig. 4.1a. Real space representation ofthe 
NiAl (110) surface. 

fig. 4.1b. Reciprocal space representation of 
the NiAl (110) surjace. 

The surface of NiAl ( 11 0) has a rippled structure. The Al atoms are displaced outward around 

4% of the bulk interlayer spacing, whereas the Ni atoms are displaced 6% inward the bulk. This 

is measured with different surface techniques and reported by various authors: Davis et al. [29] 

and Yalisove et al. [30]. Figure 4.2. shows the rippled surface structure. 

fig 4.2. The rippled surface ofNiAl (110). 

I• 1 st LAYER 
Z•Znd LAYER -------

Ultraviolet photoemission (UPS) is a technique which is used in solid state physics to study 

bandstructures. UPS spectra can be compared directly with the valenee band density of states 

(DOS). UPS is a surface sensitive technique, the infonnation comes from a layer with a typical 

depthof 50 Á [25]. In angle-resolved UPS (ARUPS) the analysator angle can be varied in order 

to measure the electtonic structure in a particular Brillouin zone direction. 

Lui et al. have measured and calculated the valenee-band structure of bulk nickel aluminium 

(110) crystal face [16]. The valenee-band structure was measured by use of ARUPS. Experiment 

and calculations showed a very good overall agreement. The calculated bulk band structure is 

shown in tigure 4.3a, the measured bulk band structure is shown in tigure 4.3b. 
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fig. 4.3a. Calculated bulk band structure of 
NiAl (110). 
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fig. 4.3b. Measured bulk band structure of 
NiAl (110). 

At the surface of a crystal there often exist surface-bound electtonic states; these are caused by 
symmetry breaking at the surface. A study on these surface states of NiAl (110) was done by Lui 

et al. [17]. The surface states were investigated theoretically and experimentally using ARUPS. 

Both theory and experiment show that the termination of bulk NiAl at the (110) surface results in 

the formation of surface states in the gap regions of the projection of the bulk bandstructure on 

the two dimensional Brillouin zone. The filled Ni 3d band, a characteristic of the bulk NiAl ( 11 0) 

is also present at the surf ace, and shows strong d resonance states around the gap edges. The 

surface states on NiAl (110) are shown in tigure 4.4. The solid and dashed lines are the results of 

the calculations, the experimental data points are given by symbols. The shaded areas are the 

bulk projections along X- r-Y and Y-S-X. 
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The bulk band structure and the surface states can be used to understand the dielectric function 
of NiAl (110). 

Jaeger et al. [15] measured the UPS-spectra of clean NiAl (110) and the oxidized state 
Al20:YNiAl ( 11 0), the results are shown in figure 4.5. The dominant peak of the clean NiAl 

(110) in the UPS-spectrum eentres at 1.2 eV, this peak corresponds toNi 3d states [17]. In the 

oxidized state this peak eentres around 1.0 e V (see fig. 4.5). 

fig. 4.5. 
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4.2. Experimental 

The interaction of oxygen with a NiAl (110) single crystal was studied in three stages. After the 
NiAl (110) single crystal was inserted in the main UHV chamber the sample had to be cleaned 

first. The oxidation at room temperature (RT) was studied in the second stage, while the 

oxidation at 315°C was studied in the third stage. In all stages the sample was investigated with 
LEED and ellipsometry. All three stages are discussed below. 

Experiment 1: the clean NiAl ( 11 0) single crystal. 

First to remove residual carbon the sample was annealed at 7()()<>C and exposed to oxygen ( 1.10-7 
mbar) for 20 seconds. Hereafter the NiAl (110) sample was cleaned by repeated cycles of 

sputtering and annealing. The sputtering was done with 750 eV Argon+ ions, for 20 minutes with 
a target current density of 2.5 - 4 JlNcm2. The sample was annealed at 9()()<>C for approximately 

30 seconds, while the pressure was kept below 1.10-7 mbar. The cleaning cycles were repeated 

until LEED indicated awellordered 1 x 1 surface. 

