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Introduction 
 

 

 

If one would like to investigate the crystals not only the structure of the bulk is 

interesting, but also that of the surface, which offers a multiplicity of new aspects. 

The surface science describes the Interfaces of the solid state and tries to explain 

the processes, which are found there. It is situated between the physics and the 

chemistry [1] and adapts one spectrum, which covers the area from the basic 

research to application problems. An industrial challenge is the manufacturing of 

smaller and smaller components, and thus surface effects may play an important 

role.  

In general, the oxidation behavior of metal and metal alloys is of great interest [2]. 

The growth of thin films of metals in the range of 1 – 10 nm is a very active area 

of research. Thin metal films and their oxides are used, e.g., for gas sensors and 

microelectronics [3], as high temperature resistant materials [4, 5] and as well 

they find applications in heterogeneous catalysis [6-8]. Very often the catalytic, 

electronic, and magnetic properties of thin films made from transition metals 

differ appreciable from those of the bulk, e.g., due to band hybridization with the 

substrate or due to boundary layers effects which may dominate the overall 

behavior of a thin film. The magnetic properties of thin films of the 3d transition 

metals (1-10 monolayers, ML) [9-11] are of course, of crucial  importance for 

magnetoelectronic structures. The properties of these thin films depend strongly 

on their surface cleanliness, bulk purity, and physical structure. Thus, the 

deposition has to be performed under ultrahigh vacuum (UHV) conditions, with 

the possibility for in situ controlling and characterization of the surface structure 

and composition. 

In the past few years, the tunneling magneto resistance (TMR) effect and related 

phenomena were extensively studied in magnetic tunnel junctions (MTJs) [12, 

13], leading to important applications such as magnetic field sensors and magnetic 
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random access memory (MRAM) [14, 15]. Since Julliere [16] observed the 

tunneling magneto resistance (TMR) effect with a value of 14% at 4.2 K for the 

Fe/Ge/Co tunneling junction, different kind of  tunneling junctions, such as 

Ni/NiO/Co [17], Fe/MgO/Fe [18], Ni/Al2O3/Co [19], Co/Cu/Co/Al2O3/Co[20], 

NiFe/Al oxide/NiFe [21], CoFe/Al2O3/CoFe/MnIr [22], and CoFe and Co or 

Ni0,8Fe0,2 as ferromagnetic films and AlN or Al2O3 as a tunnel barrier [23] were 

investigated. However, in most of these cases, the tunneling magneto resistance 

effect was very low at room temperature. Moodera et. al [13] and Miyazaki and 

Tezuka [12], respectively, observed TMR effect over 10% at room temperature in 

their samples. 

Today, thin gallium and aluminium oxide layers are used also as a tunnel barrier 

between ferromagnetic metal layers in magnetic tunnel junctions (MTJ) [12, 24, 

25]. Gallium oxides are used as oxygen sensors at high temperature [26], as well 

as for the detection of reducing gases [27], it has proven to be also an useful 

material for many other applications as metal-insulator structures on GaAs [28], 

and facet coatings for GaAs based lasers [29]. 

Intermetallic compounds such as transition-metal aluminides and silicides have 

attracted much attention in resent years, particularly as high-temperature 

structural materials [30]. Ordered compounds with L12 structure belong to a group 

of intermetallic phases and typically, they are formed in alloys of Ni, Fe and Pt. 

The nickel-containing compounds of the type Ni3X are the most promising 

materials for engineering applications due to their excellent mechanical 

parameters and their corrosion resistance. Binary intermetallic compounds that 

contain a transition metal and a group-III metal display also interesting electronic 

and magnetic properties. For instance, Ni3Al demonstrates weak itinerant 

ferromagnetism with TC = 71 K and a very small  magnetic moment (0.23 mB per 

cell) [31] while Ni3Ga is an exchange enhanced paramagnetic metal [32], and 

Ni3In and NiGa are nonmagnetic. 

In general, it is very difficult to characterize oxides by means of electron 

spectroscopies due to the insulating behavior of the oxides. One method to avoid 

these difficulties of charging is to use ultra thin oxide films instead of bulk oxides 
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[33]. Experimental studies have shown that oxide films, which are several 

monolayers thick, simulate bulk samples in many respects [34]. 

 

The main goal of this thesis work was to investigate the elementary steps and the 

bases of the growth and characterization of ultra thin oxide layers (e.g. Al2O3 and 

Ga2O3). Thin oxide films between magnetic materials (e.g. Co, Cu, Ni and their 

alloys) for setting up of multilayer systems are applicable for tunneling junction, 

thereby the electrical conductivity (tunneling current, electrical resistance) 

depends on the relative magnetization of the neighbouring magnetic layers. On 

the other hand the tunneling current is considerably affected by the layer thickness 

and the band gap (tunnel barrier) of the oxide layer. 

The preparation of the oxide layers was performed by deposition of Al and Ga 

layers on a ferromagnetic substrate and their oxidation with oxygen. At room 

temperature, amorphous Ga oxide and Al oxide layers are formed which become 

ordered after annealing at elevate temperatures. The growth of the layers was 

performed in ultra-high vacuum chambers and for their characterizations the 

following surface sensitive techniques were used: High-Resolution Electron 

Energy Loss Spectroscopy (EELS), Auger Electron Spectroscopy (AES), Low 

Energy Electron Diffraction (LEED) and Scanning Tunneling Microscopy (STM). 

By means of EELS the vibrational properties as well as the electronic transitions 

(band gap and metal-semiconductor states) are investigated. LEED and STM give 

informations about the surface morphology and by means of AES the chemical 

composition of surface layers could be determined. 

 

The present work is organized as follows: The first four Chapters give an 

overview of the experimental methods and setups, the magneto resistance effects 

and some aspects of the film growth. In Chapter 5 an outline of the used materials 

is presented. Chapter 6 deals with the setup of the evaporation sources. In Chapter 

7 the growth and characterization of an ultra thin film of Al2O3 on a Cu(111) 

substrate is described. The growth and properties of ultra thin Ga2O3 films on 

Ni(100) substrate are presented in Chapter 8. The preparation of a TMR – model 



 

 4

system Au/Co/Ga2O3/Ni(100) is presented in Chapter 9. Chapter 10 deals with the 

formation of a Ni3Ga surface alloy. 
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Chapter 1  
 

 

 

 

Basic Concepts of the Experimental Methods 
 

 

 

1.1 Ultra-High Vacuum (UHV) 
To successfully study the properties of a surface on an atomic scale, the surface 

must be atomically clean for the duration of an experiment. Hence, the rate of 

arrival of contaminants at the surface must be kept to a minimum for a period of 

several hours. From the kinetic theory of gases it is relatively straightforward to 

determine that at a pressure of ~ 1×10-6 mbar, a surface will be covered by one 

monolayer (ML) of a reactive species in around one second, if all incident atoms 

(molecules) are adsorb on the surface (with a sticking coefficient of 1). From an 

experimental perspective it is clear, that better vacua are required to ensure that 

samples remain clean on a practical time-scale. At a pressure of around 10-9 mbar 

a monolayer will be adsorbed in a time of the order of a quarter of one hour. It is 

only since the early 1960s when commercial high-vacuum pumps, stainless-steel 

vessels and components became available, that the pressure regime known as 

ultra-high vacuum (UHV), of around 10-9 - 10-11 mbar has been regularly 

attainable. Such vacua, used in modern surface science, reduce the problems of 

ambient contamination. Nonetheless, UHV still implies major constraints on the 

types of experimental work possible. In particular, it is essential to be able to 

clean the sample surface within the vacuum system to an atomic level. For a 

general discussion of vacuum physics, the reader is referred to appropriate books 

[35, 36]. 
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1.2 Surface Science Analytical Techniques 
A range of UHV-compatible techniques have been developed over the years to 

study the properties of the surfaces. These techniques are broadly sensitive to at 

least one of the following properties of the surface: crystallography, periodicity, 

morphology, chemical state, elemental composition, vibrational and electronic 

structure. They may give information on the surface properties over a short range, 

and may characterize both surfaces and their adsorbates. It is therefore usually 

necessary to use a combination of two or more techniques to fully characterize the 

surface. A description of these techniques can be found in the book of Woodruff 

and Delchar [37]. In this PhD Thesis only those techniques will be briefly 

reviewed which are used in this study. 

 

 

1.2.1 High Resolution Electron Energy Loss Spectroscopy 

(HREELS) 
 

1.2.1.1 Introduction 

High resolution electron energy loss spectroscopy (abbreviations HREELS and 

EELS) relies on the inelastic energy loss of a monochromatic electron beam (of 

energy 1 – 100 eV with a spread of ~1 – 10 meV FWHM) due to coupling with 

the long range dipole electric fields induced by excitation of surface vibrations 

or/and with the vibration of the lattice (phonons) itself. As a result, HREELS is a 

non-invasive technique; electrons need not even to penetrate the surface (in the 

dipole scattering regime). Most of the electrons are elastically reflected, i.e. the 

incident and scattered electrons have the same energy (typically 1 – 15 meV 

FWHM). On the energy-loss side of the elastic peak, features can be observed due 

to excitation of surface vibrations (usually < 400 meV). These excitations may 

occur as a result of adsorbate vibrational modes; however, they may also be due 



 

 7

to collective excitations of the lattice or charge carriers close to the surface 

(surface phonons and surface plasmons, respectively). 

The technique involves interaction of the surface with a monochromatized beam 

of low energy electrons (E0 = 1 – 10 eV for dipole scattering and up to few 

hundreds eV for impact scattering), the energy spread of which should be as 

narrow as possible. For this reason the technique is often referred to as high-

resolution electron energy loss spectroscopy (HREELS). Energy loss results from 

the excitation of a chemical bond which like a spring possesses a resonant 

frequency, v leading to an energy loss equal to hv suffered by electrons of the 

primary beam (Fig. 1.1.). 

 

 
 

Figure 1.1. Mechanism of a vibrational loss in EELS. 

 

In 1967, Propst and Piper [38] published the first vibrational energy loss spectrum 

of small molecules (CO, H) chemisorbed on a tungsten surface, significant 

improvements in the technique particularly concerning resolution were later 

developed by Ibach [39, 40]. 
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1.2.1.2 Electron Scattering Mechanisms in EELS 

There are three basic scattering modes for electrons, each with own selection 

rules: 

• Dipole scattering The scattering mechanism of the primary electron beam 

by the excitation of a vibrational mode is known as dipole scattering and occurs in 

the specular direction, i.e. equal angles of incidence and excidence. The incident 

electrons are scattered while they are around 100 Å [41] above the surface. Dipole 

scattering involves negligible change in the wave vector of the electron thus 

producing a “dipole scattering lobe” sharply centred around the specular 

direction (Fig. 1.2, see also section 1.2.1.3). 

 

 

 
Fig. 1.2. The cross-section of dipole and impact scattering 

 

The excitation of a molecular vibration is achieved with long-range forces and as 

such every oscillating dipole on a metallic surface is accompanied by an image 

dipole within the substrate as shown schematically in Figure 1.3. A dipole 

perpendicular (or a perpendicular components of a dipole) to the surface will be 

reinforced by the image dipole effectively doubling the amplitude of the response 
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and quadrupling the scattering intensity [42]. However, a dipole laying parallel to 

the surface will be effectively neutralised by the opposite image, thus only those 

dipoles which have some component perpendicular to the surface will be 

observed. These are vibrations which belongs to the total symmetric 

representation of a point group (A and A´). 

 

 
 

Figure 1.3. Image dipole configurations and the surface normal dipole 

selection rule on a metallic substrate. 

 

• In impact scattering, the incident electrons are scattered by short range 

interactions on the order of atomic dimensions. This short-range scattering 

mechanism produces a broad angular distribution of inelastically scattered 

electrons which are not confined to the dipole scattering lobe (approximately 

isotropic). Impact and dipole scattering mechanisms can be distinguished 

therefore by an angular dependent measurement which is performed by moving 

the detector away from the specular direction. The scattering cross-section varies 

with incident beam energies. Impact scattering usually has a much lower cross 

section than dipole scattering and has a less well-developed theory than dipole 

scattering.  
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• In negative ion resonance scattering, the incident electrons are 

temporarily captured by empty electronic energy levels of molecules on the 

surface. The lifetime of one of these states may by femtoseconds to nanoseconds 

and the electrons are scattered in preferential directions depending on the 

symmetry of the excited state. Resonance scattering and the formation of short-

lived negative ions is well developed in the gas phase. At surfaces, in general, 

resonance scattering was observed only for weakly bond physisorbed molecules. 

 

1.2.1.3 The Dielectric Theory 

A theoretical description of the scattering of electrons from the solid surface 

offers the dielectric theory, whose in principle approach for the dipole scattering 

is briefly introduced in the following. In order to provide a better understanding of 

the observed EEL spectra and the calculations presented in the next sections, we 

would like to give a short description of the theoretical background. The intense 

loss (and gain) peaks which are observed in EEL spectra of oxides (or other 

poorly conducting, ionic materials) are long wavelength optical surface phonons, 

referred to as Fuchs-Kliewer (FK) phonons [43, 44]. The interaction between the 

probe electron with wave vector k and the sample is dominated by long-range 

Coulomb fields. The electrons are scattered in the so-called dipole lobe around the 

specular direction. The maximum of the dipole lobe is located a small angle away 

from the specular direction [45] and the momentum transfer q = kII – k´⊥ (k´ = 

scattered wave vector) is very small (≈ 0.05 nm-1). The response of the solid 

sample surface to the external electric field of the probe electron can be described 

in terms of the so-called surface dielectric response g(q,ω), with frequency ω of 

the external electric field. 

According to the classical electrodynamics this energy loss per unit volume 

amounts to [46, 47] 

∫ ∫
+∞

∞−

⋅

⋅= D),r(rE tddtW    (1.1) 
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where E is the electric field and D the electrical displacement. Using the classical 

scattering probability ( )ωh,q ||P  for transfer of one energy quantum ωh  and wave 

vector ||q  parallel to the surface, the total loss of energy will be: 

( ) ωωω hhh ddPW |||| q,q∫=    (1.2) 

After calculation of (1.1) we obtain the classical scattering probability [46] 

( )
( ) ( )[ ] ( ) 








+
−

−⋅+
=

⊥

⊥

1
1

Im
vq2

,q 22
||||

2
||

2
||

2
0

3

2

|| ωεωεπ
ω

vq

vqe
P

h
h  (1.3) 

where ||v and ⊥v  are the parallel and perpendicular components of the velocity of 

the electrons. For the dipole scattering the loss of energy is much smaller than the 

primary energy, thus 

0E<<ωh      (1.4) 

generally well performed. Including the energy and momentum conservation the 

differential scattering cross section are computed in the form [46] 

( ) ( )ω
θεπω

h
hh

,q
cos2 ||4

0
3

22222

P
Revm

dd
Sd e ⊥=

Ω
.  (1.5) 

The differential cross-section indicates the number of electrons, which are 

scattered with an energy loss ωh  into a solid angle Ωd . The additionally 

introduced reflection coefficient R in the equation (1.5) implies that not each 

electron is reflected, but a part penetrates into the solid state and it is measurable 

as a sample current. For the practical computation of EEL spectra in the equation 

(1.5) must be integrated the acceptance angle of the analyser apertureΩ  of the EEL - 

spectrometer. The dielectric scattering of electrons of small energy is essentially 

characterized by the so-called surface energy loss function (see equation 1.3) 

( ) 







+
−

1
1

Im
ωε

    (1.6) 

and the kinematic prefactor 

( ) ( )[ ]22
||||

2
||

2
||

vq ω−⋅+⊥

⊥

vq

vq
   (1.7) 
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The surface energy loss function specifies the fundamental spectral structure of 

the loss spectra. The kinematic prefactor has the structure of a resonance term. In 

the case of granzing incidence ( )||vv <<⊥ , the prefactor shows a sharp maximum 

of the scattering probability if the following resonance condition is fulfilled: 

||
||

v
q

=
ω

     (1.8) 

For realistic values one receives the preferential scattering of the electrons into a 

small angle (1 - 2°) around the specular direction [46, 47]. The maximum of the 

dipole cone is shifted due to the wave vector transfer to a little smaller angles.  

The equation of the differential scattering cross section (equation (1.5)), deduced 

in the classical approximation, differs from that obtained on the basis of a 

quantum-mechanical approach only with a Bose factor. 

( )[ ]
1

1exp11
−









−








+=+

Tk
n

B

ω
ω

h
h    (1.9) 

[41, 46]. Thereby multiple scattering and energy gains are considered in the 

description. 

 

 

1.2.2 Auger Electron Spectroscopy (AES) 
Auger Electron Spectroscopy (Auger spectroscopy or AES) was developed in the 

late 1960's. It is a surface specific technique utilizing the emission of low energy 

electrons in the Auger process and is one of the most commonly employed 

surface analytical techniques for determining the chemical composition of the 

surface layers of a sample. 

Auger electron spectroscopy (AES) gives surface compositional information 

integrated over a depth of two to ~ 10 atomic layers. A beam of primary electrons 

(typically 3 – 5 keV in energy) is incident to the sample surface and an energy-

resolving detector is used to record the energy spectrum of electrons ejected from 

the surface. 
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The basic Auger process starts with removal of an inner shell electron to form a 

vacancy. Several processes are capable of producing the vacancy, but 

bombardment with an electron beam is the most common. The inner shell 

vacancy is filled by a second electron from a higher shell. Energy must be 

simultaneously released. A third electron, the Auger electron, escapes carrying the 

excess energy in a radiationless process. The process of an excited ion decaying 

into a doubly charged ion by ejection of an electron is called Auger process. 

Alternatively, X-ray photon removes the energy. If, for example, a K-level 

electron is ejected by the primary beam, than L-level electron drops into the 

vacancy, and another L-level electron is ejected. Such a process is called KLL 

transition. 

 

 
 

Figure 1.4. Illustration of the Auger process ( EEEEE MMLkin ∆−−−=
3,25,42

), 

where ∆E is a correction term [48]. 

 

Figure 1.4 illustrates two competing paths for energy dissipation with titanium as 

an example. The kinetic energy of the electron of the illustrated L2M4,5M2,3 
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transition is ~ 423 eV (EAES = EL2 - EM4 - EM3 - ∆E) and the X-ray photon energy 

is ~ 457.8 eV (Ehv = EL2 - EM4). ∆E is a correction term which describes the many 

electron effects, related to the rearrangement of the electrons after excitation. 

Auger spectroscopy can be considered as involving three basic steps : 

• Atomic ionization (by removal of a core electron) 

• Electron emission (the Auger process) 

• Analysis of the emitted Auger electrons. 

The last stage requires the analysis of the kinetic energies of the emitted electrons 

with high sensitivity. 

 

 
 

Fig.1.5. Distribution (schematic)  of primary, backscattered and Auger 

electrons together with emitted X-rays. 
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Fig. 1.5 shows schematically the distribution of electrons, i.e. primary, 

backscattered and Auger electrons together with the emitted characteristic X-rays 

under electron bombardment. Under the typical experimental conditions the latter 

have a larger escape depth due to a much smaller ionization cross section with the 

matter, i.e. a higher probability to escape matter. Auger electrons with energies up 

to 2000 eV, however, have a high probability to escape only from the first few 

monolayers because of their restricted kinetic energy. Consequently, they are 

much better suited for surface analysis. 

Before leaving the crystal, the electrons have to pass a certain amount of material. 

Thus, the AES intensity I of the observed signal outside the film depends on the 

mean free path λ (IMFP) of electrons depending on their particular energy. The 

AES process can be used to determine the growth mode and the thickness of a 

deposited layer. In order to determine the AES intensity as a function of film 

thickness, the growth mechanisms are to be considered. For layer-by-layer growth 

the change of the AES intensity dI is related to the change dh in the film thickness 

by 

 

λ
dh

I
dI

−=      (1.10) 

During film growth, the intensity of the film material depends in an 

approximation exponentially on the coverage 

 







 ′−

−=





 −

−=
∞ λ

θ
λ

dh
I
I

F

F

exp1exp1    (1.11) 

 

where FI∞  is the intensity measured on bulk film material, and θ ′  the number of 

monolayers (thickness of monolayers, d). The intensity originating from substrate 

atoms after deposition of θ ′  monolayers is then 
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 ′−

=
λ
θ d

I
I

s

s

exp
0

    (1.12) 

 

where sI0  is the intensity of the signal originating from the substrate material 

without any deposited film. During the film growth of a monolayer, the intensity 

changes linearly with θ ′ . But, the envelope of the curves being composed of 

several linear pieces is to a good approximation, given by an 

exponential function [46]. 

 

 

Fig. 1.6. The inelastic electron mean free path (escape depth) is plotted versus 

initial kinetic energy [49]. 

 

The mean free path of electrons depends on their kinetic energy. Fig. 1.6 shows 

this dependence, the so called “universal curve”. For electron energies between 50 

and 3000 eV, the IMFP of electrons varies from ~5 to ~25 Å. For elements IMFP 

depends on the electron energy as [50]: 
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and for inorganic compounds the relation is 
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where the parameter a is given by: 

33

cellunit per  atoms ofnumber 
 volumecell unite

atoman  of volume ==a   (1.15) 

 

 

1.2.3 Low Energy Electron Diffraction (LEED) 
Low energy electron diffraction (or LEED) [51] gives information on the long-

range translational periodicity of a surface. Electrons are accelerated through a 

potential of around 50 – 200 eV, and are directed onto the surface at normal 

incidence. The elastically scattered (diffracted) electrons hit a hemispherical 

phosphorescent screen, forming a diffraction pattern of spots representing the 

reciprocal lattice. 

LEED may also be used quantitatively, whereby the intensities of the diffraction 

spots are measured as a function of incident electron energy, typically over a 

range of about 40 - 300 eV. This quantitative LEED technique is known as LEED 

I-V analysis. The determination of the structure is only possible by comparison 

with simulations of I-V curves for each diffracted spot and for a range of possible 

models using a calculated reliability factors (R-factor) analysis. 

By the principles of wave-particle equality, the beam of electrons may be 

regarded as a succession of electron waves incident normally on the sample. 

These waves will be scattered by regions of high localized electron density i.e. the 

surface atoms, which can therefore be considered to act as point scatters. The 

wavelength of the electrons is given by the de Broglie relation mvh=λ . In the 

case of wave scattering at an periodic array in one dimension, constructive 
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interference takes place when the scattered waves from neighboring lattice points 

have “path difference” (pd) of multiples of the wavelength λ. By considering a 

one dimensional (1-D) chain of atoms (with atomic separation a) and an electron 

beam incident at angle 0ϕ  to the chain, interference of the backscattered waves 

occurs in directions ϕ  (Fig. 1.7), where ϕ  is given by the condition 

( ) λϕϕ na =− 0sinsin ,   (1.16) 

where n is integer denoting the order of diffraction. 

An arrangement of lattice points which is periodic in two dimensions may be 

considered as an ensemble of parallel rows of scatters with directions [ ]kh ′′  and 

mutual distance khd ′′ . In this case the interference maxima are to be expected in 

direction given by 

( )0sinsin ϕϕλ −= ′′khdn .   (1.17) 

 

 

 
 

Fig.1.7. Scattering of a plane wave at a one-dimensional periodic lattice. 

 

For normal incidence to the surface ( )00 =ϕ , as is frequently the case of LEED 

experiments, equation (1.17) becomes 
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khd
n

′′

=
λ

ϕsin . 

A much better method of looking at LEED diffraction patterns involves the 

concept of reciprocal space: more specifically, it can be readily shown that – “The 

observed LEED pattern is a (scaled) representation of the reciprocal net of the 

pseudo-2D surface structure” 

The reciprocal net is determined by the reciprocal basis vectors ∗∗
21 ,aa  which are 

defined by the equations 

( )2,1, ==⋅ ∗ jiaa ijji δ :   (1.18) 

where ia  represents the basis vectors of the real surface structure. The Kronecker 

symbol 0=ijδ  if ji ≠ , and 1=ijδ  if ji = , i.e. 1221 , aaaa ⊥⊥ ∗∗ . 