Experiment 11: the oxidation of the clean NiAl ( 110) single crystal at RT. 

The clean NiAl sample was exposed to oxygen at RT. The oxygen pressure was 1.10-6 mbar for 

20 minutes. Hereafter the sample was subsequently annealed at 9()()<>C until LEED showed a 
hexagonal structure, as was to be expected from previous experiments performed by Jaeger et al. 
in Jülich [15]. 

Experiment lil: the oxidation of the NiAl (110) single crystal at 315 °C. 

A new cycle of sputtering and annealing was performed to remove oxygen and contaminations 
from the sample. The oxidation wasthen repeated with the sample being heated at 315°C. Again 

for 20 minutes the sample was exposed to an oxygen pressure of 1.10-6 mbar. After this the 
sample was annealed subsequently at 8800C until a clear LEED pattem was found. 

4.3. Results and Discussion 

The results of the three different stages of the experiment are presented and discussed below. The 

results of the first two experiments will be presented, and discussed in relation to each other. 
Hereafter the third experiment will be discussed. Finally all the results will be combined and a 
simple model will be proposed and discussed. 

Experiment 1: the clean NiAl ( 11 0) single crystal. 

After the NiAl (110) sample was cleaned by repeated cycles of sputtering and annealing the 

dielectric function was measured and the LEED pattem was photographed; these are shown in 

figure 4.6a and 4.6b respectively. The electron gun of the LEED system was set to an energy Bp = 
61 eV. 
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fig. 4 .6a Dielectric function of clean NiAl LEED pattern of clean NiAI ( 110 ); 
(110) EP= 61 eV 

The clear LEED pattem of tigure 4.6b indicates a well ordered 1 x 1 surface structure. 

The imaginary part of the di electtic function, which is a measure of the absorption, shows a 

dominant peak at 1.18 eV (see fig. 4.6a). This peak presumably corresponds to the 1.2 eV peak in 

the UPS-spectrum of Jaeger et al. [15], see fig. 4.5. This means that the 1.18 eV peak in the 

imaginary part of the dielectric function is caused by transitions from the valenee band with 

mainly Ni 3d character. 

Experiment 11: the oxidation of the clean NiAl (110) single crystal at RT. 

After the sample was oxidized and subsequently annealed the dielectric function was measured 

and the LEED pattem photographed. These are shown in tigure 4.7a and 4.7b respectively. 
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fig. 4 .7a Dielectric function of the oxidized 
NiAl (110) 

fig. 4 .7b LEED pattern of the oxidized NiAl 
(110); EP= 58 eV 
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The LEED pattem (fig. 4.7b) shows besides a clear substrate 1 x 1 structure also a vague 

hexagonal structure. The photographs do not show this structure very well, but by changing the 

beam energy of the LEED system this structure shifted with the beam energy. The hexagonal 

structure is caused by the oxide on top of the substrate. The peaks in the imaginary part of the 

dielectric function are now at 0.92 eV and 1.03 eV. If these data are compared with the UPS

spectra of Jaeger et al. [15] the 0.92 eV peak can be assigned toa valenee band with mainly Ni 

3d character. 

So in the dielectric functions a double shift in the imaginary part is observed; the clean sample 

has two peaks at 1.18 and 1.31 eV, these shift to 0.92 and 1.03 eV as the sample is oxidized. The 

peak positions reproduce very well in time and the peak separation stays the same. In the UPS

spectra (fig. 4.5) the same shift is observed for the valenee band with mainly Ni 3d character: 

from 1.2 e V to 1.0 e V if the sample is oxidized; the intensity reduces by a factor of 4. 

In figure 4.3 the calculated bulk band structure is shown. In the figure the only possible optical 

excitation from a filled to an empty electronband with an energy separation in the range of 1.2 

eV is indicated with an arrow. Presumably this transition has a low transition probability, because 

of the high dispersional final state. However to be really sure no bulk transitions are possible, not 

only the high symmetry directionsof the Brillouin zone have to be considered as in fig. 4.3, but 

the total k space has to be taken into account. It is not very likely such a search would provide 

for transitions with a high probability, because in general only transitions at high symmetry 

points would give transitions with high excitation probability. 

lf the surface states are considered (fig. 4.4); there are several surface statesin the gap regions. 

These are alllocated in the 0.5- 1.5 eV energy region and have small dispersion. This means that 

there are several possibilities to make excitations from the surface states to empty electron 

states. The empty electron states are not measured in ref. [ 17], so no transitions with an energy 

distance of0.9 to 1.2 eV can be indicated in fig 4.4. 

All this indicates that the optical excitation in the energy region 0.9 to 1.2 eV is an excitation 

from a surface state with mainly Ni 3d character. This seems to be in contradiction with the fact 

that ellipsometry is known as a bulk technique. However, if the measured dielectric function is 

that of bulk NiAl ( 11 0), it is difficult to understand why a thin (5Á [ 15]) transparent oxide film 

gives such a rigorous change in this dielectric function. This shows that a ellipsometer 

experiment can give surface information, this is also shown by calculations of Wijers et al. [26]. 

He shows an increase in surface sensitivity for an optical experiment on germanium (Ge(001)), 

when the light hits the sample at the Brewster angle. This is supported by experiments on 

Ge(001) were such an increase in surface sensitivity is observed [31]. For the NiAl (110) surface 

it would explain this surface sensitivity. The Brewster angle is given by [27]: 

n 
tan(8b) =-

n' (4.1) 

The averaged refraction index n of clean NiAl (110) can be calculated from the measured data. It 

is approximately 2.3 over the energy region 1.0 to 4.5 eV, the refraction index ofvacuum n' is 1. 

This results in a Brewster angle eb of 66.5°. This angle is close to the angle of incidence of the 
light on the sample of 68.3°. 
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Experiment III: the oxidation of the NiAl (110) single crystal at 315 oe. 
After a new cleaning cycle to remove contaminations from the sample, the dielectric function 
was measured and the LEED pattem photographed, see fig. 4.8a and fig. 4.9a respectively. After 
this the sample was oxidized at 315 oe and subsequently annealed. This resulted in a dielectric 
function, fig. 4.8b and a LEED pattem fig. 4.9b. 

fig. 4.9" LEED pattern of clean NiAl ( 110); LEED pattern of NiAl ( 110) oxidized 

EP= 61 eV at 315 °C; EP= 61 eV 

The LEED pattem (fig. 4.9a) still shows a hexagonal structure, this means there is still an oxide 

layer present. The peak positions in the imaginary part of the dielectric function of tig 4.8a and 
4.8b are exactly the same, bothare at 0.99 eV and 1.12 eV. The LEED pattems (fig. 4.9) also stay 
the same. This is an indication the sample is not oxidized any futher. 
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A simple model: 

A simple model is proposed: Oxygen adsorbed on the NiAl (110) surface forms an Al20 3 layer 

on top of the single crystal when the single crystal is subsequently annealed. This Al20 3 film 

prohibits futher oxidation of the sample and covers the whole surface. The thickness of this film 
is in the order of one or two monolayers. There is a great mismatch between the bulk NiAl unit 

cell and the unit cell of the Al20 3 layer. In this interface region between the NiAl bulk and the 

Al203 layer, the Ni 3d electron states are probably less mixed with the Al electron states, due to 
the fact that the Al prefers to react with the oxygen. This makes electron states with Ni 3d 

character in NiAl behave more like the metal Ni 3d states. This results in a shift of the electron 
states with mainly Ni 3d character towards the fermi level [16]. 