Considering this definition: ∗
1a  is perpendicular to 2a  (Fig.1.8), and the length ∗

1a  

is derived from the condition 111 =⋅ ∗aa . Hence, 
1

11 2
cos

−
∗















 −=⋅ γ
π

aa , where γ 

is the angle between 1a  and 2a , or 

γsin1 11 aa =∗ .    (1.19) 

By analogy γsin1 22 aa =∗ , where 12 aa ⊥∗ . The angle γ* between ∗
1a  and ∗

2a , is 

given by γπγ
π

γγ −=





 −+=∗

2
2 , which means γγ sinsin =∗ . 

If a surface structure with basis vectors 1b  and 2b  is superimposed on a substrate 

lattice with the vectors 21,aa , then both lattices a  and are related by  

2221212

2121111

b

b

amam

amam

+=

+=
    (1.20) 

The reciprocal lattice ∗b  is related to the reciprocal lattice ∗a  in a similar 

manner: 
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    (1.21) 
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The coefficients ∗
ijm  may be obtained from an inspection of the diffraction pattern 

formed on the LEED screen. The coefficients of the two matrices are related by 

the following equations: 
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11 mmmm

m
m    (1.22) 
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m
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−
=
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m
m    (1.25) 

so that when the ones of the matrix is known the others may be readily calculated. 

 

 
 

 

Figure 1.8. A two-dimensional real lattice(dark circles), described by the 

vectors 1a , 2a , and its reciprocal lattice (open circles), described by the 

vectors ∗
1a , ∗

2a . 
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1.2.3 Scanning Tunneling Microscopy (STM) 
New techniques for studying surface structure have been developed and have 

become widely used within the last fifteen years. There are the Scanning Probe 

Microscopy (SPM) that originated with the device developed by Bining and 

Rohrer around 1980, the Scanning Tunneling Microscopy (STM) [52-54]. 

The “observation” of individual atoms has become a commonplace event in many 

modern laboratories. The consequence of this is the application of SPM 

techniques across a broad spectrum of scientific research, from biological 

processes to solid state physics. 

Scanning tunneling microscopy (STM) is a technique reliant upon the wave-like 

nature of electrons. If two conductors are brought close together (to a separation 

of the order of around few Å) and a potential applied between them, then the 

overlap of the electron wave functions permits quantum mechanical tunneling and 

a current flow across the gap. 

The main differences between the STM and all other microcopies are that there is 

no need for lenses and special light or electron sources. Instead the electrons (in 

empty or filled states) already existing in the sample and tip under the 

investigation serve as the exclusive source of excitation [55]. 

The tunneling current It (which was first described by Fowler and Nordheim in 

1928 [56]) through the potential barrier between a surface and a probing metal tip 

(Fig. 1.9a), usually made of W- or PtIr-wires, sets the fundamental basement of 

STM. If a small bias is applied between the sample surface and the tip (in the best 

case, an atomically sharp tip), a tunneling current will flow between these when 

the gap between them is reduced to a few atomic diameters (Fig. 1.9b). The key 

point resides on the strong dependence of the tunneling current probability of 

electrons on the electrode separation. The tunneling current (at low bias voltage 

Vt) behaves as [55]: 
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Fig. 1.9. (a) The principle of STM. (b) The corresponding potential energy 

diagram. 
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where [ ] [ ]eVk Φ⋅= 025.1Å2 -1 , F  is the average work function, assumed equal to 

the mean barrier height between the two electrodes. ( )22effeff LA ⋅= π  is the 

effective area determining the lateral resolution ( )( ) 212 kdRL tipeff +⋅≈  which 

applies when the separation d becomes smaller than the radius Rtip of the tip. For 

typical metals ( )eV5≈Φ  It change by one order of magnitude for a change of ~ 1 

Å of the separation distance. 

In the case of a positively biased sample (as in the Fig. 1.9b), the net current 

comes from electrons tunneling from occupied states in the tip to unoccupied 

states of the sample. The current per energy unit, i, is represented by the density 

of horizontal arrows in Fig. 1.9b. It is intuitively clear from Fig. 1.9b, that the 

tunneling current depends on the density of occupied and unoccupied states of the 

tip and sample (ρtip and ρsample) respectively. Compared to the “classical” 
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tunneling model, from which equation (1.24) has been derived, the exact 

calculation of the tunneling current starting from the electronic structures of the 

tip and of the sample is a difficult task. 

 

 

 

 
 

 

Fig. 1.10. The two operation modes of STM. It is the tunneling current, Vt – 

the bias voltage, Vz – the feedback voltage controlling the tip height along the 

z-direction and Vx – the voltage applied to the x-piezo. 
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As a consequence, the tunnel current is very sensitive to height difference. The tip 

is mounted on a piezoelectric tube to allow scanning with atomic scale precision. 

During scanning, the tunnel current is kept constant by changing the distance 

between tip and surface using a negative feed back system. The changes in the 

height are recorded by a data system and a topographical image of the surface is 

obtained. This mode is called constant current imaging (CCT). It is also possible 

to keep the height between the tip and the surface constant, and to measure the 

changes in the tunnel current during the scan. This is called constant height 

imaging, as shown on Fig. 1.10. 
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Chapter 2  
 

 

 

 

Magneto Resistance Effects and Magnetic 

Multilayer Systems 
 

 

 

This thesis deals with the growth and characterization of multilayer systems for 

the magnetoelectronics. The main goal was not to grow devices for the 

magnetoelectronic, rather to find conditions for the growth of well defined (well-

ordered, crystalline) layers and the characteristics of the individual layers which 

are used in multilayer systems. Therefore, a brief introduction of the two most 

important magneto resistance effects (GMR – giant magneto resistance and TMR 

– tunneling magneto resistance) is presented in this section. 

Recently the interest in magnetic random access memory (MRAM) devises has 

been renewed with the possibility of using spin-dependent tunnel junction as a 

memory cell element [57-62]. MRAM possesses the attractive properties of 

nonvolatility, radiation hardness, nondestructive readout, low voltage, and 

unlimited read and write endurance. MRAM devices have been fabricated using 

the anisotropic magneto resistance (AMR) effect, finding niche markets in 

satellite and military applications [63] due to comparatively poor performance. 

With recent advances in GMR and TMR materials higher signal levels became 

available and a renewed interest has arisen in MRAM fabrication. By replacing 

AMR cell structures with GMR cell structures has some obvious advantages such 

as larger signals because of the higher magnetoresistive (MR) values. The larger 
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signals can lead to a faster read time. In order to achieve reasonable memory array 

density, many GMR cells have to be connected. 

 

2.1 The Giant Magneto Resistance (GMR) Effect 
The observation of the giant magneto resistance (GMR) effect has given rise to 

immense experimental and theoretical effort to understand the origin of GMR. 

The understanding of the intrinsic fundamental physical phenomena and the study 

of these artificial superstructures will lead to the next generation of electronic 

devices. The GMR effect was independently discovered in 1988 by P. Grünberg 

(Jülich) [64] and A. Fert (Paris) [65]. By changing the relative magnetization of 

the ferromagnetic layers a large resistance change was observed. A GMR devise 

consists of a stack of several alternating very thin layers (ferromagnetic and 

nonmagnetic) of various metallic elements, each of which is only a few 

nanometres thick (Fig. 2.1). The coupling of adjacent ferromagnetic layers leads 

to an antiparallel alignment of the magnetization, if the thickness of the spacer 

layer (non magnetic) is chosen properly.  

 

 
Fig. 2.1. Giant magneto resistance effect. 
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An external magnetic field can override this coupling, decrease the angle between 

the magnetic alignments, which in turn reduces the electrical resistance. Fig. 2.1 

shows the two different configurations “current in plane” (CIP) and “current 

perpendicular to the plane” (CPP), respectively, for which the GMR effect can be 

observed. The origin of the effect lies in the spin-dependent transmission of 

conduction electrons between the magnetic layers through the nonmagnetic 

spacer. The effect increases with the number of ferromagnetic and nonmagnetic 

layers. The effect is observed in antiferromagnetically coupled layers, as well as 

systems where an antiparallel alignment is achieved by other means, such as 

exchange biasing of one magnetic layer by an antiferromagnet. Also magnetic 

clusters in a nonmagnetic matrix or combinations of layers and clusters display a 

GMR effect. GMR sensors are used in the latest-generation read heads for 

magnetic hard disks and spin valves [66]. 

 

 

2.2 The Tunneling Magneto Resistance (TMR) 

Effect 
A TMR system consists in two ferromagnetic layers which are separated by an 

insulating layer (tunnel barrier). Such junctions exhibit a magnetic field 

dependent tunneling resistance and have a great potential for applications both in 

the digital storage and magnetic sensor technologies [13, 16, 67]. A simple model 

of a TMR structure (Fig. 2.2) relates the tunneling probability to the relative 

orientation of the magnetization in the two ferromagnetic (FM) layers, and the 

magneto resistance (MR) can in this model be expressed in terms of the electron 

spin polarizations 

downiupi

downiupi
i nn

nn
P

,,

,,

+

−
= ,    (2.1) 
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Fig. 2.2. Model of Tunneling Magneto Resistance (TMR). 

 

 

where ( )downiupi nn ,,  is the density of states at the Fermi energy for majority 

(minority) electrons of the FMi electrode; a larger spin polarization yields a larger 

magnetoresistive effect. 

The tunneling probability T depends on the height of the tunneling barrier Φ and 

its width d: 







−∝

λ
π

h
4expT ,  where 

Φ
=

m2
h

λ    (2.2) 

Consequently, also the density of the tunneling current depends exponentially on 

d and Φ  [68]. From this arise the requirements on the quality of the tunneling 

barrier which has to be a fully closed, homogeneous insulator layer (usually an 

oxide) with an uniform thickness in the order of about 1 – 2 nm. Only then, the 

electrons can tunnel through the barrier, an entirely quantum-mechanical transport 

process. The magnetic alignment of one layer (weak magnetic layer) has to be 

changed without affecting the other. There is not a spin-dependent scattering like 
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at GMR, but there is a spin-dependent tunneling between the two electrodes. For 

both the GMR and TMR effects the amplitude of the MR-effect is given by [69]: 

↑↑

↑↑↑↓ −
=

∆
R

RR
R
R

    (2.3) 

↑↓R  and ↑↑R  indicate the electrical resistance of the layer system at antiparallel 

and, respectively, parallel magnetization of the FM electrodes. 

Fig. 2.3 shows a typical TMR-curve [70]. For the parallel magnetization of the 

two FM electrodes a small resistance is obtained, while for the antiparallel 

magnetization an increase of ~ 16% is observed. This TMR-curve was found for a 

Co-Al2O3 – permalloy system [70]. 

 

 

 

Fig. 2.3. RR∆  measurements as a function of the magnetic induction µ0H in 

a Co-Al2O3 - permalloy TMR structure [70]. 
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Although in most cases the term TMR is associated with memory cells (MRAMs) 

it has a similar technological potential as spin valve systems. The advantage is the 

typically higher resistance of TMR elements compared to that of spin valves. The 

high requirements on the quality of the tunnel barrier ask for a very good control 

of its preparation process. 
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Chapter 3  
 

 

 

 

Aspects of the Film Growth 
 

When atoms of a material A are deposited on another material B then a film of A 

grows on B. The following questions arise: 

• What happens when a single atom arrives on the substrate surface? 

• How do they move on the surface? 

• How to explain their behavior to form islands? 

• What happens when the surface is exposed to oxygen? 

The answer of all this questions can be found behind the well understanding of 

thermodynamics, diffusion, nucleation, growth and oxidation processes on the 

surface. 

 

 

3.1 Thermodynamics 
Thermodynamics parameters are used in order to be understand qualitatively the 

macroscopic processes of the film growth. 

 

♦ Surface free energy and modes of the film growth 

The surface free energy is an important parameter for the thermodynamic 

classification of the growth modes (which will be discussed below). Bauer [71] 

introduced a classification of the growth modes on the base of the balance of 

interfacial and surface free energy. Bauer’s criterion, the so called wetting 

condition, is given by [72]: 
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FSSF γγγγ −+=∆     (3.1) 

where Sγ  is the surface tension of the substrate/vacuum interface, Fγ  that of the 

film/vacuum, and FSγ  that of the substrate/film interface. Eq. (3.1) gives a formal 

distinction of  the three growth modes depending of γ∆ . If 0≤∆γ , i.e. “wetting” 

of the surface by the deposited film takes place and a two-dimensional (2D) 

growth occurs. For 0≥∆γ , the “wetting” condition is no longer fulfilled and 

several layers grow simultaneously which results in a three dimensional (3D) 

growth. 

 

 
Fig. 3.1. Schematic view of the three topologically distinct growth modes [73]. 
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Fig. 3.1. shows a schematic representation of the common modes of growth one 

observes under typical deposition conditions (MBE, MOCVD, etc.). In the layer-

by layer growth mode (Frank – Van der Merwe (FM)) the interaction between the 

substrate and layer atoms is stronger than that between neighboring layer atoms. 

Each new layer (n) starts to grow only when the last one (n – 1) has been 

completed. The opposite case, in which the interaction between neighboring 

atoms exceeds the overlayer substrate interaction, leads to island growth (Volmer 

– Weber (VW)). In this case an island deposit always means a multilayer 

conglomerate of adsorbed atoms. 

The layer-plus-islands growth mode (Stranski – Krastanov (SK)) is an interesting 

intermediate case. After formation of one, or sometimes several complete 

monolayers, island formation occurs; 3D islands grow on top of the first full 

layer(s). Many factors might account for this mixed growth mode: A certain 

lattice mismatch between the substrate and deposited film may not be able to be 

continued into the bulk of the epitaxial crystal. Alternatively, the symmetry or 

orientation of the overlayers with respect to substrate might be responsible for 

producing this growth mode. 

From a thermodynamical point of view, a simple distinction between the 

conditions for the occurrence of the various growth modes can be made in terms 

of surface or interface tension, i.e. the characteristic surface free energy γ (per unit 

area) to create an additional piece of surface or interface. Since γ can also be 

interpreted as a force per unit length of boundary, force equilibrium at a point 

where substrate and a 3D island of the deposited film touch (Fig. 3.2) requires 

φγγγ cosFFSS += ,    (3.2) 

where Sγ  is the surface tension of the substrate/vacuum interface, Fγ  that of the 

film/vacuum, and FSγ  that of the substrate/film interface. Using (3.2) then two 

limiting growth modes, layer-by-layer (FM) and islands (VW), can be 

distinguished by the angle φ , i.e. 

layer-by-layer growth: 0=φ ,  FSFs γγγ +≥ ;  (3.3a) 
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island growth:   0>φ ,  FSFs γγγ +< ;  (3.3b) 

φ  represents the angle between the surface plane and the direction of Fγ  (see Fig. 

3.2). The mixed Stranski-Krastanov growth mode can easy be explained in this 

picture by assuming a lattice mismatch between deposited film and substrate. The 

lattice of the film tries to adjust to the substrate lattice, but at the expense of 

elastic deformation energy. The transition from layer-by-layer growth to island 

growth occur when the spatial extent of the elastic strain field exceeds the range 

of the adhesion forces within the deposited material. The relations (3.3) are not 

complete if one do not considers the equilibrium condition for the whole system 

including the gas phase above the deposited film. 

 

 
Fig. 3.2. Simplified picture of an 3D-island of a deposited film on a surface 

[46]. 

 

 

In our study we use the following values for surface free energy: 

( )
2

, /925650
3232

mmJlyrespectiveOGaOAl ≤≤ γ [74], 2/720 mmJGa =γ , 2/2364 mmJNi =γ , 

2/1870 mmJCo =γ , 2/1934 mmJCu =γ  [75]. 

 

♦ Heat of formation 

The heat of formation fH∆  is the change in the total energy of the system when 

two materials are combined to form a compound [76]. When a metal A is 
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deposited onto an oxide BO, then A reduces the surface of BO to metallic B and 

itself become oxidized to AO if the reaction 

( ) ( ) ( ) ( )sBsAOsBOsA +→+  

is thermodynamically downhill (i.e., if it has a negative standard free energy 

change; (s) refers to solid). Neglecting differences in formation entropies of the 

oxides, which are usually almost negligible [77], this occurs when the standard 

heat of formation of the oxide A, 0
,AOfH∆  is more negative than that of the oxide 

B. To take more complex stoichiometries like A3O4 into account, one has to make 

this comparison using heats of formation per mole of oxygen, using the most 

negative value amongst all oxides of A (i.e., the value for the most stable oxide of 

A). The values, with which we are dealing in this work are listed in Table 3.1. 

 

Table 3.1. Heats of formation of some oxides [78]. 

 

Oxide 

Heat of formation of oxide 

( 0
fH∆  in kJ per mole O) 

Ga2O3 

Al2O3 

NiO 

Cu2O 

CuO 

- 1080.0 

- 1675.7 

-  240.0 

-  168.6 

-  157.3 

 

 

3.2 Surface Diffusion 
In thermodynamic equilibrium all processes proceed in two opposite directions at 

equal rates, as required by the principle of “detailed balance”. Thus, for example, 

surface processes such as condensation and re-evaporation, decay and formation 

of 2D clusters must obey detailed balance. Therefore, in equilibrium, there is no 

net growth of a film and so crystal growth must clearly be a non-equilibrium 

kinetic process. 
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The growth of a crystalline film from a molecular or atomic beam, commonly 

referred to as Molecular Beam Epitaxy (MBE), is a simple example of a self- 

assembly process. In contrast to crystallization from the melt, which often leads to 

dendrites and other ramified patterns [79], MBE growth can be described without 

reference to the transport of matter, latent heat or impurities in the fluid phase. 

The remarkable richness of patterns forming during MBE is determined solely by 

processes which occur locally at the surface. Moreover, in the case of 

homoepitaxial growth, in which a film is grown on a substrate of the same 

material, energetic determinants such as interfacial free energies and misfit strain 

are absent, so that the film morphology is governed primarily by growth kinetics.  

The main steps in the growth process can be summarized as follows. Atoms are 

deposited at a rate F. They migrate (diffuse) along the surface with a two-

dimensional diffusion coefficient D. When two atoms meet they form a dimer. 

Dimers may subsequently disintegrate, or they may grow by aggregation of 

further atoms into trimers and larger clusters. Once a substantial fraction of the 

surface is covered by two-dimensional island clusters, these begin to coalesce and 

a full atomic layer forms, on which the processes involved in producing the first 

layer repeat themselves. At this stage of the growth process, the fate of atoms 

deposited on top of first layer islands becomes important. Such atoms may either 

descend from the island, thus contributing to the growth of the island edge, or 

they may remain on the island, promoting the nucleation of the next layer. On 

many crystal surfaces, the diffusion of atoms between different atomic layers is 

suppressed due to additional energy barriers (∆Es, Schwoebel barrier), which an 

atom crossing a step has to overcome. 

This phenomenon was first observed experimentally by Ehrlich and Hudda [80], 

and some of its consequences for the growth of stepped surfaces were analyzed by 

Schwoebel and Shipsey [81]. The atomistic origin of the additional step edge 

barrier is illustrated in Fig. 3.3: An atom descending from a step edge passes 

through a transition state of very low coordination, which implies poor binding 

and thus a higher energy. 
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Fig. 3.3. An atom descending from a step edge experiences an additional 

energy barrier ∆Es [82]. 

 

 

This picture is oversimplified, because in many cases descent by concerted 

exchange is more facile than hopping [83]. Nevertheless, it is generally true that 

the rate for interlayer diffusion is smaller than the in-layer diffusion constant D. 

In-layer and interlayer diffusion, as well as all other atomic processes involved in 

the growth, decay and shape changes of two-dimensional islands, are thermally 

activated. This can be explained in the following way. To a good approximation, 

the motion of an adsorbed atom (an adatom) on a crystal surface can be viewed as 

a two-dimensional random walk between adsorption sites. In hopping from one 

adsorption site to another, the adatom has to overcome an energy barrier ED. The 

energy is provided by thermal substrate vibrations. This implies an Arrhenius 

equation  
TkE BDeDD −= 0     (3.4) 

for the diffusion coefficient. In (3.4), T is the substrate temperature, kB the 

Boltzmann constant, and D0 is an attempt frequency with a typical magnitude 

around 1013 s-1. The main role of temperature in MBE growth is that it regulates, 

through expressions like (3.4), the relative rates of the different activated 

processes on the surface. 
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3.3 Oxidation 
The oxidation of a surface and the formation of an oxide layer on top of a metal, 

alloy or semiconductor surface is a growth process which is much more 

complicated than the simple metal on metal or metal on oxide growth. 

The preparation of clean and well-ordered single-crystalline oxide surface 

remains one of the great experimental challenges of surface science. A variety of 

techniques have been used with varying degrees of success, depending on the 

oxide. [3]. The ordering of oxides is not as easily achieved as on single-crystal 

metals. This is probably because the necessary diffusion of metal atoms has very 

low activation barrier on metal surfaces, whereas both the oxygen and metal 

atoms must diffuse to form oxides, and this may require scaling large energy 

barriers. Also, desorption of oxygen or the metal can occur, which creates non-

stoichiometric surfaces and disorder. We have to determine the temperatures 

needed for achieving a high degree of order, and whether the presence of an 

oxidizing gas (e.g., O2, H2O, N2O) can improve this. 

There are different ways for preparation of one well-ordered oxide. An oxide 

surface can be formed by mechanically cutting a crystallographic plane of a single 

crystal oxide or by spark erosion and after that polishing the surface [3]. Oxide 

surface can be prepared also on a base of growth of thin films on metallic 

substrates or metallic alloy surfaces [84], which results in a determination to a 

large extent of the structure of the oxide film from the crystallographic structure 

of the substrate [85]. Oxide can be grown by oxidation of a metal substrate or by 

oxidation of a deposited metal layer on a metal or intermetallic alloy substrate. 

One of the most important property of the substrate is its structure and lattice 

constant, because it may determine the structure of the oxide layer. Oxide grows 

also by oxidation of alloy surfaces. In this case thin oxide films grow by the 

adsorption and reaction of oxygen atoms with substrate atoms which segregate 

(preferentially) from the bulk of intermetallic alloys like NiAl [86-92] and CoGa 

[84, 93-95] to the surface, a process which is called “preferential segregation 

oxidation” (epitaxy, at appropriated temperature) [84]. Oxygen adsorption at 
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room temperature usually leads to the formation of a thin amorphous oxide layer, 

which becomes well-ordered after annealing to elevated temperature. One of the 

advantages of using alloys as substrate instead of pure metals is, that higher 

annealing temperatures can be used for ordering of the oxide films without 

melting of the substrate. Very often the temperature of ordering is much higher as 

the melting temperature of the pure metal. This is crucially important for ordering 

of the grown oxide layers. Of course, if there is a large mismatch between the 

lattice of the alloy surface and the oxide lattice, the film may be defect rich. 

In general, oxidation is the reaction of a metal (or a semiconductor) with a 

nonmetal (chalcogenide, halogen, water or a combination) to produce a compound 

on the surface. The reactants, a metal or semiconductor having delocalized 

bonding and a gas having covalent bonding, are converted into a product, an 

oxide having partially ionic, partially covalent bonding. When the product of the 

reaction is a solid, it separates the two reactants. Further growth requires that 

atoms of the metal and/or of the oxidant moves through the growing oxide (see 

Fig. 3.4).  

 
 

Fig. 3.4. Schematic of oxide growth on the interfaces gas - phase - oxide (I) or 

oxide - metal (II) [84]. 
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In Fig. 3.4, the substrate consists of a binary alloy (small and large circles 

represent the two different atoms). During oxidation only atoms of one metallic 

constituents moves from the substrate to the interfaces I or II and reacts with 

oxygen. Of course, oxygen ions can also move to the interface I to form an oxide. 

In general, it is assumed that oxygen is in an ionic state but there is evidence that, 

at least in the case of silicon oxidation, the migrating species also can be 

molecular oxygen [96]. 

Charge neutrality during the passage of a single ionic species is achieved by the 

movement of electrons or holes through the oxide in the same or opposite 

direction. Barriers to ion movement into and through the oxide exist (see Fig. 3.5, 

[97]). U represents the energy which must be overcome by an ion moving from 

one equilibrium site in the oxide to an adjacent one separated by a distance 2a, 

while W is the sum of U plus Wi. Wi is the heat of solution of a metallic ion.  