LEED shows that an ordered thin film with a hexagonal structure is formed. The film bas to be 

thin, because substrate spots are still clearly visible. LEED also shows the mismatch, the 
dimensions of the unit cell of the NiAl bulk and the hexagonal unit cell of the AI20 3 differ in 
real space by a factor 3 [15]. 
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fig. 4.Job Calculated DOS of Ni 

The calculated DOS ofNiAl and Ni are shown in figure 4.10 [16]. The dominant peak in the 
DOS of Ni is near the fermi level, whereas the dominant peak (with mainly Ni 3d character) in 

bulk NiAl is centred around 1.8 eV in the calculated DOS. This is consistent with our model, 

because it indicates that if the Ni electron states are less hybridised with the Al electron states, 
the NiAl electron states behave more like Ni electron states and are shifted towards the fermi 

energy. This is in agreement with our model, because the surface state with Ni 3d character shifts 
towards lower energies when the sample is oxidized. This shift is also observed in UPS 
experiments performed by Jaeger et al. [15]. 

The Al20 3 film prohibits the sample from futher oxidation, this is supported by the third 
experiment. A new oxidation cycle resorted no effect, because the LEED spots hardly change in 

intensity (and a small change in intensity can be caused by differentemission current settings of 
the LEED system). 
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4.4 Conclusions 

Our results show the surface sensitivity of the ellipsometry experiments on NiAl ( 11 0). A thin 
oxide layer on a NiAl (110) single crystal results in a rigorous change in dielectric function. The 
dominant peak in the imaginary part of the dielectric function shifts to a lower energy as the 

surface is oxidized. This is a strong indication that the measured effect is due to the surface 
region. 

A model is proposed which can explain the experimental data and experimental results reported 

in literature. The model proposes that a thin Al20 3 layer, which prohibits the sample from futher 

oxidation, is formed on top of the NiAl ( 11 0) surf ace. At the interface between the NiAl bulk and 
the Al20 3 layer the Ni 3d electron states are probably less hybridised with the Al electron states, 

due toa preferenee of Al-O bonding; this results in a shift of the Ni 3d electron states towards 

the fermi level. 

The model can be verified by checking whether or not the electron contribution at 1.2 e V of 
NiAl (110) really is a surface state; this can be done by applying an optical technique which is 

only sensitive for the surface. Also a bandstructure calculation over the complete k-space could 
confirm the assumption that there are no bulk transitions possible in the energy region 0.8 to 1.2 

eV. 
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5 c60 ON SILICON (100) 

5.0 Introduetion 

In the eighties fullerenes, soccer ball-lik:e molecules of pure carbon atoms, were discovered. The 
study of fullerenes, formed by evaporating graphite, showed that these carbon clusters always 

contained an even number of carbon atoms if the cluster size exceeded 30 atoms. Clusters of 60 
and to a smaller extend 70 carbon atoms seemed to be favoured. The structure of a c60 molecule 
is symmetrie with 60 equivalent C atoms in a soccer ball-like configuration, which is very stable. 

The carbon atoms are ordered in pentagonal and hexagonal structures only. To get a closed 

structure 12 pentagens are always necessary. The name for c60 molecules is 
buckminsterfullereens, or in short buckyballs. These clusters are named after an American 

architect R. Buckminster Fuller who used these kind of geometrie structures in bis designs. 

Figure 5.1 shows the structure of a buckyball. 

fig. 5.1. The soccer ball-like configuration of C6o· 
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In 1990 a metbod was discovered to manufacture c 60 and c 70 in large quantities. An are 

discharge lamp with graphite electrodes in a high pressure He or Ar atmosphere produces free 

carbon atoms in gas phase. These free carbon atoms form clusters. C60 and C7o can easily be 
separated from the other clusters, because unlik:e the other clusters c 60 and C70 dissolve in 

toluene. Hereafter C60 and c 70 can be chemically separated. The possibility to manufacture pure 

C60 led to a lot of experiments to determine the structure and other physical properties. In short a 
few results, which are important for our experiments, are stated below. 

C60 can be doped with potassium (K), this changes the physical properties of the C60 molecule. 
Solid c 60 is insulating, and becomes metallik:e when doped with K, this stage is reached with 

three K atoms per C60 molecule: K3C60. At 18 Kelvin K3C60 becomes a superconductor. The 
maximum number of K atoms incorporated in C60 is six, ~c60 is an insuiator again. This 
insulating, metallic and superconducting character of KxC60 generates a great interest in the 

electtonic structure of c60 and the changes due to the doping of K. 

In recent studies the band gap of solid c 60 has been investigated. Optical studies report the onset 
of optical absorption near 1.9 eV (reported by Kelly et al. [21]). This contradiets photoemission 

(PES) and inverse-photoemission (IPES) experiments which shows a band gap of 2.2 eV 

(reported by Takahashi et al. [ 18]). Lof et al. [ 19] reports a band gap of 2.3 e V, and prediets 
strongly bound Frenkel excitons in the energy range of 1.5 - 2.0 eV. 

The study of the optical properties of c 60 and the changes due to the doping with K is very 
important, because the electtonic structure is still not fully known and understood. An 

ellipsometer study could give new perception in these unanswered questions. These experiments 

are performed in co-operation with the Laboratory of Solid State and Applied Physics of prof. 
G.A. Sawatzky (University of Groningen). 

5.1 Theory 

As mentioned in the introduction, Frenkel excitons are believed to give absorption in the band 

gap in the region 1.5 - 2.0 e V [19]. A short explanation of the phenomenon excitons is given 
below. 

Excitons are bound electron-hole pairs, which can be formed in insulating crystals. An exciton 

can move through a crystal and transport energy, it can not transport charge because it is 

electrically neutraLAfree electron and hole are created when a pboton with an energy greater 
than the band gap energy is absorbed: hro > Eg. Whenever a pboton with an energy lower than 

the band gap energy is absorbed an exciton can be formed, this exciton has a binding energy Eex· 
The binding energy Eex is related to the pboton energy and the band gap energy as: hro =Eg+ 
Eex· Figure 5.2 shows the energy levels of an exciton. All excitons are unstable with respect to 
recombination effects. 
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fig. 5.2. Energy levels of an exciton 

In the Frenkel model excitons are small and tightly bound. This means the exciton is localised 

near a single atom. In this model the excitons can hop from one atom to another. Another model 
is proposed by Mott and Wannier [25] in which excitons are weakly bound with an electron-hole 

separation large compared to the lattice spacing. 

5.2 Experimental 

e60 was obtained from Syncom B.V. and had a purity better than 99.9%. Samples were prepared 
by heating of the material in a Knudsen cell and depositing e 60 on a clean Si (100) substrate. 

Experiment I: Deposition of e60 on Si (100). 

First the Si (100) substrate was measured. After this e60 was deposited on the Si (100) substrate, 
the Knudsen cell was set to a temperature of 400 oe, after 17 hours of growth the e60 layer was 

measured with the ellipsometer. A second sample with a e60 film which was grown in 
Groningen was also measured. 

Experiment 11: The growth of a e60 layer and the doping with Potassium (K). 

e 60 was deposited on a Si (100) substrate, the Knudsen cell was set to 380 oe, the current 

through the Potassium dispenser to 5.0 A. The Knudsen cell and dispenser were started at the 

same time. The dielectric function was measured after 18:12 hours of growth. At the end an 
XPS spectrum was taken to determine the amount of K incorporated in e60. 
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5.3 Results and Discussion 

A few experiments and results reported in literature are stated below. These will be used to 

discuss the ellipsometer experiments. 

Takahashi et al. [18] presents photoemission (PES) and inverse-photoemission (IPES) 
measurements on C60 and K3C60 (see fig. 5.3a). With PES it is possible to measure the occupied 

electron states, while IPES measures the unoccupied electron states. The highest occupied 

molecular orbital (HOMO) band is marked hu. The lowest unoccupied molecular orbital 

(LUMO) band, this is the frrst unoccupied state is marked tu. The interval between the threshold 

of the HOMO and the LUMO band is 2.1 - 2.2 e V for c60. Lof et al. [19] also measured 
PES/IPES spectra of c60 and found a band gap of 2.3 ± 0.1 e V, the peak -peak splitting is found 

to be 3.5 eV (see fig 5.3b). 
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fig. 5.3a PES I IPES spectra obtained by 
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fig. 5.3b PES I IPES spectrum obtained by 
Lof et al. 