 

 

 
Fig. 3.5. Potential energy diagram at a metal - oxide interface. P is the 

position of an ion at rest in the interface, while Qi is a lattice or network site 

in the oxide. Si is the top of the potential energy barrier separating the Qi 

sites. Wi is the heat of solution of a metallic ion, U is the activation energy for 

diffusion in the oxide, and UWW i += . The distance a´ is considered to be 

equal to a ([96], Fig. 1.1). 
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Thus, W represents the energy change which occurs when an ion is removed from 

the oxide surface into the bulk of the oxide. 

The process of oxidation can be divided conveniently into two regimes, high-

temperature and low temperature, depending on the metal and time - temperature 

- pressure relationship during oxidation. The products of high-temperature 

oxidation are often polycrystalline, and as such, contain paths of easy ion 

diffusion. However, in some cases the oxidation of single crystal surfaces leads to 

the formation of single crystalline (well-ordered) oxide layers. In high-

temperature oxidation, thermal energy is sufficient to account for ion generation 

and movement through the oxide even though a small electric field may be 

present. A parabolic growth rate is generally followed. 

In low-temperature oxidation the thermal energy is insufficient to allow existing 

ions or electrons (or holes) to surmount the energy barrier and therefore, the 

driving force for the formation of oxides is an electric field. A logarithmic growth 

rate is found for this case. The actual temperature of transition from low- to high-

temperature oxidation is a function of the material, its perfection, and purity. 

Oxidation at high temperatures, is more dependent on inherent material 

properties. In Wagner [98] theory the growth of oxide films obey a parabolic 

kinetics 

tkx p=2 ,    (3.5) 

where x is the film thickness and kp the parabolic rate constant. The parabolic 

kinetics can be seen to be consistent with the rate of growth being controlled by 

transport down a gradient of driving force, which becomes proportional smaller as 

the film thickness increases. 

Fig. 3.6 shows various species which can move through an oxide, e.g., ions, 

electrons and holes. In general, oxide are compounds having predominantly ionic 

bonding, and therefore, it is appropriate to consider the separate transport of ions 

and electrons or holes. 
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Fig. 3.6. Transport of ions, electrons and holes in gradients of oxygen activity 

and electrical potential across a growing oxide film [2]. 

 

 

The high-temperature oxidation or Wagner's theory [98] assumes that there is no 

net electrical current flowing across the whole film and that local chemical 

equilibrium exists throughout the film and that there is no divergence in the ionic 

and electronic currents.  

Cabrera and Mott [97, 99], in a general treatment of oxidation, derived a parabolic 

rate law for oxidation limited by cation diffusion in the bulk oxide 

tDnx cΩ= 42 ,     (3.6) 

where O is the oxide volume per metal ion, nc the concentration of ions at the 

metal - oxide interface, and D the diffusion coefficient for ions. The concentration 

of metal ions at the gas - oxide interface was assumed to be zero. Cabrera and 

Mott found a criterion to distinguish between this parabolic growth based on bulk 

oxide control from other modes of growth based on interface control. 
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Chapter 4  
 

 

 

 

Experimental Setup 
 

 

 

4.1 The UHV Systems 
 

The growth and characterization of thin films was performed under the UHV 

conditions in two different apparatus. Both apparatuses were equipped with an 

Auger Electron Spectrometer (AES), LEED optics and evaporators for metal 

deposition. The first system contains, in addition, an EEL-Spectrometer (EELS) 

and a Quadruple Mass Spectrometer (QMS). In the second system a variable 

temperature STM is integrated. The evaporators will be described separate in a 

Chapter 6. 

 

 

4.1.1 UHV Apparatus I 
This system consists of a two level UHV chamber, which after 48 hours bake-out 

at ~ 450 K has a basic pressure of 5.10-11 mbar. It is evacuated with a pumping 

chain, consisting of titanium sublimation pump, turbo-molecular pump and rotary 

pump. The titanium sublimation pump is equipped with a so called “cold wall”, 

which was cooled down by liquid nitrogen. At normal operation every one hour a 

new Ti-film is evaporated. 
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Fig. 4.1. The upper level of the UHV System. 

 

The apparatus has two levels, between which the sample is transferred by means 

of a manipulator. In the lower level, which is lined with a double-cylinder made 

of µ-metal is located the EEL-Spectrometer. In the upper level (Fig. 4.1) are 

housed an AES spectrometer, a LEED optics and a QMS. All components of this 

chamber are linearly movable in order to be positioned in front of the sample. 

Besides this are mounted also an ion gun, a window and quartz glass tube for 

local letting in of process gases and two evaporators as well. The gas inlet system 

can be separated completely from the recipient with a shut-off valve and can be 

pumped separately with a small turbo pump and a rotary pump. The used gases, 

Ar for ion sputtering and O2 for oxidation have a purity of above 99.9%. The 
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composition of the gases and of the rest gas could be observed by QMS. For 

pressure measurements there is an ionization manometer available and a gas-

friction vacuummeter  in the gas-inlet system. The manipulator is rotatable with 

360° around its axis and the sample can be transferred between the two levels. 

The sample was heated by electron bombardment on its back side and was cooled 

down by liquid nitrogen. The sample temperature was measured by means of a 

W-type thermocouple (WRe3%/WRe25%) directly attached to the sample. The 

sample has a hat-form and it is mounted in an appropriated sample holder. 

 

 

4.1.2 UHV STM-OMICRON Apparatus 
The OMICRON VT STM is an UHV scanning probe microscope (SPM) system 

for topographic spectroscopic imaging of solid surface with atomic resolution and 

for surface preparation and analysis. The system consists in a STM chamber, a 

preparation chamber and a fast entry lock chamber (Fig. 4.2). The preparation 

chamber basically serves for cleaning and preparation of the sample surface.  

 

 

Fig. 4.2. The OMICRON VT STM Apparatus 
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It is equipped with a cylindrical mirror analyzer (CMA) for AES, a three-grid 

LEED optics, an ion-gun, a QMS, and a home made Ga evaporator. The analysis 

chamber houses a Variable Temperature Scanning Tunneling Microscope 

(OMICRON VT STM), which can be operated in the temperature range between 

25 and 1300 K. AES spectra were recorded in the integral mode. The sample was 

heated by means of a solid-state PBN (pyrolytic boron nitride) heating element 

and the temperature was measured by means of an Infrared Thermometer. The 

UHV apparatus is pumped by an ion getter pump and a titanium sublimation 

pump (TSP). A turbo-molecular pump with a rotary pump is used to pump the 

vacuum chambers down from atmospheric pressure or after sputtering. Usually 

the fast entry lock chamber is pumped via a bypass. Gases can be admitted by a 

leak valve to the UHV apparatus. 

 

 

4.2 The Measuring Techniques 
 

4.2.1 The EEL Spectrometer 
The lower level of the UHV apparatus I houses an EEL-Spectrometer, type Ulti 

100. This is a state-of-the art instrument developed by Ibach and coworkers [100]. 

Fig. 4.3 shows a photography of the EEL-Spectrometer. The thermally emitted 

(LaB6 – cathode) electron beam is focused by the lenses (A1 – A3) into the 

entrance slit of the premonochromator, which consist in an optimized cylindrical 

capacitor. After the premonochromator a main monochromator is located. A 

detailed description of the spectrometer and the numerical simulations can be 

found in Ref. [100]. The capacitors, based on 127° deflectors, are made of high-

purity copper and are coated with a graphite layer. The entrance and outlet 

electron optical components of the scattering chamber are provided with 

symmetric lenses (B1, B2 and B3, B4, respectively).The scattered electrons which 

have suffered an energy loss (gain) are accelerated (decelerated) to the pass 

energy of the analyzer by an appropriate biasing of all the potentials on the 
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analyzer side. After passing the one-stage analyzer the electrons are detected by a 

channeltron (counting mode). The uptake of the channeltron counting rate as a 

function of the potential of the analyzer provides the EEL spectrum. The tunning 

and the data acquisition is operated by computer control.  

 

 

 
 

 

Fig: 4.3. The EEL-Spectrometer, type Ulti 100. 

 

 

4.2.2 The Auger Electron Spectrometer 
For the AES characterization of the samples we used a PHI CMA-Auger-System. 

Figure 4.4 shows a typical AES system. The primary electrons are emitted by an 

electron gun which is integrated into the CMA on its central axis. The AES 

electrons and some backscattered electrons entering from a directed entrance into 

a certain cone (with an apex angle of 42°18.5´) are filtered as a function of their 

energy by two concentric cylinders onto the detector. The electric field 

determining the pass energy is radially directed between the concentric cylinders.  
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Fig. 4.4. A typical arrangement of a cylindrical mirror analyzer (CMA) for 

AES. The primary electrons are emitted by an electron gun, located on the 

central axis. 

 

 

4.2.3 The LEED Optics 
The LEED apparatus used in our experiments is a 3-mesh commercial rear view 

LEED system (VG RVL 900). A schematic of the LEED optics [46] is shown in 

Fig 4.5. The electron gun (VG LEG24) uses electrostatic focusing for the electron 

beam. Electrons are emitted by the heated filament (Thoria coated) and collimated 

by the Wehnelt cylinder which has a small negative bias with respect to the 

filament. The primary energy (10 – 500 eV) is determined by the acceleration 

voltage i.e. the voltage between the filament and the sample. The lenses B and C 

are used to focus the electron beam. The incident electrons are diffracted by the 

surface of the sample and are backscattered to the fluorescent screen. The screen 

is at a high positive potential with respect to the sample. The apertures A and D, 

the grids in front of the fluorescent screen and in front of the sample are 
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grounded. Thus, a field free region between the sample and the screen exists. This 

is important to prevent electrostatic deflection of the electrons. Besides elastic 

scattering, inelastic scattering also occurs at the sample surface and on the grid in 

front of the sample, thus giving rise to electrons of lower energy. These electrons 

produce a relatively homogeneous background illumination of the screen. This 

background is suppressed by applying a somewhat negative potential to the 

middle grid. 

The images are recorded using photo camera at a distance of approximately 70 cm 

from the screen. 

 

 
 

Fig. 4.5. A schematics of the LEED optics. 
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4.2.4 The Scanning Tunneling Microscope 
For the investigations of the topography of the surface we have used an Omicron 

Variable Temperature STM (VT STM) with cooling and heating facilities to 

cover a temperature range from 25 to 1300 K. Any temperature within the 

specified range can be selected by combining cooling and heating procedures. A 

view of the STM is shown in Fig. 4.6. 

 
Fig. 4.6. A view of the VT STM microscope. 
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Chapter 5  
 

 

 

 

Outline of the Materials 
 

 

 

The main topic of the present work is the preparation and characterization of ultra 

thin oxide and metal layers on substrates of ferromagnetic metals and oxides, 

respectively. In order to facilitate the discussion about the multilayer systems the 

used materials are presented at a glance. This Chapter contains a description of 

the material properties, which are significant for our investigations and has no 

pretensions for explicitly. 

 

 

5.1 The Single Crystalline Substrates 
The multilayers were grown on the surface of Cu(111) and Ni(100) single 

crystals. 

 

 

5.1.1 Cu(111) 
Copper is a reddish colored, malleable, ductile transition metal. It is an excellent 

conductor of both electricity and heat. Typically is used for semiconductor seed 

layers, flexible circuits, contacts, junction films in IC’s. Copper exhibits cubic 

face centered (fcc) crystal structure with a lattice constant of 3.61 Å [101]. 
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The crystal we are dealing with was cutted along the (111) plane. In Fig. 5.1 are 

shown the fcc structure (a) and the (111) surface plane (b) of copper, where a is 

the lattice constant of copper in real space, while a(111) is the lattice constant of the 

(111) unit cell. The melting point of copper is 1357.6 K and this gives the 

possibility for annealing the sample up to 1200 K. 

 

 
 

Fig. 5.1. Surface structure of Cu(111): a) the fcc structure of Cu; b) the (111) 

plane of Cu. 

 

 

5.1.2 Ni(100) 
Iron, nickel, cobalt and some of the rare earths exhibits a unique magnetic 

behavior – ferromagnetism. They possess a so called long range ordering 

phenomenon at the atomic level which causes the unpaired electron spins to line 

up parallel with each other in a region called domain. Within the domain, the 

magnetic field is intense, but in a bulk sample the material will usually be non 
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magnetic, because the domains are randomly oriented with respect to each 

another. 

Nickel is a hard, malleable, ductile metal. Besides its applications as 

ferromagnetic films, nickel is also used for memory elements and diffusion 

barriers and in the catalysis. 

Nickel exhibits a cubic face centered crystal structure with a lattice constant of 

3.52 Å [101]. In Fig. 5.2 are shown the fcc structure of Ni (a) and the (100) 

surface layer (b), where a is the lattice constant of nickel in real space, while a(100) 

is the lattice constant of the (100) unit cell. Its melting point is 1726 K and 

therefore a nickel substrate is suitable for studies in a large temperature range. 

 

 

 

 
 

Fig. 5.2. Surface structure of Ni(100): a) the fcc structure of Ni; b) the (100) 

plane with its unit cell. 

 

 



 

 54

5.2 Cobalt 
Two different structures are known for Co: the cubic face centered (fcc) and 

hexagonal (hcp) structure [101-104]. The lattice constant of the fcc structure is 

3.544 Å, while the hexagonal one has lattice constants of 2.507 Å and 4.069 Å 

[101]. The hexagonal structure is stable up to around 700 K [101], above this 

temperature the fcc structure is formed. Cobalt has a melting point at 1765 K. 

 

 
 

Fig 5.3 a) The structure of the fcc Co; b) The (100) surface with the unit cell; 

c) the c(2×2) – reconstruction of the (100) surface of fcc-Co. 
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Fig 5.3 shows the structure of fcc Co (a), the (100) surface with its unit cell (b) 

and the c(2×2) reconstruction of the (100) surface. In this work only the growth of 

fcc Co was found. 

 

 

5.3 Oxides of Al and Ga 
Al oxide is one of the most investigated materials, because of its great importance 

for the material science and catalysis. There are at least 14 known phases of 

Al2O3. Already in 1798 Greville described an Al mineral from India, which is 

called “corundum” [105]. This is the purest and the most stable α-Al2O3 phase. 

This oxide is also the final product of the dehydratation of the natural 

aluminiumhydroxide, which are trihydroxides Al2O3. 3H2O (gibbsite/hydrargillite 

bayerite, nordstrandite) and the Al oxide – hydroxides Al2O3. H2O (diaspore, 

boehmite) [106]. At the dehydratation of this hydroxides many different 

modifications of the Al oxide occur which have different crystal structure and 

lattice constants. Bellow are schematically presented some series of 

dehydratations [107]: 

 

F Oxide-Hydroxide 

♦ 32
450Diaspore OAl− → ° α  

♦ 32
12001000600450Boehmite OAl− → → → → °°°° αθδγ  

F Trihydroxide 

♦ 32
1200900250 iteHydrargill OAl− → → → °°° ακχ  

180° m dry Atmosphere 

 ⋅⋅⋅⋅⋅⋅ → ° γ450Boehmite  

180° k dry Atmosphere 

♦ 32
1200850250Bayerite OAl− → → → °°° αθη  

in high-vacuum: 
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♦ 32
1200750400200

 iteHydrargill
Bayerite

iteNordstrand
OAl− → → → →
















°°°° αθγρ  

 

There are also two more series of phase transformation, which do not begin with 

hydroxide, i.e they are not dehydratation reactions (a = amorph) 

 

F 32
950

3232 aonImplantati-Ion OAlOAlOAl − →−→+− ° γα

 [108] 

F 32
900

32
O aAl 2 OAlOAl − →− → °+ γ  [109] 

 

 

In Table 5.1 are summarized some of the Al oxides. All alumina phases are based 

on closed packed oxygen lattice – either hexagonal closed packed (hcp) or face-

centered cubic (fcc). The Al3+ ions occupy different octahedral or tetrahedral 

positions in the oxygen lattice. The α-Al2O3 belongs to the so called ABAB… 

group. The oxygen ions form the hcp structure and the Al3+ ions occupy only 

octahedral positions. The γ-, γ´- and θ-Al2O3 belong to the ABCABC… group. In 

this case the oxygen ions form the fcc structure and the Al3+ ions occupy both the 

octahedral and tetrahedral positions. The γ-Al2O3 has a “defect spinel” structure 

with 32 oxygen atoms per unit cell. 
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Table 5.1. Crystal structures of some Al oxide phases [110]. 

Name Spacial 

Group 

a, b, c [Å] 

ß 

Oxygen 

sublattice 

Al3+ 

positions 

Remarks 

α-Al2O3 hexagonal 
6
3dD  

a=4.7589 

c=12.991 

hcp octahedral “Corundum” 

κ-Al2O3 hexagonal 

 

a=9.71 

c=17.86 

 octahedral + 

tetrahedral 

 

γ´-Al2O3 cubic 

 

a=3.95 

 

 octahedral + 

tetrahedral 

Spinel-type 

γ-Al2O3 cubic 
7
hO  

a=7.911 

 

fcc octahedral + 

tetrahedral 

Spinel-type 

δ-Al2O3 tetragonal 

 

a=7.96 

c=11.70 

fcc octahedral + 

tetrahedral 

distorted 

Spinel-type 

θ-Al2O3 monoclinic 
3
2hC  

 

 

a=2.92 

b=5.64 

c=11.83 

ß=103° 

fcc octahedral + 

tetrahedral 

isomorphic 

with  

β-Ga2O3 

β-Al2O3 hexagonal 

 

a=5.60 

c=22.50 

 octahedral + 

tetrahedral 

 

 

 

 

The γ´-Al2O3 has also a spinel structure but the unit cell is only half of the γ-Al2O3 

unit cell. Fig. 5.4 shows a simplified spinel structure. There are indicated the 

octahedral, the tetrahedral sites of Al3+ and the fcc structure of O2- ions. One 

corner of the tetrahedral coincide with one corner of the cube while the basal 

planes coincide with the faces of the octahedra. 

The γ´-Al2O3 phase is which we met in our work. 
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Fig. 5.4. A simplified representation of a spinel structure. 

 

 

Ga2O3 also like Al2O3 exists in different phases [110], based on the closed packed 

oxygen structures. The Ga3+ ions can occupied different vacancies in this structure 

with octahedral or tetrahedral symmetry. There are at least 5 known phases of 

Ga2O3 [111]. 

In Table 5.2 are summarized some of the Ga oxides. 

Most of the Ga2O3 phases are isomorphic to the appropriate Al2O3 phases. Thus, 

for example α-Ga2O3 has a corundum structure (α-Al2O3) with lattice constants of 

a = 4.983 and c = 13.43, and belongs to the ABAB…group. The Ga3+ ions occupy 

exclusively the octahedral interstices. A second group of Ga oxides shows 

ABCABC… stacking sequence. In this case the oxygen atoms are forming a fcc 

sublattice and Ga3+ ions occupy octahedral as well as tetrahedral sites. The 

modifications of γ-Ga2O3, δ-Ga2O3 and β-Ga2O3 belong to this group. 

In this studies the growth of thin films of γ´-Ga2O3 and β-Ga2O3 is observed. For 

the Ga oxide arise larger interlayer distances than those of Al oxide, because the 

lattice constants of Ga2O3 are slightly larger than those of the corresponding 

Al2O3 phases. 
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Table 5.2. Crystal structures of some Ga oxide phases. 

Name Spacial 

Group 

a, b, c [Å] 

β 

Oxygen 

sublattice 

Occupied 

interstices 

Remarks 

α-Ga2O3 hexagonal 

 

a=4.983 

c=13.43 

hcp octahedral “Corundum” 

isomorph to 

α-Al2O3 

β-Ga2O3 monoclinic 

 

a=3.04 

b=5.80 

c=12.23 

ß=103.7° 

fcc octahedral 

+ 

tetrahedral 

Ga-O distances: 

1.octahedral pos. 

1.935 to 2.074 

2 tetrahedral pos. 

1.833 to 1.863 

γ-Ga2O3 cubic a=8.22 

 

fcc octahedral 

+ 

tetrahedral 

Spinel-structure 

MgAl2O4-type 

isomorph to 

γ -Al2O3 

γ´-Ga2O3 cubic a=4.11 fcc octahedral 

+ 

tetrahedral 

Spinel-type 

δ-Ga2O3 cubic 

 

a=9.52 fcc octahedral 

+ 

tetrahedral 

isomorph to 

δ -Al2O3 
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5.4 The Surface Alloy of Ni-Ga 
We have also studied the growth of Ga on Ni(100) at room temperature and the 

thermostability of the system. In order to understand the growth processes we 

need to know what kind of alloys and structures are possible to be formed. 

The surface alloy of the Ga-Ni system exhibits several stable bulk forms. Their 

constitution was studied during the years by means of thermal, microscopic and 

X-ray methods [112-117]. Different intermediate phases were identified. Fig. 5.5 

shows the Ni-Ga phase diagram [118]. 

 

 

 
 

Fig. 5.5. Ni-Ga phase diagram [118]. 
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Six intermediate phases – β, δ, γ, γ´, β´, and ε – were reported by Hellner [112].  

For perspicuousness of the information the crystal structures of the Ni-Ga are 

summarized in Table 5.3. 

 

 

Table 5.3. Crystal structures of some Ni-Ga phases. 

Name Prototype Spacial 

Group 

Composition, 

at. % Ga 

a, b, c [Å] Remarks 

α´- Ni3Ga Cu3Au L12 26 a=3.5850  

β-NiGa CsCl B2 50 a=2.873  

γ -Ni3Ga2 NiAs B81 35.5 a=4.002 

c=4.988 

 

δ -Ni5Ga3 Pt5Ga3  36 a=3.76 

c=3.39 

 

γ´-Ni3Ga2   41 a=13.785 

b=7.883 

c=8.457 

Additional to 

the  B8 lines 

Ni3Ga4 Ni3Ga4  55.5 a=11.41  

β-Ni2Ga3 Ni2Al3 D513 60 a=4.05 

c=4.89 

 

ε-NiGa4 Cu5Zn8 D82 

 

70 a=8.42   

Ga Ga A11 100 a=4.51 

b=7.64 

c=4.51 

Pure Ga 

(Below the 

melting point 

302.91 K) 
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Chapter 6  
 

 

 

 

Setup of the Evaporators 
 

 

 

A large number of techniques have been elaborated on the basis of physical vapor 

deposition [119-121] to obtain reproducible results in UHV conditions. One of the 

most widely used type of evaporation source is based on electron bombardment: 

electrons are accelerated by means of high electrostatic fields (1 – 5 kV) and 

focused onto a small spot of an evaporant thus causing a local vaporization. In 

this manner, considerable rates are easily reached without melting the target 

completely. 

Ideally, the beam source should be a Knudsen cell containing vapor and 

condensed phase at equilibrium. In this case the flux F at the substrate can be 

calculated from the equilibrium vapor pressure p(T) in the cell at temperature T. 

The flux F 







2.
1
cms

 of the exiting beam depends on the vapor pressure p(T) by 

the equation [46]: 

mkTL
aTp

F
ππ 2
)(

2
= ,     (6.1) 

where a is the area of the cell aperture in cm2, L the distance to the substrate in cm 

and m – the mass of the species. Convenient growth rates in MBE are 1 – 10 ML/s 

i.e. 1 – 10 Å/s. With typical geometrical factors like L = 5 cm and a = 0.5 cm2 the 

equilibrium vapor pressure in the cell has to be in the range of 10-2 – 10-3 mbar. 

The temperatures needed to establish these pressures can be evaluated from the 
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vapor pressure plotted as a function of the cell temperature [46]. For Al and Ga, 

temperatures of 1500 K and 1300 K, respectively are needed to achieve a vapor 

pressure of 10-2 mbar, and these temperatures are far above the melting point. 

In the deposition experiments performed in this work much lower deposition rates 

(~ 0.03 ML/s) are used, because of the interest in the growth of ultra thin layers. 

Thus, the vapor pressure in the cell can be about 100 times lower (10-4 mbar) 

which corresponds to a cell temperature of 1250 and 1100 K for Al and Ga, 

respectively. In the following the evaporators used for the deposition of Ga, Al, 

Ni and Co in this work are briefly described. 

The calibration of the evaporators with respect to the deposition rate as a function 

of power supply, time or simultaneously measured ion flux were performed in a 

separate chamber, which contains a quartz microbalance. The amount of the 

deposited material determined by the quartz microbalance is declared here as the 

nominal film thickness in Å. The effective thickness of the film was determined 

by AES. 