Ellipsometry studies of C60 are presented by Kelly et al. [21] andRenet al. [20]. The results of 
Kelly are shown in figure 5.4a. Kelly found an optical excitation gap not larger than 1.9 eV. He 
observed interference effects due to reflection of the substrate, for photon energies below 2 eV. 

Absorption peaks in the e2 spectrum are observed at 2.6, 3.5, 4.4 and 5.6 eV. The samples used 

have a thickness of 1.5 Jlm and 5.5 Jlm. Ren reports a HOMO-LUMO gap of 2.3 eV (see fig. 
5.4b). Absorption peaks in the k-spectrum, where kis the extincty coefficient, are observed at 

2.7, 3.6 and 4.6 eV. These results are related toa c60 film of 1608 Á. 
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The electtonic structure of c60- clusters is calculated by De Coulon et al. [22]. This can be 

associated with K-doped C60. In figure 5.6 the eigenvalue spectrum of c60- is shown. From the 

figure the following possible transitions from an occupied to an unoccupied electron state 

(dashed) can be derived in the energy range 0-4.5 eV: t1u- t1g: 1.1 eV; hu- t1g: 2.9 eV and gg

t1g4.1 eV. 
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fig. 5.6. Eigenvalue spectrum ofC60- by De Coulon et al. 
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------------------ -----

Weaver et al. [24] measured the PES and IPES spectra for KxC60. These spectra show that the 

band gap fi.rst decreases up to 0.7 eV for x=3. When x is greater than 3 the band gap increases 

gradually up to 2.2 e V for x=6 (see fig. 5. 7). These results show that "new states" are formed in 

the band gap of C60. As a function of doping the LUMO states, probably hybridised with K-4s, 

are filled. However K-doping cannot bedescribed within a rigid band model, which prediets the 

Fermi-level should be shifted to the centre of the t10 band for K3C60. 
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fig. 5.7. PES I IPES spectra of KxC60Jor different values of x 

Experiment 1: 

The dielectric function of the Si (100) substrate was measured and compared with the dielectric 

function of Silicon which is well known from literature [23]. Figure 5.8 shows the good 

agreement between measurement and literature. 
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fig. 5.8. M easured dielectric function (lines) and dielectric function from lirerature (markers) 
of silicon 

The dielectric function of two Si (100) samples with a layer of c60 were measured (see fig. 5.9a 

and fig. 5.9b). The layer thickness is approx. 400 nm for the sample from Groningen; the second 

sample was grown in Eindhoven and has an tmkown thickness. 
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The peak positions of the e2 spectra of both samples can be compared to those of Kelly et al. 

[21] andRenet al. [20], and the PES/IPES measurements [33,34]. This is done in table 5.1. 
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Sample 1 Sample 2 Data by Data by PES/IPES 
fi *) 1g. 5.7a 1 fig. 5.7b 1*) Kelly et al. Ren et al. 2*) 

1.06 eV 1.06 eV 
1.60 1.38 
1.83 2.13 1.9eV 

2.36 2.30 2.6 2.7 eV 2.3 eV 
3.59 3.47 3.5 3.6 3.5 

4.50 4.55 5.0 5.3 4.6 

table 5.1. Peak positions (in eV) in different absorption spectra 

notes 1 *) Positions are obtained from the data files. 

2*) Measurements by Takahashi [18] and Lof [19] 

3*) Band gap. 

transition 
2*) 

3*) 

h1u- t1u 

h1u- t1g 

In the ellipsometric data at 3.59 and 3.47 eVa broad peak is found, this can be assigned to the 

forbidden optical transition h10 - t10. The peak at 4.50 and 4.55 eV can be assigned to the non 

forbidden transition h10 - tlg· This is in good agreement with the PES!IPES data. The peaks in 

the e2 spectrum around 3.5 and 4.5 e V are very broad, the positions are determined by the peak 

value. 