 

 

6.1 The Triple Solid State Evaporator 
In order to grow films of Co and Ga oxides as well as Al oxides, we have used a 

triple evaporator type OMICRON EFM 3T (Evaporator with Integral Flux 

Monitor). Ga atoms as well as atoms of  Al and Ni were evaporated from a 

crucible, and Co from a rod. This is achieved by electron bombardment heating. 

At a given electron emission current (IEM) and acceleration voltage (HV) the 

integrated flux monitor detects the simultaneously during evaporation generated 

ion flux (IFM) which is directly proportional to the flow of the evaporated 

particles. Once calibrated, the flux monitor releases from the necessity of a quartz 

thickness monitor by continuously monitoring the deposition rate (r). The flux 

monitor also operates with the shutter closed, thus allowing to pre-set the 

deposition rate. The evaporation cell is surrounded by a water-cooled copper 

cylinder. This and the fact, that only a restricted part of the evaporant is heated, 
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permits to keep the background pressure during evaporation in the low 10-10 mbar 

range. 

The triple evaporator EFM 3T houses three completely separated evaporation 

cells. Each cell has an independent electron bombardment heater. 

In many investigations performed in our research group it was observed that Ga 

and Al atoms are desorbed by heating samples (single crystals) of CoGa and 

NiAl, respectively. Therefore, we pestled pieces of CoGa as well as NiAl, and 

filled two different crucibles of the triple evaporator. In this way a “solid state 

evaporator” for Ga and Al (Ni+Al) was developed. On which condition the pure 

element only  Ga or Al is vaporized from the respective alloy will be specified in 

the following sections. Our modification of the construction of the EFM 3T 

evaporator pertains to the design of the crucible only. This design is shown in Fig. 

6.1. A small molybdenum cup (crucible) with the size according to scale and 

adapted to the EFM 3T construction, was spot welded to the molybdenum rod. In 

order to suffice with the heating capacity this rod shall be made as long and as 

thin as possible. In front of the cup was spot welded a grid made from a wire of 

Mo (0.4 mm) in order to keep the smithereens back during “tip down” handling of 

the evaporator. The W-cathode was placed 2 mm behind the exit of the crucible. 

 

 
 

Fig. 6.1. Technical sketch of the molybdenum cup (crucible)  – cross section  

and front view. 
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Table 6.1. Evaporator settings and deposition rate for the three evaporants 

Ga, Ni+Al and Co. 

Evaporant Ga atoms from 

CoGa 

 Ni+Al atoms 

from NiAl 

 Co  

Setting 

Parameter 

A B A B A B 

High Voltage 

(HV, V) 

 

900 

 

900 

 

900 

 

900 

 

1000 

 

1000 

Filament Current 

(IFIL, A) 

 

2.4 

 

2.4 

 

2.2 

 

2.2 

 

2.9 

 

2.85 

Emission Current 

(IEM, mA) 

 

20.0 

 

18.5 

 

30.0 

 

28.0 

 

13.0 

 

12.0 

Flux Monitor 

(IFM, µA) 

 

2.000 

 

1.000 

 

1.100 

 

0.450 

 

0.080 

 

0.035 
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First, the calibration of the evaporators was performed by means of a quartz 

microbalance. We found two different settings (A and B) of parameters for each 

evaporant, at which two different deposition rates were obtained. They are 

summarized in Table 6.1. 
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6.1.1.The Solid State Evaporator of Ga 
Fig. 6.2. shows two calibration curves, taken at the settings A (solid circles) and B 

(open circles). The nominal thickness was determined using a quartz 

microbalance. As expected,  the nominal thickness increases linearly with time. 

With the setting A the evaporation rate is 2.0 Å/min and with the setting B it is 

1.2 Å/min. 
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Fig. 6.2. The nominal thickness of the Ga layer measured with the quartz 

microbalance for the parameter setting A (solid circles) and B (open circles). 

 

 

Fig. 6.3 shows a differentiated AES spectrum of Ni(100) taken after deposition of 

Ga at 80 K under the conditions of the parameter setting B: After 25 minutes the 

nominal thickness amounts to 30 Å and the LMM and MNN transitions of Ni 

vanished completely (Fig.6.3). The AES spectrum shows the MNN transitions of 
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Ga between 10 and 110 eV as well as its LMM transitions between 830 and 1097 

eV. In Section 8 the determination and the relation between nominal and effective 

thickness is described in detail. There are no traces of cobalt. Deposition at the 

parameter setting A showed the same result – no measurable amount of cobalt is 

deposited. Thus, by using the “Solid State Evaporator” it is possible to grow a Ga 

layer, free of Co (in the limits of the AES sensitivity).  
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Fig. 6.3. AES spectrum of Ga/Ni(100) 

 

 

In a different experiment D. A. Kovacs [122] has measured the thermal desorption 

of Ga and Co from a CoGa sample (single crystal) by means of Mass 

Spectrometry (MS). In Figure 6.4  the MS intensities of the two gallium isotopes 

(69Ga and 71Ga) and the cobalt isotope (59Co) are presented as a function of the 

annealing temperature.  
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Fig. 6.4. The mass spectrometer signals of Ga (69Ga and 71Ga) and cobalt 

(59Co) as a function of the annealing temperature of CoGa(100) [122].  

 

 

The desorption of gallium atoms from the surface starts at ~ 950 K, and the 

desorption of cobalt at ~ 1100 K. The Co signal was multiplied by 200, because it 

is very weak in comparison to those of Ga. Thus, the temperature of the crucible 

filled with CoGa should be between 950 and 1100 K, in order to evaporate Ga 

only. At 1100 K the Co signal is about thousand times smaller than that of Ga. 
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6.1.2 The Solid State Evaporator of Ni+Al 
The next two figures present the results obtained by using the second crucible of 

the EFM 3T, which was filled with smithereens of a NiAl crystal. In this case 

both elements Ni and Al are evaporated simultaneously with the settings we have 

used according to Table 6.1. Fig. 6.5. shows two calibration curves, taken at the 

settings A (solid circles) and B (open circles), which were measured by the quartz 

microbalance at room temperature. As expected, the nominal thickness increases 

linearly with deposition time. The nominal deposition rates are 1.8 Å/min and 0.9 

Å/min by using the settings A and B, respectively. In order to determine the 

nominal thickness by the quartz microbalance the density of Al was used. 

Therefore, the nominal thickness shown in Fig. 6.5 represents an upper limit for 

the total Ni+Al layer and by considering the actual composition of the Ni+Al 

deposit the value of the nominal thickness would be lower. 
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Fig. 6.5. The nominal thickness of the Ni+Al layer measured by the quartz 

microbalance for the parameter setting A (solid circles) and B (open circles). 
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Fig. 6.6. shows an AES spectrum taken from a Cu(111) surface, after a nominal 

deposition of 30 Å of Ni+Al under setting A (deposition time ~ 17 min.). No Cu 

signals are observed anymore and therefore the effective thickness of the 

deposited layer could not be determined. The AES spectrum exhibits the 

transitions of both elements Al and Ni. The atomic ratio between Ni and Al in the 

deposited layer was determined by comparison of the AES data of bulk NiAl 

[123] to the data of Fig. 6.6. For a single crystal of NiAl (50% Ni, 50% Al) the 

ratio between the intensity of the KLL transition of Al at 1396 eV and that of the  

LMM transition of Ni at 848 eV was found to be NiAl II / =0.22 [89].  
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Fig. 6.6. AES spectrum of 30 Å of Ni+Al deposited on Cu(111). 
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In the experiment described here this ratio amounts to 0.46 and therefore, the 

atomic ratio between Ni and Al in the overlayer is estimated to be Ni:Al~1:2 with 

the understanding that the spatial distribution of Ni and Al in the overlayer is 

homogeneous through the whole thickness. This ratio has to be considered as a 

very approximate one. In Ref. [89] a thick NiAl single crystal was used, while in 

this case here a thin layer is produced in which the actual spatial distribution of Ni 

and Al is not known. Also we have to point out that the composition of the 

deposit has to be checked each time by AES, because the condition of the pestled 

CoGa and NiAl is changing with evaporation time. For the crucible filled with 

pestled NiAl A. Wehner [124] observed that the composition of the deposited 

layer crucially depends on the parameter setting. By a slight change of the 

parameters it was also possible to evaporate Al only, at least it was not possible to 

detect Ni with AES. The best way presumably is to determine the desorption 

temperatures of Al and Ni by Thermal Desorption Spectroscopy (TDS). However, 

such an experiment could not be performed in the course of this work. 

 

 

6.1.3 The Evaporator of Co 
Cobalt is evaporated from a high purity rod with a diameter of 2 mm mounted in 

the third position of the triple evaporator. Fig. 6.7. shows two calibration curves, 

taken at the settings A (solid circles) and B (open circles). The nominal thickness 

depends linearly on the deposition time. With the setting A an evaporation rate of 

1.5 Å/min was found and with the setting B the rate is 0.8 Å/min. 
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Fig. 6.7. The nominal thickness of the Co layer measured with the quartz 

microbalance for the parameter setting A (solid circles) and B (open circles). 

 

 

6.2  An Evaporation Source Based on Pure Ga  
A home build Ga evaporator was used in the OMICRON apparatus. Its design is 

based on the principles which are described in detail in Ref. [125] for the 

construction of aluminium evaporator, such as reproducibility, long-life, time-

independent deposition rate, no measurable codeposition of any support-material, 

extremely low degas rate for operation at less than 2×10-10 mbar. This requires to 

minimize the necessary electrical energy, in order to avoid the warming-up of the 

supporting material and, in turn, it allows to manage without water-cool  the 

instrument. It is designed for upward evaporation and can be inclined – 

accordingly to the inner diameter of the installed (one end closed) alumina tube – 

as long as the capillary forces keep the liquid inside. 
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A schematic of the crucible construction is given in Fig. 6.8. The WRe3% 

filament for resistive heating (0.25 mm φ, total length about 200 mm) is wound 

around the alumina crucible (inner/outer diameter 1.5/3.2 mm, length 11 mm). 

The spiralic ends of the filament are spot welded to two supporting molybdenum 

feed rods which on their part are electrically isolated, fixed to a thick copper made 

base plate. If required, this crucible unit can be easily dissambled from the 

evaporator and replaced by a crucible for different material. The further support 

of the base plate is as well made from thick copper for good heat conductivity to 

the UHV-flange of the apparatus. No extra coolant is required. The evaporated Ga 

is collimated by an 8 mm φ orifice in the housing (as well made from copper and 

attached to the copper support), which is 7 mm in front of the alumina tube. It can 

be closed by a shutter. 

 

 
Fig. 6.8. A schematic of the construction of the Ga evaporation source. 
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Besides the wound around filament the crucible is additionally supported by 

means of a bifilar alumina tube for the Ni-NiCr thermocouple from below. It is 

very important, that Ga is one of the few elements which can be evaporated from 

an Al2O3 crucible without dissociation of the oxide below 1370 K. In order to 

establish a Ga vapor pressure of 10-4 mbar, as mentioned above, the temperature 

of Ga should be ~ 1100 K [46] which is below the temperature, when the oxygen 

from the Al2O3 crucible is attached to the evaporant in measurable amounts [126]. 

Fig. 6.9 shows two calibration curves, taken at IFIL = 2,1 A (solid circles) and IFIL 

= 2,0 A and (open circles). The nominal thickness depends linearly on the 

evaporation time. At a filament current of 2.1 A, an deposition rate of 3.3 Å/min 

is achieved while at 2.0 A the evaporation rate is reduced to 1.7 Å/min. The 

composition of the corresponding Ga layers was checked by AES, but no traces of 

codeposited elements were found in the limits of the AES sensitivity. 
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Fig. 6.9. Calibration curves of the deposition of Ga: IFIL = 2,1 A (solid circles) 

and IFIL = 2,0 A (open circles). 
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Chapter 7  
 

 

 

 

The Growth of Ultra Thin Al2O3 Films on 

Cu(111) 
 

 

 

Well-ordered, thin films Al2O3 were grown in the temperature range from 700 to 

1200 K on different metallic surfaces, e.g. Re(0001) [127] and Ru(0001) [128] as 

well as on surfaces of intermetallic alloys, e.g. Ni3Al (111) [87, 88], Ni3Al (100) 

[88], NiAl (111) [89], NiAl (110) [90, 91] and NiAl(100) [86, 92, 129]. Different 

phases of the Al2O3 layers grow depending on the structure of the substrate 

surface and on the annealing or oxidation temperature. The Al2O3 thin films were 

characterized by Auger electron spectroscopy (AES) [86, 130-132] high-

resolution electron energy loss spectroscopy (EELS) [86, 87, 89, 92, 127, 133-

138], low energy electron diffraction (LEED) [6, 86-90, 127, 129-131, 133, 138-

140], transmission electron microscopy (TEM) [91], X-ray Photoelectron 

Spectroscopy (XPS) [6, 88, 127, 132, 141], low energy ion scattering (LEIS) 

[127, 142] and scanning tunneling microscopy (STM) [129, 131, 138, 143-146]. It 

was found that the surface Al2O3 film is terminated with oxygen. Ab initio 

calculations [136] performed for a 5 Å thick Al2O3 (0001) film on the Al(111) and 

Mo(110) substrates have suggested that the tetrahedral coordinated Al3+ ions are 

located nearly in the same plane as the oxygen ions, for electroneutrality. Since 

the radius of the O2- ions (1.40 Å) is much larger than the radius of the Al3+ ions 

(0.53 Å), one expects that the surface properties of the oxide is dominated by the 

oxygen anions [147]. 
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This Chapter deals with the preparation of a well-ordered ultra thin aluminum 

oxide film on top of the Cu(111) surface. The experiments were performed in the 

UHV-apparatus I (see Section 4.1.1). The alumina film was prepared by the 

oxidation of Al atoms which were deposited simultaneously with Ni atoms on 

Cu(111). The AES investigations provide data concerning the deposition of a 

Ni+Al layer and the growth of ultra thin Al2O3 on Cu(111). The structure of the 

surface of the thin Al2O3 film was studied by LEED. By means of EELS the 

vibration properties of the oxide film are analyzed. 

 

 

7.1 Clean Cu(111) Surface 
 

The Cu(111) sample has a diameter of 8 mm and a thickness of 2.5 mm and it was 

polished mechanically and oriented within an accuracy of 30′. In UHV, the 

sample was heated by electron bombardment. The main impurities on the Cu(111) 

surface were sulfur, carbon, and oxygen. They were removed by repeated cycles 

of Ar+ - ion sputtering (1 keV, 1 µA) and subsequent annealing to 870 K. The 

cleanliness of the sample was checked by AES. Fig. 7.1 shows the AES spectrum 

of clean Cu(111). The MNN Auger transitions of Cu at 20, 60 and 105 eV are 

clearly resolved. In the high energy region, the AES spectrum of Cu(111) exhibits 

the LMM multiplet in the energy interval between 731 and 940 eV. The clean 

sample exhibits a sharp (1×1) LEED pattern, which is also shown in Fig. 7.1. 
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Figure 7.1. AES spectrum of the clean Cu(111) surface and its LEED pattern 

which  shows a (1×1) structure (Ep=70 eV) 

 

 

 

7.2 Deposition of Al and Ni on Cu(111) 
 

Ni and Al were simultaneously deposited on Cu(111) substrate by evaporation 

from a crucible filled with pestle pieces of NiAl. The evaporator and the 

deposition process are described in Section 6.1.2. By heating of the crucible both 

elements Al and Ni were evaporated. In this experiment the setting B of the 

evaporator was used which gives a deposition rate of 0.9 Å/min. 
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Figure 7. 2 AES spectra recorded at 300 K during deposition of the Ni+Al 

layers on Cu(111). 
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Fig. 7.2 shows a set of AES spectra of Cu(111) as a function of deposition time of 

the Ni+Al layer at 300 K. Spectrum (a) of the clean Cu(111) sample is shown for 

comparison. During the deposition process the p-to-p intensity of the Cu(920 eV) 

transition decreases and vanishes completely for a deposition time of 24 minutes, 

which corresponds to about 20 Å according to the nominal deposition rate of 0.9 

Å/min. During the deposition the AES signals of the Ni(848 eV)- and Al(1396 eV)-

transitions appear simultaneously (spectrum (b)) and the p-to-p intensity increases 

up to a deposition time of 24 minutes (spectrum (c)). The IMFP for electrons with 

an energy of 920 eV (Cu(LMM)) through a Ni+Al layer is not known. By using 

the formula of Seah and Dench (1.13) the IMFP was estimated to be 18 Å [50, 

148, 149]. Thus, only thickness of layers which are smaller than this value can be 

determined. The decrease of the intensity of the Cu(920 eV) transition as a function 

of deposition time was used to determine the effective thickness of the deposited 

layer. After a deposition time of 12 min, the effective thickness of the film 

amounts to 17 Å. Changes of the AES signal of Cu (MNN) at 60 eV, of Al 

(LMM) at 68 and of Ni (MNN) at 61 eV during the Ni+Al deposition are clearly 

observed. The AES transitions of Cu(20 eV) Cu(60 eV) Cu(105 eV) are vanished 

completely after a deposition time of a 12 min and those of Ni(61 eV) and Al(68 eV) 

transitions appear. The disappearance of the AES signals of Cu is due to the fact 

that the IMFP of the Cu electrons with low kinetic energy is smaller than the 

thickness of the overlayer ( ( )eV 20Cufor   Å4.6≅λ ; ( )eV 60Cufor   Å0.5≅λ  and 

( )eV 105Cufor   Å1.6≅λ , these values are calculated by using equation (1.13) [50, 

148, 149]). The spectra taken after a deposition time of 24 and 36 min are very 

similar. This is expected for layers with a thickness larger than 18 Å and a 

homogenous distribution of the two deposited elements (Ni and Al). The atomic 

ratio between Ni and Al in the deposited overlayer was determined by comparison 

of the AES data of bulk NiAl to the data of Fig. 7.2 (d). For a single crystal of 

NiAl (50% Ni, 50% Al) the ratio between the intensity of the Al KLL transition at 

1396 eV and that of the Ni LMM transition at 848 eV was found to be 

NiAl II / =0.22 [89, 123]. In the present experiment this ratio amounts to 0.46 and 
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therefore, the atomic ratio between Ni and Al in the overlayer is estimated to be 

Ni:Al=1:2. However, this ratio has to be considered very approximately. In the 

former investigations of bulk NiAl a single crystal [89, 123] was used while in 

this case a thin layer with randomly distributed Al and Ni atoms is present 

therefore, which the real spatial distribution of Ni and Al is not known. The 

spatial distribution of Ni and Al in the overlayer was assumed to be homogeneous 

over the whole thickness. 

The evolution of the AES transitions of Cu, Al and Ni is also represented in Fig. 

7.3 which shows the p-to-p intensities of the AES transitions of Cu(920 eV) Ni(848 eV) 

and Al(1396 eV) as a function of deposition time. During the Ni+Al deposition the p-

to-p intensity of Cu(920 eV) decreases strongly while the p-to-p intensity of Ni(848 eV) 

and Al(1396 eV) is increasing. After 24 minutes of deposition, the intensity of Ni(848 

eV) and Al(1396 eV) reach a constant value, which is due to the fact that the film 

thickness (thickness > 18 Å) is already larger, than the IMFP of the Cu(920 eV) 

electrons and only the transitions of Ni(848 eV) and Al(1396 eV) are observed. 
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Figure 7. 3. The p-to-p intensity of the AES transitions of Ni(848 eV) (,), Al(1396 

eV) (B) and Cu(920 eV) (m) as a function of deposition time. 
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7.3 Oxidation 
 

7.3.1 AES 
The oxidation of Ni+Al layer grown on the Cu(111) surface was performed at 300 

K. The Ni+Al layer was exposed to O2 until a saturation level was reached. 

Fig. 7.4 shows two AES spectra of a 30 Å thick Ni+Al overlayer on Cu(111): (a) 

before and (b) after oxidation at 300 K, with 1500 L of oxygen. As we will show 

below, 1500 L represents saturation exposure. Spectrum (a) which was recorded 

before exposing the surface to oxygen shows the Ni LMM triplet, the AES 

transitions of Al (KLL) and the AES transitions of Ni at 61 eV and Al at 68 eV. 

 

Figure 7. 4 Two AES spectra of Ni+Al grown on Cu(111) recorded at 300 K 

before (a) and after (b) oxidation of the Ni+Al layers with 1500 L at 300 K on 

Cu(111). A sketch of the oxidation procedure is also shown. 
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These later two transitions are not resolved and overlap. In addition, a small AES 

signal of oxygen is observed, which results from adsorption from the residual gas. 

After oxidation with 1500 L the spectrum shows a intense signal of the O (KLL) 

transition. In the low energy region (10 – 110 eV) the characteristic transitions of 

Al3+ at 35 eV and 53 eV appear. The p-to-p intensity of the transitions of Ni at 

848 eV and Al at 1396 eV is decreased with respect to those in spectrum (a). A 

small signal around 68 eV is also visible which indicates that not all the Al and Ni 

atoms of the Ni+Al layer were oxidized. The KLL transition of Al initially at 

1396 eV is shifted to 1378 eV, which together with the appearance of the signals 

of Al3+ (at 35 and 53 eV) are due to the oxidation of the aluminum atoms and to 

the formation of Al3+ ions, which suggests the growth of an Al2O3 layer on the 

surface. 

Fig. 7.5 shows the p-to-p ratios eV) Al(1378eV) O(503 II , eV) Ni(848eV) O(503 II  and 

eV) Al(1378eV) Ni(848 II as a function of oxygen exposure. The partial pressure of 

oxygen was kept at 1×10-6 mbar. Both curves eV) Ni(848eV) O(503 II  and 

eV) Al(1378eV) O(503 II  have the same behavior. For oxygen exposure <100 L the 

uptake curves increase strongly, while after an exposure of about 200 L the curves 

become flatter and at around 500 L a saturation level is reached. This is typical for 

the growth of a thin oxide film in the regime of low oxidation temperatures. 

According to Cabrera-Mott the criterion for the low temperature oxidation is the 

term kTqaE >  [99], where q is the ionic charge, a is the half distance between 

two equilibrium places for the ions in the oxide, E is the electric field and k is the 

Boltzmann constant. This mechanism is also called electric field-supported 

growth. There is an inverse-logarithmical growing law for the dependence of the 

film thickness x on the time t: 

tK
x
x

ln1 −′′=      with ..,1 constKx =′′  

In Fig. 7.5b is represented the ratio eV) Al(1378eV) O(503 II  as a function of oxygen 

exposure in a logarithmic scale dependence. The perfect logarithmic dependence 
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confirms the field-supported growth mode. The ratio eV) Al(1378eV) Ni(848 II  

decreases, because of decreasing of the amount of Ni atoms in the oxide 

overlayer, i.e only the Al atoms of the Ni+Al layer are oxidized, which will be 

shown below. Based on the AES data the thickness θ of the Al2O3 layer was 

estimated to be ~5 Å. 

The ratio eV) Al(1378eV) O(503 II  at saturation amounts to ~4.5, a value which was also 

found for the oxidation of Ni3Al(100) at 300 K [150]. 
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Figure 7. 5. Oxygen uptake curves of oxidation at 300 K. The AES ratios of 

eV) Al(1378eV) O(503 II  (C), eV) Ni(848eV) O(503 II  (-) and eV) Al(1378eV) Ni(848 II  (y) are 

represented as a function of oxygen exposure: (a) linear and (b) logarithmic 

dependence. 
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Based on the experimental findings represented in Fig. 7.4 and 7.5 the following 

scenario is suggested (sketched as a model in Fig. 7.4): Oxidation at 300 K with 

an oxygen exposure above 200 L leads to the formation of an aluminum oxide 

overlayer. However, not the whole Ni+Al layer seems to be oxidized, and only the 

Al atoms are involved in the oxidation process. Thus, between the Cu(111) 

substrate and the Al2O3 layer a ~25 Å thick interface layer remains, which 

consists in Ni atoms and unoxidized Al atoms. 

Afterwards, the trilayer system Al2O3/Ni+Al/Cu(111) was annealed in steps of 

100 K, at each temperature for 2 min, up to ~1200 K. Fig. 7.6 shows the p-to-p 

intensity of the AES transitions as a function of the annealing temperature. It 

illustrates the behavior of the ultra thin Al2O3 film and the interface layer by 

annealing the system Al2O3/Ni+Al/Cu(111). During annealing the p-to-p intensity 

of the Cu(920 eV) transition increases while all other decrease. This is explained by 

the diffusion of Cu atoms to the interface layer, which starts immediately above 

300 K and/or by the diffusion of atoms the Ni+Al interface layer into the Cu(111) 

substrate. Up to 700 K, no signal of the AES transition of Cu at 60 eV is observed 

which suggests that the Cu atoms have diffused only in the Ni+Al interlayer and 

not on the top of the oxide layer. Up to 700 K the p-to-p intensities of Ni(848 eV), 

Al(1378 eV) and O(503 eV) remain constant. After annealing at 900 K the Ni(848 eV) 

transition is strongly diminished and after annealing at 1100 K it disappears 

completely, whereas the intensity of the of aluminum and oxygen decreases by 

approximately 50% and 30%, respectively. At 900 K, a week Cu signal at 60 eV 

is also observed, which increases simultaneously with that one at 920 eV. Thus, 

after annealing above 900 K the total thickness of the overlayer has decreased or 

some Cu atoms have diffused in the upper part of the interface layer. Therefore, 

Cu atoms are located just below the Al2O3 layer. The Al3+
(1387 eV)+Al0

(1396 eV) 

transition decreases continuously with increasing of the temperature. 

Unfortunately, these both transitions can not be clearly resolved.  
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Fig. 7.6. The p-to-p intensity of the AES transitions of O(503 eV) (-), Cu(920 eV) 

(m),Cu(60 eV) (y), Ni(848 eV) (,) and Al(1396 + 1387 eV) (B) as a function of 

annealing temperature. 

 

 

The decrease of the AES signals of Al(1396 eV) and of Ni(848 eV)  shows that all the 

Ni and the Al atoms of the Ni+Al interlayer have diffused into the substrate. This 

is in agreement with the increase of the intensity of the Cu transitions at 920 and 

60 eV. 

In Fig. 7.7 are shown some typical AES spectra obtained after annealing at 900 

and 1200 K. The spectrum (a) in Fig. 7.7 shows the AES spectrum of the 

Al2O3/Ni+Al/Cu(111) system. After annealing at 900 K, the Ni-triplet and the Cu-

triplet overlap, but the signals of the Ni transitions still dominate. In the low 

energy region small signals of the Cu transitions at 20 and 60 eV appear. The 

AES signals of oxygen and aluminum at 503 and 1387 eV, respectively, have 

almost the same intensity as those of spectrum (a). Taking into account the 
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relative intensity of the transitions of bare Cu at 920, 840 and 849 eV, the p-to-p 

intensity at 848 eV can be attributed to about 40% of Cu and 60% of Ni. This 

corresponds to a smaller amount of Ni in comparison to the initial amount. 

Consequently, by annealing up to 900 K Ni atoms diffuse in part into the Cu 

substrate. By annealing above 300 K (see Fig. 7.6) the Cu transitions at higher 

kinetic energy appear again and increase continuously during the step-by-step 

heating, while the intensity of the Ni(848 eV) transition decreases and disappears 

completely at 1200 K. This can be explained by a diffusion of Ni into the 

substrate. After annealing at 1200 K, the p-to-p intensity of the KLL transitions of 

Al and O(503 eV) transitions also decreased: for example, the intensity of the O and 

Al transition at 1200 K corresponds to 50% of the intensity at 300 K. The 

decrease of the signal of the KLL transitions of Al is definitely related to the 

diffusion of the Al atoms of the Ni+Al interlayer into the Cu(111) substrate. 
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Figure 7. 7 AES spectra of the Al2O3/Ni+Al/Cu(111) system at 300, 900 and 

1200 K. 
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At this temperature Al2O3 persists on the surface. At 1200 K (Fig. 7.7 (c)), all the 

AES transitions of Ni in the low and high energy region disappeared, suggesting 

that the total amount of Ni have diffused into the bulk of Cu. From the AES 

spectra (c) we can draw also another conclusion: In the high energy region the Al 

KLL transitions occurs clearly at 1387 eV without a signal at 1396 eV. Thus only 

Al3+ - ions are present which together with the oxygen ions form the thin Al oxide 

layer. 

The shape of the low-energy transitions is changed also during the annealing 

process. Starting from 300 K (spectrum (a)) the intensity of the Ni(61) and Al(68) 

transitions decrease and disappear completely at ~900 K (spectrum (b)). This 

suggests also that Ni and the metallic Al atoms diffuse into the substrate. For 

annealing up to 1200 K the p-to-p intensity of the Al3+ transitions at 35 eV and 53 

eV is also decreased, but still present (spectrum (c)). The Cu(60) transition occurs 

above 900 K (spectrum (c)) and increases up to 1200 K (spectrum (c)). This 

shows that after annealing above 900 K the total thickness of the overlayer has 

decreased to about 5 Å which corresponds to the Al2O3 layer or some Cu atoms 

are segregated to top layers below the oxide. However, the EELS measurements, 

which we present below, show that a “clean” Al2O3 remains on the Cu(111) 

surface, and therefore, Cu atoms do not segregate on the top of the oxide. 

 

 

7.3.2 LEED 
By deposition of a Ni+Al layer at 300 K the LEED pattern becomes diffuse, but 

the substrate spots can be seen up to a nominal deposition of ~10 Å. This suggests 

that the Ni+Al layer grows in three-dimensional islands on Cu(111). Above a 

nominal deposition of 10 Å of Ni+Al the substrate diffraction spots vanish 

completely and the LEED screen exhibits only diffuse illumination. During 

oxidation at room temperature the LEED pattern remains diffuse showing that an 

amorphous oxide layer is formed. Similar results are reported for the room-

temperature oxidation of NiAl(001) [86, 129, 151], NiAl(110) [152], and 
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NiAl(111) [89]. After annealing to 900 K, a very weak LEED pattern was 

observed. After annealing to 1200 K, the LEED pattern shows a complicated 

structure which can be identified with a hexagonal structure. (Fig. 7.8a). A 

schematic representation of the LEED pattern is shown in Fig. 7.8b. By 

comparison with the lattice constant of Cu(111), the lattice constant of the 

hexagonal structure is determined to be 3.1 ± 0.1 Å.  

 

 

 

Figure 7. 8 (a) LEED pattern of the ordered ultra thin aluminum oxide layer 

after annealing at 1200 K, E = 70 eV; (b) schematic representation of the 

pattern. 

 

 

The hexagonal structure results from a (111) plane of the γ- and γ´-Al2O3 phase or 

from α-Al2O3. The latter phase can be ruled out due to the observed three losses 

in the EELS investigations (see Section 7.3.3). The lattice constant of ~3 Å 

suggests an oxygen termination of the Al2O3 layer which was observed for most 

of the thin films of Al2O3. The agreement of the lattice constant estimated from 

LEED with the length of the basis vectors of the (111) plane of γ´-Al2O3 suggest 
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that the oxide grows with the (111) plane parallel to the surface plane. The growth 

of thin layers of γ- and/or γ´-Al2O3 layer was reported for the oxidation at elevated 

temperature of NiAl(110) [90], NiAl(111) [89], Ni3Al(111) [88], and FeAl(111) 

[127], and for Al layers deposited on Re(0001) [127] and Ru(0001) [128]. The 

main diffraction spots can be simulated by two hexagonal or nearly hexagonal 

lattices grown in two domains rotated by 15°. Most of the low intensity Bragg 

spots could be a result of multiple diffraction effects and could not be reproduced 

by a simple simulation which took into account only geometrical effects. On the 

other hand, the presence of low intensity spots observed close to the center of the 

LEED pattern suggests that a superstructure with a large unit cell could be present 

on the surface as well. In a DFT (Density Functional Theory) study [153] it was 

shown that the top layer could consist in nearly coplanar Al3+ and O2- ions. The 

ordering of an Al2O3 film after annealing at 1200 K was observed also in earlier 

studies by oxidation of NiAl(001) [86, 92], Ni3Al(111) [88] and NiAl(110) [90].  

 

 

7.3.3 EELS 

The growth Al2O3 on Cu(111) was also investigated by EELS. Fig. 7.9 shows an 

EEL spectrum after oxidation of a 10 Å thick Ni+Al overlayer on Cu(111) at 300 

K and subsequent annealing to 1200 K. The EEL spectrum exhibits three broad 

losses at 410 (ν1), 620 (ν2) and 885 cm-1(ν3). The frequency of these losses 

corresponds to that found for thin Al2O3 layer grown on NiAl(111) (426, 635 and 

885 cm-1) [89], on NiAl(001) (420, 603 and 896 cm-1) [86, 92, 138], and on 

Ni3Al(111) ( 440, 648 and 910 cm-1) [84]. Therefore, we conclude that on 

Cu(111) also only Al2O3 is formed. No evidence for a Ni or Cu oxide is found. 

Based on the enthalpies of formation of Al2O3 ( )17.1675 −−=∆ kJmolH f , NiO 

( )18.240 −−=∆ kJmolH f  [78], CuO ( )13.157 −−=∆ kJmolH f , and Cu2O 

( )16.168 −−=∆ kJmolH f  the oxidation of aluminum is thermodynamically more 

favorable. Hence, one expects that only aluminum is oxidized in a Ni+Al layer. 
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Fig. 7.9. EEL spectrum of the ordered ultra thin aluminum oxide layer after 

annealing at 1200 K. 

 

 

In general, it is also possible that the oxide, formed at ~ 300 K, consist in a 

mixture of both nickel oxide and Al2O3. Becker et al. [87], have reported that 

EELS measurements have revealed the presence of energy losses that correspond 

to nickel-oxygen bonds for adsorption of oxygen at room temperature on a 

Ni3Al(111) surface. Furthermore, these authors have found that the EELS losses 

associated with Ni-O bonds [87] disappear when the oxide was heated above 800 

K. The EEL spectrum taken after annealing to 1200 K is typical for Al2O3, and 

therefore, after annealing to this temperature, no Ni-oxide is present in the 

overlayer, which is consistent with the study of Becker et al. [87]. Aluminum 

oxide exists in the form of several phases in different temperature ranges [84]. 

Room-temperature oxidation of Ni+Al alloys yields an amorphous aluminum 

oxide (a-Al2O3 ), phase in which Al3+ cations are tetrahedral coordinated [86]. 
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Upon annealing at temperatures in the range between 700 and 1200 K and 

depending on the substrate surface the amorphous phase usually is transformed 

into a γ-like Al2O3 phase, which consists of octahedral and tetrahedral coordinated 

aluminum cations arranged in a fcc oxygen sublattice [86]. EEL spectra of thin 

alumina films of the γ-like Al2O3 phase and θ-Al2O3 phase on metal substrates 

show commonly three distinct phonon features in the frequency regions of 380 – 

430 cm-1, 620 – 660 cm-1, and 850 – 900 cm-1 with slightly different relative loss 

intensities between the modes [89, 90, 127, 135]. These modes are related to 

different alumina phases, in which Al3+ ions occupy both octahedral and 

tetrahedral sites in an oxygen fcc lattice. Therefore, we conclude that in the case 

of Al2O3 on Cu(111) the Al oxide belongs to a γ-like phase (probably γ´-Al2O3) 

and the oxide grows with the (111) plane parallel to the Cu(111) surface. 

However, the exact knowledge of the oxide phase and structure and, based on 

that, lattice-dynamic calculation would be a great help for a detailed explanation 

of the three loss features. 

 

 

Summary 
The scenario, described in this Chapter is schematically presented as a model in 

Fig. 7.10. At 300 K, a Ni+Al layer grows disordered on the Cu(111) surface, with 

an atomic ratio of Ni:Al = 1:2. Up to 10 Å,  

 

 
 

Fig. 7.10. Schematic model of the growth of ultra thin Al2O3 films on 

Cu(111). 
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Ni+Al grows in 3D clusters on the surface afterwards the whole surface is 

covered with a Ni+Al overlayer. 

Oxidation at 300 K leads to the formation of an amorphous aluminum oxide and a 

trilayer system Al2O3/(Ni+Al)/Cu(111) is established. After annealing to ~ 900 K, 

an ultra thin well-ordered Al2O3 is grown, while the atoms of Ni and metallic Al 

start to diffuse into the volume of the Cu(111) substrate. Simultaneously, some Cu 

atoms diffuse to the top layers on the Ni+Al interlayer. The complex LEED 

pattern reveals an ordering of the aluminum oxide. The AES, LEED and EELS 

investigation of an oxidized Ni+Al overlayer on Cu(111) at elevated temperature 

show that an ultra thin overlayer of  γ-like Al2O3 grows on Cu(111). 
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Chapter 8  
 

 

 

 

Growth of Ultra Thin Ga2O3 Films on Ni(100) 
 

 

 

Most of the insulating layers (tunneling barrier) in TMR structures consist in 

Al2O3 which in the bulk has a band gap of ~ 8 eV. An alternative to the Al2O3 

layers are Ga2O3 layers. Ga2O3 has in the bulk a band gap of 4.5 eV and consists 

in various phases which are isomorph to the corresponding Al2O3 phases. An 

advantage of using Ga2O3 instead of Al2O3 consist in the fact that much lower 

temperature are needed for the formation of well-ordered (crystalline) Ga2O3 thin 

layers. 

Thin films of Ga oxide grow by the oxidation of the surfaces of GaAs [154], 

CoGa [84, 93-95] and GaN epilayers [155]. On CoGa, during the oxidation 

process, Ga atoms segregate from the bulk to the surface and react with adsorbed 

oxygen. Oxidation of CoGa (100) in the temperature range at 600 – 900 K leads 

to the formation of well-ordered β-Ga2O3, which grows in two domains, which 

are perpendicular to each other [84, 94, 95, 156]. The vibrational properties and 

the structure of β-Ga2O3 on CoGa (100) [94, 156] and θ-Al2O3 on NiAl (100) [86] 

are very similar. At 770 K, a well-ordered thin Ga2O3 film grows on CoGa(110) 

which has a hexagonal structure [93]. 

Ga2O3 exists in different modifications, all of which are based on the close-

packed oxygen lattice (See Section 5.2). The most important are α-Ga2O3, β-

Ga2O3 and γ-Ga2O3. The α-Ga2O3 is metastable and has a hexagonal corundum 

structure with the lattice constants Å98.4=a  and Å43.13=c . At 920 K, it 
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transforms into the β-Ga2O3 phase [110]. The stable β-Ga2O3 phase has a 

monoclinic structure and is isomorphic to θ-Al2O3. The corresponding lattice 

constants amount to: Å04.3=a , Å80.5=b , Å23.12=c , and °= 7.103β  [157, 

158]. The γ-Ga2O3 phase is isomorphic to γ-Al2O3 and has a cubic lattice with a 

spinel structure (MgAl2O4-type) with a lattice constant Å22.8=a  [110]. In 

analogy to γ´-Al2O3, a γ´-Ga2O3 may exist which has also a spinel structure but 

the unit cell is only half of that of γ-Ga2O3 (See Section 5.2). 

Ga presents a complicate phase diagram with many stable and metastable phases. 

Under normal conditions the stable bulk phase is α-Ga which presents a 

remarkable coexistence of metallic and covalent character [103, 159, 160]. The 

growth of Ga nanoparticles on silica at 100 K was studied under the influence of 

irradiation with 1 µs pulses of a 1.55 µm diode laser with a peak power of 17 mW 

at rate of 1 kHz. The irradiation results in the formation of Ga nanoparticles with 

a narrow size distribution [161]. 

The question which is addressed in this Chapter is how does a thin films of Ga2O3 

(amorphous and crystalline) of few Å grow on a ferromagnetic substrate. As a 

substrate a single crystal of Ni was used which was cut in the direction of the 

(100) plane. First, Ga was deposited on the Ni(100) surface and afterwards 

oxidized. The growth temperature of Ga was 80 K in one experiment and 300 K 

in the other. The investigations were performed by means of high-resolution 

electron energy loss spectroscopy (EELS), low-energy electron diffraction 

(LEED), Auger electron spectroscopy (AES), and Scanning Tunneling 

Microscopy (STM). 

This Chapter is organized as follows: Section 8.1 presents the clean Ni(100) 

surface. Section 8.2 deals with growth of Ga2O3 at 80 K. The consecutive 

subsections 8.2.1 and 8.2.2. track down the growth of Ga layer at 80 K and the 

oxidation behavior of Ga. In Section 8.3 are presented the growth of Ga on 

Ni(100) at 300 K (Subsection 8.3.1) and the oxidation of Ga film (Subsection 

8.3.2). 
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8.1 Clean Ni(100) Surface and the c(2×2) - O - 

Ni(100) 
 

8.1.1 Clean Ni(100) 
The Ni (100) sample has a diameter of 8 mm and a thickness of 2.5 mm for the 

experiments in the UHV System I and a diameter of 3 mm and a thickness of 2 

mm for the experiments in the UHV-OMICRON apparatus. The samples were 

polished mechanically and oriented with a precision of 0.5°. The main impurities 

on the Ni (100) surface were sulfur, carbon, and oxygen, which were removed by 

repeated cycles of +Ar  - ion sputtering (1 keV, ~1.0 µA) and subsequent 

annealing at 1200 (UHV I) and 950 K (UHV OMICRON).  

 

 
Figure 8.1. AES spectrum of the clean Ni(100) surface and the LEED pattern 

showing a (1×1) structure (Ep=70 eV) 
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The cleanliness of the sample was checked by AES and further evidenced by the 

formation of a sharp (1×1) LEED pattern. 

Fig. 8.1 shows a typical AES spectrum of the clean Ni(100). The MNN Auger 

transitions of Ni at 61 and 102 eV are clearly resolved. In the high energy region, 

the AES spectrum of Ni(100) exhibits a multiplet (LMM) in the energy interval 

between 663 and 865 eV with the most intensive transition at 848 eV. The clean 

sample exhibits a sharp (1×1) LEED pattern, shown also in Fig. 8.1. 

 

 
Figure 8.2. The topography of the clean Ni(100) surface (2000 Å × 2000 Å; Ut 

= 10 mV; It = 0.6 nA): a) 2D image with line profile; b) 3D image 
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The clean Ni(100) exhibits large terraces of several hundred Å. Fig. 8.2 shows a 

large scale 2D and 3D STM images of the Ni(100) surface. From the line scan the 

average terrace width of this surface was measured to be around 400 Å, although 

terraces of more than 1000 Å extension as well as regions with high step density 

were also found. 

The terraces were separated by mono-atomic steps of ~1.72 Å height. 

 

 

8.1.2 The c(2×2) – O – Structure on Ni(100) 
In order to get better intermixing of the deposited Ga layer with oxygen first, a 

c(2×2) oxygen overlayer was prepared on Ni(100) by adsorption of 80 L of O2 at 

room temperature and subsequent annealing at 420 K [162].  
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Fig. 8.3 The AES spectrum of the O-c(2×2)/Ni(100) surface. 
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Fig. 8.3 shows the AES spectrum of the O-c(2×2)/Ni(100) surface. The peak-to-

peak (p-to-p) ratio of )848()503( eVNieVO II  is 0.14, which corresponds to the 

coverage of θ0 ~ 0.5. 

Fig. 8.4 shows a EEL spectrum of the O-c(2×2)/Ni(100) surface and an LEED 

pattern. The EEL spectrum exhibits two losses at 270 and 330 cm-1 which agree 

with the losses (265 and 306 cm-1) found by Franchy at al. [162] for the O-c(2×2) 

overlayer on Ni(100). The LEED pattern shows a typical c(2×2) structure. Thus, 

the EEL spectrum, the LEED pattern and the AES data are used as a reference for 

a well prepared c(2×2) overlayer of oxygen on Ni(100). 

 

 
Fig. 8.4 The EEL spectrum and the LEED pattern of the O-c(2×2)/Ni(100) 

surface. 
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8.2 Growth of Ga2O3 Films at 80 K 
 

8.2.1 Deposition of Ga on O-c(2×2)/Ni(100) at 80 K 
Ga was deposited at 80 K on Ni(100) by evaporation from a crucible filled with 

pestled CoGa (See Section 6.1). Fig. 8.5 shows an AES spectrum of O-

c(2×2)/Ni(100) surface after deposition of 30 Å (nominal thickness) Ga at 80 K. 

The evaporator (see Section 6.1.1) was operated with the parameter set B with a 

rate of 1.2 Å/min. After the deposition of Ga with a nominal thickness of 30 Å the 

Ni LMM and MNN transitions vanished completely. The intensity of the O KLL 

transition at 503 eV changes only by a factor of 0.8 (Fig. 8.5).  
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Fig. 8.5. AES spectrum of 30 Å of Ga deposited at 80 K on O-c(2x2)/Ni(100). 
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This suggests that at 80 K oxygen atoms from the O-c(2×2) overlayer (coverage 

θ0 ~ 0.5) diffuse into the Ga layer. The AES spectrum shows the Ga MNN 

transitions at 55, 81, 108 eV and the Ga LMM transitions between 830 and 1097 

eV.  

The IMFP for electrons with an energy of 848 eV (Ni(LMM)) through a Ga layer 

is not known. By using the formula of Seah and Dench (Equation 1.13) the IMFP 

was estimated to be 18 Å [50, 148, 149]. Thus, only thicknesses of layers which 

are thinner than this value can be determined. Fig. 8.6 shows the p-to-p intensity 

of the Auger transitions of Ni(848 eV), O(503 eV) and Ga(1070 eV) as a function of the 

deposition time. During Ga deposition the intensity of Ni(848 eV) decreases, while 

the signal of Ga(1070 eV) increases. After a deposition time of 15 min, the effective 

thickness of the film amounts to 18 Å.  
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Figure 8.6. The p-to-p intensity of the AES transitions of Ni(848 eV) (,),O(503 eV) 

(-), Ga(1070 eV) (!), and the effective thickness of the Ga layer as a function of 

the deposition time of Ga. 
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The Ni(848 eV) signal vanishes completely for a deposition time of 20 minutes, 

which according to the estimated effective deposition rate of 1.2 Å/min, 

corresponds to a nominal thickness of 24 Å. The O(503 eV) signal decreases a little 

during the whole deposition time of the Ga. This is a result of the diffusion of 

oxygen atoms from the c(2×2)-structure into the Ga layer. On the right side of the 

figure 8.6. is shown the effective thickness of the Ga layer as a function of the 

deposition time. The effective thickness was calculated from the decrease of the 

intensity of the Ni(848 eV) transition. The effective thickness of the Ga layer 

depends linearly on the deposition time. From the linear part of the curve, the 

effective deposition rate of 1.2 Å/min was estimated, which is equal to the 

deposition rate determined by the quartz microbalance (Section 6.1.1). 

 

 

8.2.2 Oxidation 
The oxidation of the Ga layer with an effective thickness of 30 Å on the top of O-

c(2×2)-Ni(100) was performed in two steps. First, the Ga layer was oxidized at 80 

K, after that the Ga oxide layer was annealed in steps of 100 K up to 700 K. At 

700 K the layer was exposed again to oxygen. 

 

8.2.2.1 AES 

At 80 K, a ~ 30 Å thick Ga layer was oxidized with oxygen until a saturation level 

has been reached. Fig 8.7 shows the p-to-p intensity of the AES transitions as a 

function of oxygen exposure. Two different LMM Auger transitions of Ga are 

resolved: the transition of metallic Ga0
(1070 eV) and the transition of ionic Ga3+

(1066 

eV), which is formed during the oxidation. With increasing of oxygen exposure, 

the intensity of the Ga3+
(1066 eV) increases at the expense of the intensity of the 

Ga0
(1070 eV) which decreases simultaneously. This is due to the transformation of 

the metallic Ga0 atoms into Ga3+ ions. Both the signals of LMM transitions of 

Ga3+
(1066 eV) and of KLL transition of O(503 eV) increase with increasing of the 

oxygen exposure up to ~ 1000 L.  
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Fig. 8.7. The p-to-p intensity of the AES transitions of O(503 eV), Ga0

(1070 eV) and 

Ga3+
(1066 eV) as a function of O2 exposure at 80 K. 