The peaks below 2.5 e V in the ellipsometric data are caused by interference effects from the 
substrate. This assumption is supported by the fact that for the two samples, with different layer 

thicknesses, the peaks are not at the same positions. The excitons predicted by Lof et al. [19] 

below 2.3 e V cannot be distinguished from these interference effects. 

Kelly et al. assign the absorption peak at 2.6 eV to the h10 - t1g transition, basedon molecular 

orbital calculations. The ellipsometric data and the PES/IPES measurements show clearly that 

the assignments of the optical transitions made by Kelly et al. are completely wrong. The peaks 

below 3 e V in the spectra of Kelly are probably also due to interterenee effects. 

Experiment II: 

The dielectric function of the C60 layer doped with K was measured after 18:12 hours of growth, 

this is shown in figure 5.10. The dielectric function in figure 5.10 shows that the KxC60 has a 

metal-like behaviour (a large absorption in the low eV region). The positions ofthe peaks ofthe 

e2 spectrum are given in table 5.2, these are compared with the calculated eigenstatesof c60- of 

de Coulon [22]. 
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After the deposition of C60 and Kan XPS spectrum was taken (see fig. 5.11). To do this the 

sample had to be exposed to air for 15 min. From the XPS spectrum the ratio between C and K 
atoms can be determined. For KxC60, x was calculated to be 3.02. Kis known to desorb from the 

C60 layer when exposed to air, so the value for x is not lower than 3.02. 

De Coulon calculated the electtonic structure of C60- clusters (fig. 5.6). Due to the completely 
filled t1u this has to be compared with ~C60. However, noK electron states have been taken 

into account. Compared with our measurements and the PES!IPES measurements the frrst optical 

transition would be expected at 3.5 eV. The observed "new states" in the PESIIPES spectra are 
not found in the calculations of de Coulon. 
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fig. 5.11. XPS spectrum of KxC6o 

Sohmen et al. [32] performed Electron energy-loss spectra (EELS) measurements on KxC60 for 

different values of x. He reported the filling of the band gap, upon doping with K, with two new 

peaks at 0.5 eV and 1.3 eV. The peak:s at 3.7 and 5 eV are broadened. At higher doping 

concentration (x>4) the peak: at 3.7 eV is sharpened again and is shifted to 2.75 eV. The peak: at 
3.7 eV is assigned to the optically forbidden h1u- t1u transition across the band gap. Tak:ahashi 

[18] observes this transition at an energy of 3.2 eV for K3C60. Weaver [24] observes this 

transition at an energy of 3.4 eV, for K3.7C60. 

The ellipsometric data shows three dominant peak:s in the imaginary part of the dielectric 

function at 1.10, 3.62 and 4.12 eV. There is strong evidence the 3.62 eV can be assigned to the 

optieall y forbidden h 1 u - t 1 u transition. The 1.10 e V peak: can presurnabt y be assigned to a 

transition from a new state in the band gap to the LUMO state. The formation of a "new state" in 

band gap is clearly shown in the PES/IPES spectra of Weaver (see fig. 5.7) and Tak:ahashi (see 
fig. 5.3a). 
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5.4 Conclusions 

The results of the deposition of C60 on Si(l 00) showed that we were not able to distinguish 
between excitons and interference effects. In the 1.0- 4.5 eV region the peaks in the e2 spectrum 

can be assigned to optical transitions. The peak at 4.50 is assigned to the non forbidden transition 

h1u- t18, whereas the broad 3.47 eV peak is assigned to the forbidden optical transition h1u- tlu· 
These are in good agreement with PESIIPES measurements. 

The results show that we have been able to grow a metal-like KxC60 layer on Si (100). XPS data 

give for x: 3.02. The peaks in the e2 spectrum of the K doped c60 layer are also assigned to 
optical transitions. The 1.10 e V is assigned to a transition from a new state in the band gap to the 

LUMO state, and the 3.62 eV is assigned to the optically forbidden h1u- t1u transition. These are 
in good agreement with PESIIPES and EELS measurements, if we assume the doping with K has 
resulted in an x between 3 and 4. 
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6 GENERAL CONCLUSIONS 

Two different systems are investigated in this report, the oxidation of a Nickel Aluminium single 

crystal, NiAl ( 11 0), and the deposition of c60 clusters on a Silicon substrate. Both are studied 
with the spectroscopie ellipsometer, whereas for the NiAl (110) experiment also the LEED 

system was used. 

The experiments on Ni Al ( 11 0) showed the surface sensitivity of the ellipsometer. The electron 

state of NiAl ( 11 0), with mainly Ni 3d character, is dominant present in the E2 spectrum, which is 

a measure of absorption, at a photon energy of 1.18 eV. We have strong reason to assume this is a 
surface state. This assumption is based on bulk electron band structure calculations and 

measurements [16], which indicate no possible optical transitions with high probability in the 
energy region around 1.2 eV. Calculations and measurements on the surface states [ 17] indicate 

the possibility to make optical excitations in this energy region. The ellipsometry experiments 
give also strong evidence which supports this assumption. lf the sample is oxidised and a thin 
Al20 3 layer is formed on top of the single crystal, the dominant peak shifts from 1.18 e V to 0. 92 

eV. lf this peak is coming from the bulk NiAl (110), it is difficult to understand why a thin 

transparent Al203 film gives such a rigorous change in the dielectric function. 

The surface sensitivity is increased if the incident light beam is near the Brewster angle [26]. 

This is the case for the Ni Al ( 11 0) experiment, because the Brewster angle of NiAl ( 11 0) in the 

energy region used is approx. 66.5°, which is very near the angle of the incident light 68.3°. 

One of the aims of the C60 experiment was to see if Frenkel excitons in the op tic al band gap 
could be observed. Due to interference effects in the energy region where the excitons were 
expected, we were not able to prove the existence of these Frenkel excitons. 

Undoped and doped c60 layers were measured with the ellipsometer. The dielectric function of 

undoped C60 showed interf erenee below 2.5 eV. The peaks in the imaginary part of the dielectric 

function above 2.5 eV are assigned to optical transitions. These assignments were in good 

agreement with PES/IPES measurement of different authors [18,19,24]. The broad peak at 4.50 

is assigned to the non forbidden transition h1u- t1g, whereas the 3.47 eV peak is assigned to the 

forbidden optical transition htu- tlu· 

The potassium doped C60 layer showed a metal-like behaviour in the low eV region. No 

interference effect were observed in this dielectric function, because of this metal-like absorption 

in the region below 2.5 eV. The KxC60 layer which was grown had an x value between 3 and 4. 
As a function of doping new states are formed in the band gap of C60, the LUMO states, 

probably hybridised with the K-4s states, are filled. 

The absorption peaks in the imaginary part of the dielectric function were also assigned to 

optical transitionsin good agreement with PES/IPES [18,24] and EELS [32] measurements. The 

1.10 e V peaks is assigned to a transition from a new state in the band gap to the LUMO state. 
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These experiments show that ellipsometer measurement give an important contribution in the 

understanding of electtonic band structures. However it is dangerous to assign peaks in the 

imaginary part of the dielectric function to optica! ttansitions, without the confirmation of other 

(experimental) data. Whereas the ellipsometric data previously mainly is used to monitor 

processes where structural parameters such as film thickness and composition have to be 
determined, the use of ellipsometric data in understanding electtonic band structures gives rise to 

a new area of fundamental physics. 

The addition of a LEED system proves to be very successful. The surface sensitivity of the 

ellipsometer near the Brewster angle makes a well defined surface necessary, the ability to check 

the surface structure with LEED is in these cases indispensable. 
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