 

 

Above this exposure the signals remain constant, which shows that a saturation 

level is reached. Two AES one before (a) and one after (b) oxidation at 80 K with 

1600 L of oxygen are shown in Fig. 8.8. Spectrum (a) shows the LMM multiplet 

of the metallic Ga between 830 and 1097 eV as well as the transitions in the low 

energy region at 55, 81 and 108 eV and a small oxygen signal which originates 

from oxygen atoms from the c(2×2) oxygen which have segregated to the surface. 

After oxidation all the transitions are shifted to lower energies (spectrum (b)) 

which is caused by the transformation of the Ga0 atoms into Ga3+ ions. The 

oxygen transition at 503 eV can be used as a reference point (evidence), to 

determine the energy of the AES transitions. The values of the transitions of the 

Ga3+ ions are as follows: 
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Fig. 8.8. Two AES spectra: (a) before and (b) after oxidation of the Ga layer 

with 1600 L at 80 K on Ni(100). A model of the oxidation feature is also 

shown. The interlayer represents the O-c(2x2) structure on Ni(100). 

 

 

- MNN transitions at 48, 77 and 104 eV; 

- LMM transitions at 977, 1066 and 1091 eV. 

To our knowledge there are no data about the shifts of the binding energy (X-ray 

data) or of the kinetic energy of AES transitions due to the transition from the 

neutral to ionic state of Ga. Therefore, the absolute values of the AES energies of 

the ionic Ga3+ states have to be considered with precaution. In the low energy 

region no signals of the neutral Ga atoms are observed anymore. This suggests 

that a Ga2O3 layer with a thickness of at least ~ 5 Å (the IMFP in this region) is 

present. The signals of the LMM transitions of metallic Ga0 and of Ga3+ are may 

be convoluted and therefore it seems that between the Ga2O3 layer and the 

Ni(100) substrate a interlayer of Ga may exists.  
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Fig. 8.9. The p-to-p intensity of the AES transitions of O(503 eV), Ni(848 eV), and 

Ga(1066 + 1070 eV) as a function of annealing temperature. The solid lines 

represent a guide for the eyes. The models show the changes of the 

Ga2O3/Ga/Ni system. 

 

 

After oxidation at 80 K the grown Ga oxide on Ni(100) was annealed step by step 

up to 700 K. Fig. 8.9 shows the evolution of the p-to-p intensity of the Ni(848 eV), 

Ga(1070 + 1066 eV), and O(503 eV) AES transitions during annealing. With increasing of 

the temperature, the Ni(848 eV) signal starts to increase. The AES intensities of the 

Ga(1070 + 1066 eV) and O(503 eV) transitions show a stable behavior with a small 

decrease after 500 K. Thus, Ga2O3 is stable in this temperature region and the 

small decrease is may be due to the diffusion of unoxidized Ga atoms into the Ni 

substrate, or to the ordering of the oxide layer. From the increase of the intensity 

of the Ni(848 eV) AES transitions, the thickness of the Ga2O3 is calculated and it 

amounts to ~ 15 Å after annealing at 700 K. 
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Fig. 8.10 shows an overview of the evolution of the AES ratio intensity of O/Ga 

(a) during oxidation at 80 K, (b) during annealing between 80 and 700 K, and (c) 

during oxidation at 700 K. The O/Ga p-to-p ratio during the oxidation at 80 K 

(plot (a)) shows that above 1000 L a saturation level is reached. During annealing 

of the Ga oxide the O/Ga p-to-p ratio remains constant (plot (b)). The appearance 

of the Ni(848 eV) transition at 300 K and the increase of its AES signal with 

temperature leads to a decrease of the O/Ni p-to-p ratio (plot (b)). May be the 

Ga2O3 layer contains also some unoxidized Ga atoms. The presence of such atoms 

is confirmed by the further oxidation at 700 K (plot (c)). The AES p-to-p ratio of 

O/Ga increases with the increase of oxygen exposure up to ~ 500 L. Above this 

exposure a saturation level is reached. 
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Fig. 8.10. O/Ga p-to-p ratio as a function of a) O2 exposure at 80 K; b) 

annealing temperature in the range between 80 – 700 K; c) O2 exposure at 

700 K. In addition, in plots b) and c) the dependence of the O/Ni – ratio is 

shown. 

 

 

The thermal stability of grown Ga oxide was also studied. Fig. 8.11. shows the 

intensity of the Ni(848 eV), Ga3+
(1066 eV) and O(503 eV) AES transitions as a function of 
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the annealing temperature. Up to around 950 K both O(503 eV) and Ga3+
(1066 eV) 

signals remain almost constant which suggests that the Ga2O3 is thermostable. 

Simultaneously, the Ni(848 eV) signal increases continuously with temperature, 

which could be either because the thickness of the overlayer is decreasing, or 

because the Ga oxide becomes better ordered. 
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Fig. 8.11. The AES intensity of the AES transitions of Ni(848 eV) (,),O(503 eV) 

(-) and Ga3+
(1066 eV) (L) as a function of the annealing temperature. 

 

 

After annealing above 950 K the intensity of Ga3+
(1066 eV) and O(503 eV) transitions 

starts to decrease faster while that of Ni(848 eV) is still increasing. From the increase 

of the intensity of the AES Ni(848 eV) transition the effective thickness of the Ga2O3 

layer, after annealing at 950 K, is estimated to be ~ 5.5 Å. At 1200 K, the Ga2O3 

is decomposed and desorbed from the surface and an AES spectrum of clean Ni 

surface was found. 
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8.2.2.2 EELS 

The growth and the vibrational properties of Ga oxide in the temperature range 

between 80 and 1200 K were also studied by EELS. 

Fig. 8.12 shows two EEL spectra: (bottom) after deposition of a 30 Å thick Ga 

layer on the O-c(2×2) layer on Ni(100) at 80 K and (top) after exposing this Ga 

layer to 1500 L of oxygen at 80 K. In the bottom spectrum the intensity of the 

elastic beam is very low (~ 103 c/s) and no certain loss can be observed. This is 

not surprising, because the Ga layer is not ordered and scattering from such a 

surface always gives a low intensity and a broad angular distribution. No loss 

corresponding to covalent stretching mode of Ga dimers at 7 THz (~ 234 cm-1) 

[163, 164] could be resolved. The spectrum at top is obtained after exposing the 

Ga layer at 80 K to 1500 L of O2 which corresponds to the saturation level. The 

EEL spectrum exhibits a broad loss feature between 450 and 900 cm-1. Such a 

loss feature corresponds to vibrations of different Ga-O bonds. 

 

 
Fig. 8.12. EEL spectra of Ga-O/Ni(100) as a function of oxygen exposure at 

80 K 
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However, the shape of this loss feature does not permit to assign some certain loss 

to a specific Ga-O bond. The models on the right side of Fig. 8.12 show the 

scenario which may takes place at 80 K: The Ga layer is unordered and the 

exposure to oxygen leads to the penetration of oxygen into the Ga layer where an 

amorphous Ga oxide grows. 

Fig. 8.13 shows EEL spectra after oxidation at 80 K of the Ga layer on Ni(100) as 

a function of the annealing temperature.  
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Fig. 8.13. EEL spectra of the O-Ga/O-c(2×2)/Ni(100) system as a function of 

annealing temperature. 
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At 300 K, the EEL spectrum shows a broad loss feature which, during annealing 

to 500 K shifts from 640 to 690 cm-1. EEL spectra of a-Ga2O3 (amorphous Ga2O3) 

grown at 300 K [95] exhibit usually two losses at ∼ 400 and 690 cm-1. However, 

the oxidation at 80 K and annealing at 300 K leads to EEL spectra which shows 

only one broad loss at ∼ 640 cm-1. 

The frequency of 677 cm-1 found for the vibrational excitation of the diatomic Ga-

O bond observed in the EEL spectrum of Ga oxide on GaAs(100) [154] is similar 

to the frequency of the loss found in our EEL spectrum. Therefore we assign this 

loss to vibrational excitations of Ga-O bonds in the Ga oxide structure. Taking 

also into account that a diffuse LEED pattern was found, we readily conclude 

that, after oxidation at 80 K and also after annealing at room temperature, an 

amorphous Ga oxide is formed. After annealing at 600 K new losses develop and 

at 700 K intense losses at 305 (ν1), 470 (ν2) and 745 cm-1 (ν3) occur. These 

intence losses are Fuchs-Kliewer (FK-) modes of Ga2O3. FK-phonons are typical 

for insulating or semiconducting thin layers on metal surfaces [43, 44]. 

After annealing at 700 K, the sample was again exposed to oxygen. Fig. 8.14a 

shows EEL spectra of the sample as a function of oxygen exposure. The 

intensities of the elastic beam and of the losses increase with increasing oxygen 

exposures and the losses became sharper.  

For oxygen exposure above 200 L, in addition to the vibrational losses at 305 (ν1), 

470 (ν2) and 745 cm-1 (ν3), multiple losses at 1215 (ν2+ ν3) and at 1490 cm-1 

(ν3+ ν3), and gain peaks at -305 (ν1), -470 (ν2) and -745 cm-1 (ν3) occur. By a 

comparison of the frequencies of these losses with the frequencies of the losses 

found for β-Ga2O3 on CoGa(100) [94] and γ´-Ga2O3 on CoGa(110) [93] and 

CoGa(111) [165], the formation of a well-ordered Ga2O3 is concluded. In general, 

the formation of Ga2O3 is thermodynamically favored in comparison to the 

formation of NiO, because the heat of formation ( )1
32 1080)( −−=∆ kJmolOGaH f  

[166] is higher than the corresponding value for NiO ( )1240)( −−=∆ kJmolNiOH f  

[78]. 
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Fig. 8.14. (a). EEL spectra of Ga2O3/Ni(100) as a function of oxygen exposure 

at 700 K. 

 

 

Table 8.1 shows an overview of the characteristic frequencies of the losses found 

in EELS experiments for amorphous and well-ordered Ga2O3 layers grown on 

various substrates. For amorphous Ga2O3 (a-Ga2O3) layers grown at 300 K, 

always two losses are found in the frequency range between 430 and 510 and at 

around 690 cm-1. In the case of Ga2O3 grown at 300 K on CoGa(110), the EEL 

spectra exhibits three losses [93]. This suggests, that at 300 K a mixture of 

domains of a-Ga2O3 and γ-Ga2O3 may coexist on the surface. In general, for a-

Ga2O3, only two modes are expected due to the solely tetrahedral coordination of 

the Ga3+ ions. Two IR modes are also predicted by the group theory. However, in 

the investigations of the oxidation of Ga at 80 K only one loss was found. This 

suggests, that the grown oxide is not stoichiometric or may be the oxygen atoms 

are only chemisorbed on the Ga layer. Only after annealing at 700 K, the EEL 
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spectra exhibits the well known losses of well-ordered thin films of Ga2O3 with 

three losses at 305, 470 and 745 cm-1 which are identical to those found for γ´-

Ga2O3 on CoGa(110) (see Table 8.1 and [93]). 

 

 

Table 8.1. The characteristic frequencies of the optical phonons for some thin 

Ga2O3 layers on various substrates. 

System Frequency of the losses (cm-1) Temperature (K) Ref. 

a-Ga2O3/CoGa(001) 400                     690 300 [95] 

a-Ga2O3/CoGa(110) 435            510            705 300 [93] 

a-Ga2O3/Ni(100) 640 80 This 

work 

β-Ga2O3/CoGa(001) 305       455       645       785 700 [94] 

γ´-Ga2O3/CoGa(110) 305       470       605       745 770 [93] 

Ga2O3/CoGa(111) 300       470       640       730 800 [165] 

γ´-Ga2O3/Ni(100) 305       470                    745  This 

work 

 

 

In order to verify the proposed type of oxide, the experimental EEL spectrum was 

compared to calculations for a model of a Ga2O3 layer on a Ni(100) substrate 

based on the dielectric theory [167, 168] (see Section 1.2.1.3). The dielectrical 

theory permits the calculation of an EEL spectrum, by using the transversal 

optical phonons nTO,ω  [169], 0ε , and ∞ε  [29] of Ga2O3 which are known from 

infrared spectroscopy. The thickness d  of the Ga2O3 film is a free parameter and 

was assumed to be 7Å. The values of the fitting parameters ωTO,n – the frequency 

of the transversal optical phonons, Qn – the oscillator strength and the damping 

constant γ/ωTO,n are summarized in Table 8.2. The calculated spectrum shown in 

Fig. 8.14(b) (solid line) reproduces very well the measured spectrum (dotted line) 

concerning the frequencies of the losses and their relative intensities.  
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Table 8.2. Values of the parameters used in the calculations. 

n  )( 1
,

−cmnTOω [169] nQ  nTO,ωγ  

1 

2 

3 

4 

285 

402 

605 

680 

1.4 

1.5 

0.04 

0.6 

0.0993 

0.0674 

0.0496 

0.0420 

Å7=d , 15.70 =ε , 61.3=∞ε  [29]; γ = 0,03, ω p = 55000 s-1    

 

This confirms that on Ni(100) a Ga2O3 layer is formed. The frequencies of the 

losses found in this work are very similar to those of the Ga2O3 layer grown on 

CoGa(110) and CoGa(111) which strongly suggests that the same Ga2O3 phase is 

present. 
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Fig. 8.14 (b). Measured (doted line) and calculated (solid line) EEL spectra of 

Ga2O3/Ni(100). 
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After oxidation at 700 K, the Ga2O3 /Ni(100) system was gradually annealed up to 

1200 K. Fig. 8.15 shows EEL spectra as a function of the annealing temperature. 

The intensity of the elastic beam and that of the loss at 470 (ν2) increases with 

increasing annealing temperature up to 900 K. At 900 K, the intensity of the loss 

470cm-1 (ν2) exceeds that of the loss at 745 cm-1 (ν3). After annealing at 1000 K a 

new loss at 660 cm-1 occurs, which shifts to 620 cm-1 by annealing to 1100 K and 

the intensity of the loss at 745 cm-1 (ν3) is decreased. The frequencies in the range 

between 620 and 660 cm-1 are typical for excitation of Ga-O bonds in a Ga oxide 

structure [84]. The change of the frequencies of the losses and the appearance of  

a new loss between 1000 – 1100 K shows that in this temperature range a 

structural change in the Ga oxide occurs. This finding is different to that of Ga2O3 

grown on surfaces of intermetallic alloys. It seems that the substrate atoms play a 

different role, may be some of the Ni atoms diffuse into the Ga2O3 layer and new 

structures of mixed Ga-Ni-oxide are built.  
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Fig. 8.15. EEL spectra of Ga2O3/Ni(100) as a function of annealing 

temperature. 
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After annealing at 1200 K, the Ga2O3 film is completely destroyed, and in the 

EEL spectrum only a broad loss at 321 cm-1 can be observed. May be some 

oxygen atoms remain on the surface and form a p(2×2) like oxygen structure on 

Ni(100). The LEED pattern shows a diffuse p(2×2) structure and confirms this 

assumption. However, this loss is very broad, which suggests that this is not a 

perfect, clean O-p(2×2) structure. 

 

 

8.2.2.3 LEED 

The formation of Ga oxide on Ni(100) was also studied by LEED. Fig. 8.16 (a) 

shows the LEED pattern and schematic representation of the c(2×2) oxygen 

structure (asterix) on the Ni(100) substrate (open circle). After deposition of Ga 

on the c(2×2)-O/Ni(100) surface and oxidation at 80 K an amorphous Ga2O3 

grows, which exhibits a diffuse LEED pattern. Fig. 8.16 (b) presents the LEED 

pattern of Ga oxide after annealing at 700 K and oxidation at this temperature. 

The LEED pattern of this Ga oxide shows a weak diffuse ring structure, which is 

indicative of a Ga oxide layer with domains with hexagonal structure randomly 

orientated with respect to the Ni(100) substrate. The lattice constant of the 

hexagonal unit cell deduced from the ring diameter is ∼2.8 ± 0.5 Å, a value that is 

close to the typical oxygen-oxygen spacing observed for different modifications 

of Al2O3 [170-172]. The existence of more or less distorted hexagonal oxygen 

layers is a common feature of nearly all of the many phases of Al2O3 [170-172]. 

Most of the Ga2O3 phases are isomorphic to the appropriate Al2O3 phases, 

therefore, the same oxygen-oxygen spacing is also present in Ga2O3. This spacing 

is approximately twice the value of the O2- ionic radius (1.4 Å). A reasonable 

interpretation is therefore, that the observed hexagonal structure corresponds to 

compact hexagonal planes of oxygen ions. In fact, the structure of all known bulk 

Ga oxides is based on compact fcc or hcp oxygen lattices. In γ´-Ga2O3 the side of 

the cubic unit cell is 4.1 Å, therefore the basis vectors along the (111) plane are 

2.91 Å long (See Table 5.2). Concequently, the Ga2O3 phase observed on Ni(100) 
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can be interpreted in terms of γ´-Ga2O3 which grows with the (111) plane parallel 

to the substrate (100) surface plane. The LEED data are in a good agreement with 

the finding in the EEL measurement which shows that a well-ordered Ga2O3 is 

formed on Ni(100) at 700 K. 

After annealing at 1100 K, a new structure develops (solid circle (Fig. 8.16 (c)) 

which may result from the top layer of an ultra thin film of β-Ga2O3 on Ni(100) 

(open circle (Fig. 8.16 (c)). In addition to the Ni(100) Bragg reflections, spots of a 

(2×1) structure of two domains which are rotated by 90° are observed. The lattice 

constants of the (2×1) structure amount to Å1.01.3 ±=a  and Å1.02.6 ±=b . The 

lattice constants of the unit mesh of the top layer of the monoclinic β-Ga2O3 are 

Å04.3
32

=− OGaaβ  and Å80.5=b  which agree well with the (2×1) LEED pattern. 

In one direction ( )( )12~
32 ×− aa OGaβ  there is an almost perfect coincidence, while in 

the second direction the lattice mismatch amounts to ~ 6 %.  

 

 
 

Fig. 8.16. LEED pattern of: a) O-c(2x2)/Ni(100) surface; b) Ga2O3/Ni(100) 

after oxidation at 700 K; c) the ultra thin β-Ga2O3 layer after annealing at 

1100 K, Ep=122 eV. On the left side of the figures are shown the LEED 

pattern. The second half (right side) shows a schematic of the LEED pattern. 
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Thus, a slightly distorted (expanded) surface structure of the ultra thin β-Ga2O3 

layer may results. The oxide structure is in coincidence with the substrate 

structure 







×=×

32
4

2
2

5 OGaNi aa  in the [ ]110  direction, while in the [ ]011  

direction, in which the second basis vector points, the coincidence with the unit 

mesh of Ni(100) is 







×=×

32
2

2
2

5 OGaNi ba . 
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8.3. Growth of Ga2O3 Films at 300 K 
 

 

8.3.1 Deposition of Ga on Ni(100) 
At 300 K, Ga was deposited on the clean Ni (100) surface in the OMICRON – 

UHV apparatus. Fig. 8.17 shows the peak-to-peak (p-to-p) intensity of the Auger 

transitions of Ni(848 eV) and Ga(1070 eV) as a function of deposition time. During Ga 

deposition the p-to-p intensity of Ni(848 eV) decreases while the p-to-p intensity of 

Ga(1070 eV) is increasing. After 15 minutes deposition the effective thickness of the 

Ga film was estimated to be 15 Å.  

 

 
 

Fig. 8.17. The p-to-p intensity of the AES transitions of Ni(848) (!)and Ga(1070) 

(-) during deposition of the Ga layers on Ni(100) at 300 K and the thickness 

(L) of the Ga layer, calculated from the AES spectra. 
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On the right side of the graphic is plotted the effective thickness of the Ga layer as 

a function of the deposition time, which was estimated from the AES data 

(equation (1.13)). Up to a deposition time of 10 min, the thickness of the Ga layer 

increases linearly, for larger deposition a smaller increase is observed. The reason 

of the smaller increase of the Ga AES signal could not be clarified in this study. 

For a larger deposition time some large clusters (bubbles) of Ga are formed on the 

surface, which could be observed on some STM images. One example is shown in 

Fig. 8.18 which presents a STM image of Ga clusters. The diameter of the 

“bubbles” extends up to 2000 Å. This large drops which are formed on the 

surface, may induce an incorrect determination of the effective thickness, due to 

an inhomogeneous distribution of Ga on the surface. Large clusters were also 

observed in the study of Ga on silica at 100 K [161].  

 

 
 

Fig. 8.18. STM image of Ga clusters (“drops”) with scanned area of 104 Å × 

104 Å (Ut = 1.5 V, It = 3.0nA). 
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Electron Induced Desorption (EID) of Ga atoms caused by the electron beam of 

the Auger gun (3 kV, 1 µA) may also lead to an incorrect determination of the 

effective thickness.  

After a nominal deposition of 15 Å of Ga, a diffuse illumination of the LEED 

screen is observed, which indicates that at 300 K a disordered Ga film is formed. 

At 300 K, no ordered LEED pattern can be expected due to the large mobility of 

the Ga atoms close to the low melting temperature of Ga (302.91 K). 

Fig. 8.19a presents a STM image with a scanned area of 1000 Å × 1000 Å taken 

after a nominal deposition of 0.02 Å of Ga on Ni(100) at room temperature. This 

figure shows that Ga grows in small two-dimensional islands on the Ni (100) 

surface. A line scan was performed in order to estimate the size and the height of 

the islands. They are around 20 Å in diameter with a height of 1.2 Å above the Ni 

surface. This height suggest that the Ga atoms are sitting in fourfold hollow sites 

on Ni(100). A model of the Ga atoms, sitting in fourfold hollow sites of the 

Ni(100) is drawn in Fig. 8.19c. The distance between two fourfold hollow sites on 

Ni(100) amounts to 2.48 Å. In the orthorhombic α-Ga phase (a = 4.5107, b = 

4.5167, c = 7.6448 Å) the distance between two Ga atoms in a “dimer” is 2.465 Å 

and a X-ray diffraction study suggests that the covalent bond in the dimer is 

expanded [173]. Such a covalent dimer bond seems to be also possible on the 

Ni(100) surface for Ga atoms sitting in fourfold hollow sites which are separated 

by a distance which is close to the distance between two Ga atoms in a dimer. Fig. 

8.19b shows the distribution of the Ga islands after deposition of 0.02 Å of Ga at 

300 K. The distribution exhibits a maximum of the island size centered at ~ 380 

Å2. After a nominal deposition of 0.02 Å of Ga about 2% of the Ni(100) surface is 

covered by Ga atoms. The two-dimensional (Frank-van der Merwe) growth of Ga 

on the Ni(100) surface results to the large difference between the surface free 

energies of Ga ( )20 /720 mmJGa =γ  and Ni ( )20 /2364 mmJNi =γ . 
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Fig. 8.19. a) STM image (1000 Å × 1000 Å) with the line scan along the 

arrow, taken after a deposition of 0.02 Å of Ga 300 K (Ut = 1.5 V, It = 4.0 

nA); b) The distribution of the Ga islands; c) A model of the Ga atoms, 

sitting in fourfold hollow sites on Ni(100). 
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Fig. 8.20 shows a STM image with a scanned area of 1000 Å × 1000 Å after a 

nominal deposition of 1.5 Å of Ga. Three terraces of Ga are observed on the STM 

image which are denoted by A, B and C. The black holes represent the terrace C 

and may correspond to Ga free areas i.e. areas of the clean Ni(100) surface. The 

step height between terrace C and B amounts to 2.1 Å. The terrace B covers about 

85 % of the surface. On terrace B the third terrace A is located which is separated 

by a step height of ~1.1 Å. The terrace A covers about 10 % of the surface (with 

respect to the Ni(100) surface). A nominal thickness of 1.0 Å should correspond 

to one complete monolayer of Ga, therefore, the over whole sum of the terraces B 

and C may correspond to 1.5 ML.  

 

 
 

Fig. 8.20. STM image (1000 Å × 1000 Å) with the line scan along the arrow, 

taken after a deposition of 1.5 Å of Ga and a model of the terraces on the 

Ni(100) surface (Ut = 1.0 V, It = 0.8 nA). 
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However, a smaller coverage is observed (~1 ML) which may result by the 

agglomeration of Ga “bubbles” on some areas. A model of the terraces of Ga on 

the Ni(100) surface is also shown in Fig. 8.20. 

Fig. 8.21 shows two STM images taken after a nominal deposition of 4.5 Å (Fig. 

8.21a) and 15.0 Å of Ga (Fig. 8.21b) on Ni(100), respectively. On both figures 

three terraces can be recognized. Two of them B and A are not completely filled. 

They are marked by A and B on the models. Ci represent the already completed 

Ga layers. 

 

 
 

Fig. 8.21. STM images with a scanned area of 1000 Å × 1000 Å taken after 

deposition of Ga on Ni(100) with a nominal thickness  of 4.5 Å (a) (Ut = - 1.4 

V, It = 0.42 nA) and 15.0 Å (b) (Ut = 0.24 V, It = 0.24 nA). Under the STM 

images are sketched appropriate models. c) A model of  the arrangement of 

the Ga atoms. 
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For a nominal thickness of 4.5 Å, three completed layers are expected below the 

two layers A- and B-, (see the model in Fig. 8.21a). After a nominal deposition of 

15.0 Å, there are many completed layers (Cn - the model on Fig. 8.21b). On both 

STM images (a) and (b) it is not possible to recognize if the terrace Ci are defect 

free or not. The step height between the terraces is as follow: B over C = 2.10 Å, 

A over B = 2.10 Å. This distance suggests that the Ga atoms are sitting between 

two neighboring Ga atoms (bridge sites) as shown in the sketch. However we 

have to point out that such a distance is not found in the α-Ga phase. Züger and 

Dürig [174] found that the (010) surface shows steps which are 3.8 Å high. This 

distance is one-half of the unit cell of α-Ga and no steps of 1.9 Å (or 4c ) are 

found. In our case the distance between the terraces is closer to 4c which would 

corresponds to a splitting of the metallic bilayer in the α-Ga structure. On the 

other hand it is questionable, if the Ga atoms are growing with the α-phase and 

with the (010) surface of the α-Ga structure parallel to the Ni(100) surface. The 

sketch in Fig. 8.21c represents a model of the arrangement of the Ga atoms 

towards to each other. In the model the calculated height between two Ga terraces 

is 2.11 Å, which is in a good agreement with the measured one ~ 2.10 Å. 

 

8.3.2 Oxidation 
At 300 K, a Ga layer with an effective thickness of 15 Å was oxidized until 

saturation. 

 

8.3.2.1 AES 

Fig. 8.22 shows the p-to-p intensity of the AES transitions as a function of oxygen 

exposure at 300 K. The p-to-p intensity of Ni(848 eV) decreases continuously which 

is due to the increasing of the film thickness during the oxidation process. In Fig. 

8.22 two different AES transitions of Ga are presented, first the LMM transitions 

of the metallic Ga0
(1070 eV) and secondly from the ionic Ga3+

(1066 eV) which is 

formed during the oxidation. With increasing oxygen exposure the p-to-p 
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intensity of O (503 eV) increases and that of the metallic Ga0
(1070 eV) decreases. This 

decrease is due to the transformation of metallic Ga0 atoms into Ga3+ ions. Thus 

the AES intensity of Ga3+ is increasing during oxygen exposure. The signal of 

oxygen is increasing up to 1000 L. Above 1000 L a saturation level is eventually 

reached. After an exposure of 1400 L of oxygen the AES intensity of Ga0
(1070 eV) 

decreased to approximately 50% of its initial value. This suggests that only a part 

of the Ga layer is oxidized, while an unoxidized Ga layer remains as an interface 

layer. After oxidation at 300 K, the total thickness of the overlayer consisting of 

metallic Ga0 and Ga2O3 is determined to be ~ 18 Å.  
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Fig. 8.22. The p-to-p intensity of the AES transitions of O(503)(L), Ni(848)(!), 

metallic Ga(1070)(-) and Ga(1066)(,) as a function of O2 exposure at 300 K. 

The solid lines represent a guide for the eyes. A model of the 

Ga2O3/Ga/Ni(100) system is also shown. 
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The thickness of the oxide layer and of the metallic Ga interface layer is 

approximately equal. However we have to point out that the deconvolution of the 

Ga0 signal at 1070 eV and of the Ga3+ signal at 1066 eV can be done only with a 

large error. Therefore, the values of the thickness has to be considered with care. 

The inset of Fig. 8.22 shows a model of the system which indicates, that the 

overlayer consists of two parts: a metallic Ga interface layer and a top layer of 

Ga2O3, both layers with a thickness of ~9 Å. The oxidation process is also clearly 

illustrated in Fig. 8.23 which shows two typical AES spectra: (a) after a nominal 

deposition of 15 Å of Ga at 300 K and (b) after oxidation with 1400 L with O2 at 

300 K. After oxidation the shape of AES transitions in the low energy region is 

changed drastically. The intensity of Ga0 transitions at 51, 55, 81 and 108 eV are 

diminished and AES transitions of Ga3+ at 45, 48, 77, and 104 eV are observed. A 

change of the LMM Ga transitions is also observed, the intensity of Ga0 

transitions at 1070 and 1097 eV are diminished and transitions of Ga3+ at 1066 

and 1094 eV, respectively, have developed. By comparison of the signals of the 

LMM transition of Ga at ~1070 eV in the spectra (a) and (b) two aspects are 

observed: first, the p-to-p intensity in spectrum (a) is much higher than that in 

spectrum (b) and second, in spectrum (b) there are two transitions at 1070 and 

1066 eV. It is difficult to deconvolute these two transitions perfectly, and 

therefore an overlap of both signals is observed. If the total amount of Ga is 

oxidized, only the transition at 1066 eV would be present with an intensity which 

is approximately equal to that of the Ga signal at 1070 eV in spectrum (a). Thus, 

the apparent decrease of the signal at 1070 eV is a result of the appearance of two 

AES transitions at 1066 and 1070 eV. The argument, discussed above holds also 

for the AES transition at 1097 eV. All these changes are due to the oxidation of a 

part of the gallium atoms and to the formation of Ga3+ ions. Taking into account 

that at 300 K no ordered LEED pattern is observed, we readily conclude that, an 

amorphous Ga oxide is formed. However, not all the Ga atoms are oxidized and 

thus, the amorphous Ga oxide is located on an interface layer of metallic Ga, 

which is situated between the Ga2O3 layer and the Ni substrate. 
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Fig. 8.23. Two AES spectra recorded at 300 K: a) before and b) after 

oxidation of the Ga layer on Ni(100). A sketch of the oxidation is also shown. 

 

 

Such an interface layer was also observed in Section 8.2.2.1, where a Ga layer 

was oxidized at 80 K. 

Fig. 8.24 shows the p-to-p intensity of the AES transitions of O(503 eV), Ni0
(848 eV) 

and Ga(1070 eV + 1066 eV) as a function of annealing temperature. We have to consider 

that the AES signal is measured with a CMA and this implies that only electrons 

which are emitted under an angle of 42 ± 2° are detected. It seems that the  

emission angles for AES electrons after ordering are changed. If some of these 

emission directions coincide with the CMA angle of 42° it is understandable why 

during the annealing between 300 and 600 K the signals of Ga and O are 

increasing and passing through a broad maximum. Otherwise (if the angle does 

not coincide these directions) the signals will decrease or remain constant even 

though the film thickness remains constant. The same phenomena was also 

observed by Schmitz et al. [175]. However, even with the increase of the Ga and 

O intensity, the total thickness of the overlayer is decreasing. This is shown by the 
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increase of the AES intensity of Ni(848 eV). After further annealing the AES signals 

of Ga and O decrease and above 700 K Ga signal reaches a value which is 

constant up to ~850 K. Above ~900 K the AES signal decreases further. This 

evolution suggests that the Ga atoms from the interlayer diffuse into the Ni 

substrate and the most stable phase of the Ga2O3 seems to be between 700 and 

850 K. Such a behavior was also observed after deposition of Ga at 80 K and 

oxidation (see Section 8.2.2.1). During annealing in the temperature range 

between 300 and 900 K the Ni signal increase continuously which suggest that the 

thickness of the layers grown on Ni(100) is diminishing. For instance, after 

annealing at 700 K, the thickness of the layers above Ni(100) (the oxide and the 

remaining metallic Ga) amount to ~16 Å. At 900 K the thickness of the overlayer 

is strongly reduced (~3 Å). 
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Fig. 8.24. The p-to-p intensity of the AES transitions of O(503 eV), Ni(848 eV), and 

Ga(1070 eV) and Ga(1066 eV) as a function of the annealing temperature. The solid 

lines represent a guide for the eyes. The models show schematically the 

changes of the Ga2O3/Ga/Ni system. 
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8.3.2.2 LEED 

Fig. 8.25a shows a LEED pattern of the clean Ni(100) which exhibits a (1x1) 

structure. After deposition of 15Å of Ga the substrate diffraction spots vanish 

completely and the LEED screen exhibits only diffuse illumination. During 

oxidation at room temperature, the LEED pattern is still diffuse showing that an 

amorphous oxide layer is formed. A similar behavior was reported for the room-

temperature oxidation of CoGa(100) [94, 95, 138, 176], and CoGa(110) [93].  

 

 

 
 

Fig. 8.25. LEED pattern of: a) the clean Ni(100) surface; b) of the gallium 

oxide layer after annealing at 700 K, E = 70 eV; c) A schematic of the Ni(100) 

and Ga2O3 unit cells in the reciprocal space. 
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The gallium oxide film which is formed after annealing at 700 K shows a 12-fold 

ring structure, which can be explained by two domains with hexagonal structure, 

which are rotated by 90° with respect to each other (Fig. 8.25b). The lattice 

constant of the hexagonal unit cell is determined to be 2.83 ± 0.05 Å. A similar 

structure of the thin Ga2O3 layer was found in Section 8.2, where an amorphous 

Ga2O3 layer was grown at 80 K and annealed at 700 K [177]. The hexagonal 

structure of Ga2O3 can be explained by the formation of γ′-Ga2O3 layer which 

grows with the (111) plane parallel to the (100) surface of Ni. In Fig. 8.25c a 

schematic of the Ni(100) and Ga2O3 unit cells in the reciprocal spece are shown. 

The presence of low intensity spots observed close to the center of the LEED 

pattern suggests that a superstructure with a large unit cell could also be present 

on the surface. 

 

 

8.3.2.3 STM 

The growth of the Ga oxide layer on Ni(100) was also investigated by STM. The 

STM images are taken directly at the respective annealing temperature by 

scanning the same surface area. The STM images of the amorphous Ga2O3 which 

is formed at 300 K exhibit small Ga oxide islands (not shown here) with a very 

rough surface. Afterwards the amorphous Ga oxide layer was gradually annealed. 

During annealing between 300 and 800 K an ordering of Ga oxide is observed and 

the oxide is transformed into the well-ordered γ′-Ga2O3 phase. Simultaneously the 

Ga oxide islands grow (coalesce) together. Fig. 8.26 shows STM images with a 

scanned area of 1500 Å × 1500 Å of Ga2O3 on Ni(100), taken during the step-by-

step annealing. The roughness of the surface is shown by a line scan located 

below the images. The first image taken at 500 K shows a rough surface with 

black areas, which correspond to holes about 2 Å deep. Three different terraces 

are observed which are separated by steps with a height of ~ 2 Å. The black areas 

belong to the deepest terrace.  
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On the top two terraces (brown and orange) a smooth morphology is found with a 

roughness of ~ 3 Å. After annealing at 600 K, the size of the terraces increases 

and the holes which are 2 Å deep can be more easily recognized. At 700 K , the 

morphology of the surface is changed: large terraces are developed which are very 

smooth and flat. The terraces have an irregular shape. The black holes (lowest 

terrace) already observed at 500 and 600 K are now larger. The larger size of the 

black holes is a result of the coalescence of the oxide terraces. The step height 

between the terraces is determined to be about 2 Å. Already, the LEED data have 

suggest that the well-ordered Ga oxide grown at 700 K corresponds to the γ′- 

Ga2O3 phase, which grows with the (111) plane parallel to the (100) surface of Ni. 

The STM and LEED data suggest that all the terraces are formed with the (111) 

plane of γ′- Ga2O3 phase parallel to the Ni(100) surface. The distance between 

two (111) planes of oxygen in the γ′- Ga2O3 structure is about 2 Å . Therefore, is 

not surprising, that the step height between two terraces is ~2 Å. On the other 

hand the formation of large terraces, larger than the transfer width of LEED 

permits the observation of a LEED structure. After annealing at 800 K the terraces 

and the black holes, respectively became even larger, which is a result of a further 

coalescence of the oxide terraces with the temperature. They still have an 

irregular shape (Fig. 8.26d). On Fig. 8.26e a model of the surface after annealing 

at 700 K is drawn. On the sketch are noticed the step height of the terraces and a 

scheme of the γ′- Ga2O3(111) lattice. After annealing at 900 K, the terrace 

structure of the oxide starts to be destroyed. We found places, where the oxide 

structure was present, but also regions, where no oxide was observed. Taking into 

account the diminished Ga and O AES signals and the still present LEED pattern, 

we readily conclude, that the Ni surface is partially covered by Ga oxide. 

Fig. 8.27 shows a STM image with a scanned area of 300 Å × 300 Å after 

annealing at 700 K and after cooling down to 300 K. On the STM image only one 

terrace is observed. The network of streaks which form angles of 60° or 120° with 

respect to each other suggests that the streaks result from a hexagonal 

superstructures. From the distance between the streaks, the periodicity of the 
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superstructure amount to ~15, ~21 and ~29 Å. The STM image in Fig. 8.27 was 

taken at a bias voltage of Ut = - 0.7 V which is different from that used in Fig. 

8.26. The Zoom In (50 Å × 60 Å) shows atomically resolved strikes, where 

hexagonal unit cells with a lattice constant of ~3.8 ± 0.5 Å are observed. 

 

Fig. 8.27. STM image with a scanned area of 300 Å × 300 Å and Zoom In 

image with of an area of 50 Å × 60 Å, after annealing at 700 K (Ut = - 0.7 V, It 

= 0.4 nA). The angles and the distances between the streaks and one of the 

hexagonal unit cells are schematically shown. 

 

 

This lattice constant is larger than that determined from the LEED data. 

Nevertheless, we believe that the discrepancy may result from a deficient 

calibration. 
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Summary 
Ga was deposited on Ni(100) in two different procedures: first, Ga was deposited 

at 80 K on a Ni(100) substrate, which was covered with a c(2×2)-oxygen 

overlayer and secondly, Ga was deposited at 300 K directly on Ni(100). 

Ga grows disordered on the O-c(2×2)/Ni(100) surface at 80 K. Oxygen adsorption 

at 80 K leads to the formation of an amorphous Ga oxide which seems to be non 

stoichiometric. After annealing and oxidation at ~ 700 K, the LEED pattern of the 

Ga oxide film shows a ring structure of randomly oriented and distorted 

hexagonal domains. By annealing at 1100 K, ultra thin layers of β-Ga2O3 are 

formed. At 1200 K, the Ga oxide is decomposed and desorbed from the surface. 

At 300 K and low nominal deposition, Ga grows as two-dimensional islands on 

Ni(100). Oxidation at 300 K leads to the growth of an amorphous Ga oxide. 

Annealing up to 700 K leads to the formation of a well-ordered thin film of γ′-

Ga2O3, The LEED pattern of Ga2O3/Ni(100) shows a 12-fold ring structure which 

corresponds two hexagonal domains, which are rotated by 90° with respect to 

each other. During annealing between 300 and 800 K coalescence of the Ga2O3 

islands takes place and the amorphous Ga2O3 transforms into the well-ordered γ′-

Ga2O3 phase. 
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Chapter 9  
 

 

 

 

Preparation of a TMR – Model System e.g. 

Au/Co/Ga2O3/Ni(100) 
 

 

 

In most of the experiments on spin-polarized tunneling in ferromagnetic (FM)–

insulator (I)–ferromagnetic (FM) tunnel junctions, polycrystalline transition 

metals and amorphous oxides are used as FM and I layers, respectively. 

The success of FM–I–FM tunneling depends critically on the properties and the 

quality of the insulating tunnel barrier [13, 178]. Tunneling is extremely interface 

sensitive, because it displays the band structure of the electrodes surfaces close to 

the tunneling barrier [179-183]. The recent breakthrough in observing a TMR of 

nearly 20% in planar FM–I–FM junctions was possible mostly with tunnel 

barriers made of Al2O3, and to a limited extent with AlN and MgO barriers [13, 

23]. Other barrier materials, such as HfO2 and SrTiO3, with lanthanum peroxide 

as the FM electrodes, have also been described [184-186]. 

This Chapter deals with a basic research in which the growth and characterization 

of a TMR – model system is performed under well defined conditions. The first 

FM electrode is a Ni single crystal with (100) orientation. A thin film of Ga2O3 is 

grown as tunneling barrier. The second FM electrode is a thin layer of Co which 

is deposited on top of the Ga2O3 layer. The growth of the multilayers was 

performed in UHV apparatus I. The characterization was performed by means of 

Auger Electron Spectroscopy (AES), Low Energy Electron Diffraction (LEED) 

and High Resolution Electron Energy Loss Spectroscopy (EELS). 
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The clean Ni(100) surface was already described in Chapter 8. The AES spectrum 

and the LEED pattern of clean Ni(100) surface are shown in Fig. 8.1. A STM 

image of the surface is presented in Fig. 8.2. The growth and the properties of the 

Ga2O3 layer is described in Section 8 and will not be repeated here. In this 

Chapter we present the growth of the Co layer, as the second FM electrode, on the 

top of a well-ordered 7 Å thick γ´-Ga2O3(111) layer which was prepared on 

Ni(100). 

 

 

9.1 Growth and Properties of the Cobalt 

Ferromagnetic Layer 
 

9.1.1 Deposition of the Co Film 
The deposition of Co was performed by evaporation from a cobalt rod which was 

heated by electron bombardment. By using the set B of parameters a deposition 

rate of 0.8 Å/minute is obtained (see Section 6.1.3). Figure 9.1 shows the p-to-p 

intensities of the AES transitions of Ni(848 eV), Ga3+
(1066 eV), O(503 eV) and Co(775 eV) 

as a function of deposition time. As a function of the deposition time the signal of 

the AES transition of Co(775 eV) increases and the intensities of the other transitions 

of Ni(848 eV), Ga3+
(1066 eV) and O(503 eV) decrease. After a deposition time of 35 min, 

the intensity of the Ni(848 eV) transitions vanished completely, while that of 

Ga3+
(1066 eV) is decreased, by 60 %. The explanation is the following: The AES 

electrons of Ga3+
(1066 eV) have a IMFP of ~ 17 Å in Co, while the Ni electrons with 

an energy of 848 eV have a IMFP of ~ 14 Å [50, 148, 149]. The Ni(848 eV) 

electrons have to pass the Ga2O3 layer (~ 7 Å) and the Co layer which after a 

deposition time of 35 minutes has an effective thickness of ~ 10 Å. Hence, 

electrons of the Ni(848 eV) transition can not pass elastically the Ga2O3 and Co 

layers. The intensity of the transition of Ga3+ electrons at 1066 eV decreases 
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continuously during the deposition of Co and is almost zero after deposition of 55 

minutes. In this case the Ga3+
(1066 eV) electrons have to pass only the Co layer. 

The decrease of the AES signal of Ga3+
(1066 eV) was used to determine the effective 

thickness (d) of the Co overlayer ( )( ) Gafor   Å17 eV 1066≅λ . The effective film 

thickness after a nominal deposition of 16 Å was estimated to be 8 Å. After a 

deposition time of 55 minutes the effective thickness is estimated to be ~ 13 Å. In 

addition, the AES signal of the O(503 eV) transition was also used to determine the 

effective thickness of the Co layer.  
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Fig. 9.1a. The p-to-p intensity of the AES transitions of Co(775 eV) (x), Ni(848 eV) 

(,), Ga3+
(1066 eV) (L) and O(503 eV) (-) as a function of the deposition time of 

Co. The solid lines represent a guide for the eyes. 
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Fig. 9.1b. The effective thickness of the Co layer as a function of the 

deposition time. 

 

 

Using the oxygen transition ( )( ) Ofor   Å3.9 eV 503≅λ  [148], the effective thickness 

of the Co layer after deposition of 55 minutes is estimated to be ~ 12.5 Å, which 

is in a good agreement with the estimated thickness on the base of Ga3+
(1066 eV) 

transition. The effective thickness of the Co layer as a function of the deposition 

time is shown in Fig. 9.1b. 

Fig. 9.2 shows EEL spectra of the Ga2O3 layer on Ni(100) as a function of the 

effective thickness of the Co layer. The Co layer was deposited in a stepwise 

manner on the Ga2O3 surface up to the final effective thickness of 25 Å. The 

spectrum at the bottom represents the well-ordered Ga2O3 on Ni(100) (see also 

Chapter 8). It exhibits losses at 305 (ν1), 470 (ν2) and 745 cm-1 (ν3). The 

intensities of the two losses at 470 cm-1 (ν2) and 745 cm-1 (ν3) decrease about ten 

times after deposition of only 1.5 Å of Co. The loss at 305 cm-1 (ν1) is not 

observed anymore. When 3 Å of Co was deposited the intensity of the losses 
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decreases twenty times with respect to the bottom spectra and a very broad loss 

feature between 600 and 800 cm-1 develops. This loss feature originates from the 

loss at ~ 745 cm-1 and a new loss around 680 cm-1 occurs. After deposition of 5 Å 

of Co, the new loss at 680 cm-1 shifts to ~ 650 cm-1 and the loss at 745 cm-1 shifts 

to ~ 780 cm-1. However, these two losses are not resolved and only a very broad 

loss feature is observed in the frequency region between 550 and 800 cm-1. This 

suggest that many losses occur in this energy region – they could result from the 

same bonding structure which may are slightly different in the bond length and 

angles (inhomogeneous broadening). On the other hand the frequency of the FK-

phonons of CoO is lying between 523 and 565 cm-1 [187, 188] and may be some 

Co-O bonds result. It is interesting to notice that a similar loss structure was found 

by solely annealing the Ga2O3 films on Ni(100) at T ≥ 1000 K (see Fig. 8.15). As 

already mentioned in Section 8.2.2.2, may be some atoms of Co (in this case) 

diffuse into the Ga2O3 layer and a new structure (mixed oxide) is built. 

After deposition of Co with a effective thickness of 10 Å further shifts of 

frequency 650 cm-1 and 780 cm-1 appear and the intensity decreases further, while 

after 15 Å all losses are disappeared, which is due to the screening of the dipoles 

of the oxide by the metallic layer. 

What can be learned from the EELS investigations? 

ü Structure (growth mode) of the Co layer. 

With increasing the amount of deposited Co up to 10 Å the intensities of the 

EELS losses of the Ga2O3 decrease but are not zero. This suggest that Co grows in 

3D-islands on the surface which leaves part of the Ga2O3 surface free of Co. From 

this area which becomes smaller and smaller the EELS losses are observed. This 

is in agreement with the LEED observation: after deposition of Co with an 

effective thickness smaller than 15 Å the LEED screen exhibits diffuse 

illumination. Above this thickness of the Co deposit the whole surface is covered 

with Co and the EELS losses are screened. 

ü Loss features in the EEL spectra of the Ga2O3 layer. 
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Fig. 9.2. EEL spectra of γ´-Ga2O3/Ni(100) as a function of the effective 

thickness of the deposited Co overlayer. 

 

 

During Co deposition the intensities of all losses are decreasing. The week loss at 

305 cm-1 vanish after a deposition of 1.5 Å, while the other one only after 

deposition of ~15 Å. This later effect is explained by the screening of the dipoles 

of Ga2O3 by the Co layer. The new losses in the frequency region between 550 
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and 800 cm-1 which can not be resolved could be a result of the interaction of the 

Co clusters with the underlying Ga2O3 layer or by diffusion of some Co atoms 

into the Ga2O3 layer and the formation of a new structure (mixed Ga-Co oxide). It 

is clearly observed that especially the loss at 745 cm-1 is influenced by the Co 

deposit, according to the discussion above. 

From a thermodynamical point of view a cluster (3D) growth of Co on γ´-

Ga2O3(111) is expected, because of the difference between the surface free 

energies of Ga2O3 and cobalt. For Ga2O3 the value of the surface free energy is 

not known, but the similarity between Ga2O3 and Al2O3 allow us to use the value 

of surface free energy of Al2O3 for comparison. Depending on the structure of 

Al2O3 the surface free energy is between 650 and 925 mJ/m2 [74]. These values 

are considerable smaller then one of the cobalt (1870 mJ/m2). Thus, a 3D growth 

(V-W) is expected. On the right side of Fig. 9.2 a growth scenario of the trilayer 

structure is shown. 

 

 

 

9.1.2 The Thermostability of the Co/Ga2O3/Ni(100) 

System 
The stability of the multilayer Co(25Å)/Ga2O3(7Å)/Ni(100) system was 

investigated in the temperature range between 300 and 1200 K. The sample was 

annealed in steps of 100 K and the intensities of the AES transition of Co(775 eV) 

was studied as function of the annealing temperature. The results are plotted on 

Fig. 9.3. During the annealing up to 1100 K, the AES intensity of Co(775 eV) is 

constant and no other changes were observed. After annealing at 1200 K the 

intensity of the Co transition is strongly decreased, while the triplet of the Ni 

NMM transitions appear and the LEED pattern shows the structure of the clean 

Ni(100) surface.  
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Fig. 9.3. The p-to-p intensity of the Auger transitions of Co(775 eV) (x) and 

Ni(848 eV) (,)after every step of annealing. The solid lines represent a guide 

for the eyes. 

 

 

The decrease of the intensity of the Co transitions is related to the decomposition 

and desorption of the Ga2O3 layer which takes place above 1100 K [177]. 

Simultaneously, Co diffuses into the substrate. The thermostability of the 

Co/Ga2O3/Ni(100) system was also investigated by EELS. During annealing only 

the elastically reflected electrons are observed and no losses. This suggests that 

the Co film is stable on the surface and the Co atoms do not segregate through the 

Ga oxide film into the substrate. This represents a variance to the 

Co/Al2O3/NiAl(Ni3Al) systems, where at around 700 K a diffusion of the Co 

atoms through the Al2O3 was observed [150, 189]. 
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Fig. 9.4 shows LEED patterns which were obtained as follows: a) is the LEED 

pattern of randomly orientated domains of γ´-Ga2O3(111), grown on Ni(100) and 

shows a weak ring structure (see Section 8.2).  

 

 

 

 
 

Fig. 9.4. LEED pattern and models of the growth of the Co/Ga2O3/Ni(100) 

system: a) γ´-Ga2O3/Ni(100); b) Co(25Å)/Ga2O3/Ni(100) at room 

temperature; c) Co/Ga2O3/Ni(100) system after annealing at 700 K. The 

LEED images were taken at energy of 122 eV.  

 

 

After deposition of 25 Å of Co at 300 K the LEED pattern (b) exhibits a quadratic 

structure with a lattice constant of ~ 2.48 ± 0.05 Å which is similar to that of the 

unit cell of Ni(100). The Brag reflections appear on a diffuse background. This 

structure corresponds to a fcc Co(100) surface. This suggests that such a thick Co 

layer grows ordered on the γ´-Ga2O3 layer. Actually, because of the cluster 

growth mode of the Co on the Ga2O3 it is not possible to get perfectly well-

ordered thin Co layer. The Co clusters have to become large enough in order to 
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coalescence and to form ordered surfaces measurable by LEED. During annealing 

the LEED spots became sharper and structural changes develops. After annealing 

to 700 K the LEED pattern of the Co layer shows another quadratic pattern with 

an unit cell which has a lattice constant of 3.54 Å. Thus, the LEED pattern 

corresponds to the c(2×2) reconstruction of the (100) surface of fcc Co (see 

Section 5.2). 

 

 

9.2 Growth of an Au Layer on Co/Ga2O3/Ni(100) 
The growth of an Au cap layer on the Co layer was investigated by AES and 

LEED. A gold layer with a nominal thickness of 50 Å was evaporated on the top 

of the Co layer at 300 K. Fig. 9.5 shows the AES spectrum and the LEED pattern 

of the deposited Au layer. The AES spectrum exhibits only the gold transitions. 

 
 

Fig 9.5. AES spectrum and LEED pattern of the  

Au(50 Å)/Co(25 Å)/Ga2O3(7 Å)/Ni(100) system. 
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The LEED pattern was taken at energy of 122 eV and shows a 12 fold ring 

structure. This 12 fold ring structure is explained by two hexagonal domains, 

which are rotated by 90° with respect to each other. Therefore, Au grows with the 

(111)-plane parallel to the (100) surface of fcc Co. The lattice constant was 

estimated to be 3.52 ± 0.15 Å which corresponds to that of the unit cell of the 

Au(111) plane. 

 

 

 

9.3 The TMR - Model System 
The main purpose of our investigations was to study the growth and properties of 

a TMR – model system. Especially, we wanted to find conditions for an epitaxial 

growth of a well-ordered (crystalline) tunnel barrier and of the second FM layer. 

With other words we have studied: 

ü the growing properties; 

ü the oxidation behavior; 

ü the thermal stability 

of the ferromagnetic electrodes and the insulating tunnel barrier as well, like it is 

shown in Fig. 9.6.  

 
 

Fig. 9.6. Schematic presentation of the performed study. 
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We have performed several experiments with different thickness of the Ga2O3 

tunnel barrier and every time we obtained very similar growing properties, 

oxidation behavior and thermal stability as well. The transport properties 

(tunneling current) of this TMR system was not studied. For this a structuring of 

the surface (by lithography) is necessary which could not be done in our institute. 

Also, at 300 K electrons pass easy through the ultra thin Ga2O3 layer. Thus, 

transport measurements on a structured surface at low temperature are necessary 

in order to get information if such a structure has a potential of applications. 

 

 

Summary 
The scenario, described in this Chapter is schematically presented in Fig. 9.7. A 

TMR model system was grown on a ferromagnetic single crystalline substrate 

(Ni(100)). First, a 7 Å thick was grown on Ni(100). Co was deposited at 300 K on 

the Ga2O3 layer. 

 

 
 

Fig. 9.7. The schematic of the grown TMR system 

It was found, that a 25 Å thick Co layer grows ordered with the (100) plane of the 

fcc Co parallel to the Ni(100) surface. The Co layer covers completely the Ga2O3 

surface and screens perfectly the dipoles of the Ga2O3 layer. After annealing at 

700 K, the Co(100) surface is reconstructed and shows a c(2×2) structure. 

At 300 K, Au grows ordered on the c(2×2)-Co(100) surface. The LEED pattern 

shows a twelve fold ring structure which is explained by two domains with 

hexagonal structure, which are rotated by 90° with respect to each other. 
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Chapter 10  

 

 

 

 

The Formation of a Ni3Ga Surface Alloy – a 

STM, LEED and AES Study 
 

 

 

Intermetallic compounds such as transition-metal aluminides and silicides have 

attracted much attention in resent years, particularly as high-temperature 

structural materials [30]. Ordered compounds with a L12 (prototype Cu3Au) 

structure belong to a group of intermetallic phases and typically, they are formed 

in alloys of Ni, Fe and Pt. The nickel-containing compounds of the type Ni3X 

(X=Al, Ga, In, Pd) are the most promising materials for engineering applications 

due to their excellent mechanical parameters and their corrosion resistance. 

Binary intermetallic compounds that contain a transition metal and a group-III 

metal display also interesting electronic and magnetic properties. For instance, 

Ni3Al possess a weak itinerant ferromagnetism with TC = 71 K and a small  

magnetic moment (0.23 mB per cell) [31], while Ni3Ga is an exchange enhanced 

paramagnetic alloy [32], and Ni3In is nonmagnetic.  

In this Chapter some aspects of the formation of a surface alloy of Ni3Ga are 

presented. The data in this Chapter should be considered as preliminary results, 

further investigations are necessary to elucidate this complex problem. The 

investigations were performed in the OMICRON UHV apparatus and Ga was 

evaporated from a “Solid State Evaporation” source of Ga. 
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10.1 STM Investigations 
 

Ga was deposited at 300 K, on the clean Ni(100) surface, with different coverages 

of Ga: 10%, 30% and 90%. This coverage was determined by STM. Afterwards, 

the sample was annealed step by step and the surface morphology was 

investigated by means of STM, AES and LEED. 

 

§ Ni(100) covered with 10% Ga 

Fig. 10.1 shows a STM image of Ni (100) covered with 10% Ga. As already 

discussed in Section 8.3, Ga grows in small two-dimensional islands on the 

Ni(100) surface. The two-dimensional growth (Frank - Van der Merve) of Ga on 

Ni(100) is explained by the large difference between the surface free energy of Ga 

 

 
 

Fig. 10.1. a) STM image with a line scan of the Ni(100) surface covered with 

10 % of Ga (Ut = 1.0 V, It = 2.0 nA); b) The island distributions as a function 

of the islands area. 
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( )20 /720 mmJGa =γ  and Ni ( )20 /2364 mmJNi =γ . A line scan below the image 

shows the profile of the islands which have a height of ~1.2 Å. This height 

suggest that the Ga atoms are sitting in fourfold hollow sites on Ni(100 (see 

Section 8.3.1)). A model of the Ga atoms, sitting in fourfold hollow sites of the 

Ni(100) is drawn in Fig. 8.19c. The distribution of the islands is shown in Fig. 

10.1b. The distribution has a maximum which is centred at around 380 Å2. 

Fig. 10.2 and Fig. 10.3 show the morphology of the surface after deposition of 

10% of Ga and subsequent annealing at 400 and 483 K, respectively. During 

annealing at 400 K, some Ga islands coalesce but larger islands grow mainly by a 

mass transport (diffusion) from small islands to the larger one. The coalescence of 

the islands plays the main role at larger densities of the islands.  

 

 

 

 
 

Fig. 10.2. a) STM image with a line scan of the Ni(100) surface covered 

initially with 10 % of Ga and annealed at 400 K (Ut = 1.0 V, It = 2.0 nA); b) 

The island distributions as a function of the islands area. 
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After annealing at 400 K, two different kind of islands are found with two 

different heights of 0.6 and 1.2 Å. Thus the Ga atoms are sitting in fourfold 

hollow sites on Ni(100) as well as, may be due to the annealing, some of the 

islands diffuse into the substrate surface and therefore a smaller height of 0.6 Å 

develops. 

At 400 K, the maximum of the distribution of the island area (Gaussian) is 

centered at around 1000 Å2 (Fig. 10.2b) and the islands cover still ~ 10 % of the 

surface, while after annealing at 483 K the island have a size of the order of 3000 

Å2 (Fig. 10.3b). Now, the islands cover only 2 % of the surface, which suggests 

that a part of the Ga atoms are diffused into the substrate. After annealing at 

higher temperature and/or as a function of the annealing time at 400 K the Ga 

islands disappear from the surface by diffusion of the Ga atoms into the substrate. 

The STM measurements were performed at 300 K after every step of 

annealing.

 
 

Fig. 10.3. a) STM image with a line scan of the Ni(100) surface covered 

initially with 10 % of Ga and annealed at 483 K (Ut = 1.0 V, It = 2.0 nA); b) 

The island distributions as a function of the islands area. 
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§ Ni(100) covered with 30% Ga 

 

Fig. 10.4a shows a STM image of the Ni(100) surface, which is covered with 30% 

of Ga. A line scan of the image shows the roughness of the surface with a 

maximal deviation of ~ 1.2 Å which corresponds to the height of the two-

dimensional islands. The large density of the islands does not permit to determine 

precisely  the shape of single islands. Fig. 10.4b shows the distribution of the 

island area with a maximum centered at ~ 350 Å2. Thus, the distribution of the 

islands is similar for both coverage (10% and 30 %) of the Ni(100) surface with 

Ga. 

 

 

 
 

Fig. 10.4. a) STM image with a line scan of the Ni(100) surface covered with 

30 % of Ga at 300 K (Ut = 2.0 V, It = 0.3 nA); b) The island distributions as a 

function of the islands area. 
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Fig. 10.5. a) STM image with a line scan of the Ni(100) surface covered 

initially with 30 % of Ga and annealed at 400 K (Ut = 0.5 V, It = 1.5 nA); b) 

The island distributions as a function of the islands area. 

 

 

After annealing at 400 K some islands coalesce and larger islands grow also by a 

mass transport (diffusion) from smaller islands to the large one. The maximum of 

the distribution of the islands is centered at ~ 700 Å2 (Fig. 10.5b). The surface is 

still covered with ~ 30 % of Ga which shows that no diffusion of Ga atoms into 

the substrate sets in up to 400 K. A line scan of the STM image (Fig. 10.5a) 

shows the presence only of two-dimensional islands with heights of 0.6 and 1.2 Å. 

The STM measurement was performed at 400 K. 
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Fig. 10.6. a) STM image with a line scan of the Ni(100) surface covered 

initially with 30 % of Ga and annealed at 483 K (Ut = 0.4 V, It = 2.0 nA); b) 

The island distributions as a function of the islands area. 

 

 

 

Afterwards the sample was annealed at 483 K and the STM image shows only 

large islands (see Fig. 10.6a). The most frequently found islands have areas of ~ 

700 Å2 (Fig. 10.6b) and now the islands cover only about 6 % of the surface. 

Thus, subsequently with the enlargement of the islands a diffusion of Ga atoms 

into the Ni substrate takes place. Only 2D islands with a height of 1.5 Å are found 

(see the line scan below the image).The STM image was taken at 483 K. 
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Fig. 10.7. a) STM image with a line scan of the Ni(100) surface covered 

initially with 30 % of Ga and annealed at 543 K (Ut = 1.5 V, It = 1.5 nA); b) 

The distributions of the islands as a function of the islands area. 

 

 

 

After annealing at 543 K large 2D islands are found with a height of 1.5 Å. (Fig. 

10.7a) and the maximum of the distribution of the islands is located at ~ 2 × 104 

Å2 (Fig. 10.7b). The STM image was taken at 543 K. 

 

As in the first case (10%) by annealing at higher temperatures (and/or as a 

function of longer annealing time) all the islands disappear from the surface by 

diffusion of the Ga atoms into the Ni substrate. 
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§ Ni(100) covered with 90% Ga 

 

Fig. 10.8a shows a STM image taken of Ni(100) surface covered with ~ 90 % of 

Ga at 300 K. The distribution of the islands is again centered around ~ 350 Å2 

(Fig. 10.8b) and the surface shows a rough morphology. The roughness amounts 

to ~ 1 Å 

 

 

 
 

Fig. 10.8. a) STM image with a line scan of the Ni(100) surface covered with 

90 % of Ga at 300 K (Ut = -1.8 V, It = 0.25 nA); b) The island distributions as 

a function of the islands area. 
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After annealing at 400 K, the STM image in Fig. 10.9a was found. The island 

grow by coalescence and diffusion (mass transport) from small islands to large 

one and the distribution has a maximum centered at ~ 450 Å2 (Fig. 10.9b). May 

be at this density of the islands the coalescence of them play the main role in the 

growth of larger islands. Line scan shows that the surface has a roughness with a 

maximal deviation of ~ 1 Å. The STM image was taken at 400 K. 

 

 

 
 

Fig. 10.9. a) STM image with a line scan of the Ni(100) surface covered with 

90 % of Ga and annealed at 400 K (Ut = -1.8 V, It = 1.0 nA); b) The island 

distributions as a function of the islands area. 
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Fig. 10.10. a) STM image with a line scan of the Ni(100) surface covered 

initially with 90 % of Ga and annealed at 500 K (Ut = -1.8 V, It = 0.3 nA); b) 

The island distributions as a function of the islands area. 

 

 

 

Fig. 10.10a shows a STM image after annealing at 500 K. The Ga coverage 

(initially 90 %) on the surface is decreased to ~ 80 %. The distribution of the 

islands exhibits a broad structure between 1000 and 1500 Å2 (Fig. 10.10b). The 

islands are about 1.2 Å high which represents the height of 2D Ga islands. The 

STM image was taken at 500 K. 
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Fig. 10.11. a) STM image with a line scan of the Ni(100) surface covered 

initially with 90 % of Ga and annealed at 600 K (Ut = 2.0 V, It = 0.6 nA); b) 

The island distributions as a function of the islands area. 

 

 

 

After annealing at 600 K the 2D Ga islands cover about 30 % (Fig. 10.11a) of the 

surface and only very large islands of the order of 23 × 103 Å2 (Fig. 10.11b) are 

observed. The height amounts to 1.2 Å. The surface of the islands is very flat. The 

decrease of the coverage of the Ni(100) surface is an unequivocal evidence of the 

diffusion of the Ga atoms into the substrate. The STM image was taken at 600 K. 
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Fig. 10.12. a) STM image with a line scan of the Ni(100) surface covered 

initially with 90 % of Ga and annealed at 700 K (Ut = 2.4 V, It = 0.5 nA); b) 

The distribution of the islands with a maximum centered at ~ 6 × 104 Å2. 

 

 

 

Fig. 10.12a shows the morphology of the surface after annealing at 700 K. The Ga 

2D islands occupy ~ 20 % of the surface. Only three islands are shown in the 

image, because the shown area is only 1000 Å × 1000 Å. The height of the islands 

amounts to ~ 1.2 Å (see the line scan below the image). The STM image was 

taken at 300 K. The islands have an area of about 6 × 104 Å2. Two phenomenon 

which are observed already for annealing above 400 K are responsible for the 

development of the larger islands at 700 K which have a total area which is 

smaller as that after annealing at 600 K. At first, the Ga atoms diffuse along the 

surface and from small islands to the larger one and larger islands are built. On 

the other hand a diffusion of the Ga atoms into the Ni substrate takes place which 

implies that the total coverage is decreasing. 
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Fig. 10.13. a) STM image with a line scan of the Ni(100) surface covered 

initially with 90 % of Ga and annealed at 800 K (Ut = 1.0 V, It = 0.6 nA); b) 

The distribution of the islands with a maximum centered at ~ 1.5 × 106 Å2. 

 

 

 

These two phenomena can be observed also by annealing at 800 K. Annealing at 

800 K results in very large “moons” (Fig. 10.13), which cover ~ 15 % of the 

surface. The area of the “moon” is of about 1.5 × 106 Å2. A line scan of the STM 

image shows, that the height of the “moons” is ~ 1.2 Å. The STM image was 

taken at 300 K. 

 

§ The shape of the islands 

A careful inspection of the “moons” shows that the shape of the islands is not 

perfect round, a rather quadratic shape is found. Such a quadratic shape of islands 

is expected due to the growth on a (100) surface. For T > 0 K the corners and the 

edges of quadratic islands are more or less rounded. 
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Fig. 10.14. The surface coverage of Ga as a function of the annealing 

temperature. 

 

 

 

In Fig. 10.14 is plotted the surface coverage of Ga as a function of the annealing 

temperature. Between 300 and 400 K the amount of Ga on the surface (the area of 

the Ni(100) surface covered with Ga islands) remains constant, while after 

annealing at ~ 500 K the Ga amount decreases five times for the initial deposition 

of 10% and 30% of Ga. For an initial coverage of 90% of Ga the Ni(100) surface 

covered with Ga decreased to 80 %. Above 550 K, the evolution of the Ga islands 

was investigated only after the initial coverage of 90 % of Ga. Between 500 and 

600 K a strong decrease of the surface coverage with Ga is observed. Between 

600 and 800 K the surface coverage decreases continuously, but slowly to a final 

value of ~ 15 % at 800 K. Thus, up to 400 K only diffusion of Ga atoms along the 

surface takes place. Above 400 K the diffusion of the Ga atoms into the substrate 
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sets in and is accelerated when the annealing temperature exceeds 500 K. In the 

course of this PhD work, the diffusion phenomenon was not investigated in more 

details. This phenomenon will be studied in forthcoming investigations. Here, the 

intention was to clarify, if a well-ordered Ni-Ga surface alloy is built. Therefore, 

after annealing the structure of the surface was analysed by means of STM and 

LEED. 

After annealing at 700 K, it was possible to determine with atomic resolution the 

structure of the surface. The STM measurement was performed at 300 K. Fig. 

10.15a shows a STM image which exhibits a quadratic lattice. The quadratic 

lattice permits to determine the surface unit cell and from the  line scan the lattice 

constant was determined to be 3.8 ± 0.5 Å.  

 

 
 

Fig. 10.15. a) STM image with a scanned area of 75 Å × 60 Å, taken after 

annealing at 700 K (Ut = 0.7 V, It = 0.4 nA), b) Fourier transformation of the 

STM image. 
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By performing a Fourier transformation of the real space image, an image in the 

reciprocal space is found and represented in Fig. 10.15b. This image shows a 

slightly distorted quadratic symmetry which can be considered as a confirmation 

of a quadratic lattice. The STM image in Fig. 10.15 was taken outside of the 

“moons”. Inside it was not possible to obtain a STM image with an atomic 

resolution. 

 

 

10.2 LEED and AES Investigations 
 

After annealing at 700 K, the surface was also investigated by LEED and AES. 

Fig. 10.16 shows a LEED pattern of the clean Ni(100) surface (a) and of Ga on 

Ni(100) after annealing at 700 K (b). The LEED pattern exhibits a c(2×2) 

structure with respect to the Ni(100) surface.  

 

 

 

 
 

Fig. 10.16. LEED pattern of: a) the clean Ni(100) surface; b) the α´-

Ni3Ga(100) overlayer on Ni(100) (EP = 122 eV). 
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This can be explained: a) by a reconstruction of the Ni (100) surface induced by 

Ga atoms which have diffused into the substrate, or b) by the formation of an 

ordered Ni-Ga surface alloy. The basic vector of the quadratic unit cell amounts to 

3.52 Å, a value which in the limits of the experimental accuracy corresponds to 

the lattice constant of α´-Ni3Ga(100) (See Table 5.3) and also to the lattice 

constant of Ni. From the STM and LEED data alone it is not possible to determine 

the surface composition and to discriminate between a reconstruction of the 

Ni(100) and a surface alloy. However, it is very difficult to determine the surface 

structure of a clean Ni(100) with atomic resolution, while STM images with 

atomic resolution of the surface of CoGa alloys are easily obtained [95, 190]. The 

same is true in this case – at a bias voltage of the tip of Ut = + 0.7 V the structure 

of the surface could be determined easily with atomic resolution. This is an 

evidence which suggests that an α´-Ni3Ga surface alloy may be formed. 
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Fig. 10.17. AES spectrum of a thin layer of α´-Ni3Ga grown on Ni(100). 



 

 167

Fig. 10.17. shows an AES spectrum after annealing at 700 K in which the LMM 

transitions of Ni and Ga are observed. The MNN transitions of both elements 

overlap. Nevertheless the presence of the Ga transitions demonstrate clearly that 

Ga atoms are located in the surface layers. This evidence and the ordered LEED 

pattern again suggest, that the formation of a α´-Ni3Ga surface alloy is very 

likely. The LEED structure can be explained by the surface alloy of α´-Ni3Ga 

which grows with the (100) plane parallel to the (100) surface of Ni. In this case 

the [100] direction of the Ni3Ga(100) surface is aligned in the [110] direction of 

the Ni(100) surface. The p-to-p ratio ( ) ( )eVNieVGa II 8481070  is determined to be 0.08. 

This value is very low, but for a thin layer of α´-Ni3Ga the Ni(848 eV) signal results 

in a large part from the Ni substrate. 

The formation of a thin α´-Ni3Ga alloy on Ni(100) is similar to the growth of 

another Ni3X alloys, namely Ni3Al. After deposition of Al on Ni(100) and 

annealing to ~ 1150 K a thin film of Ni3Al grows with the (100) plane parallel to 

the (100) surface of the Ni substrate [124, 142, 191] also with the [100] direction 

of the Ni3Ga(100) surface aligned in the [110] direction of the Ni(100) surface. 

 

 

 

Summary 
At 300 K, Ga grows in two-dimensional islands on the Ni(100). Annealing above 

400 K leads to an enlargement of the islands by diffusion of Ga atoms on the 

surface of Ni. For T ≥ 400 K, a diffusion of Ga atoms into the substrate sets in. 

For T > 500 K, the diffusion process is strongly enhanced. Annealing to 700 – 

800 K, for a Ni(100) surface which initially was covered with 90% of Ga leads to 

the formation of an α´-Ni3Ga surface alloy which grows with the (100) plane 

parallel to the (100) surface of Ni. 
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As already mentioned in the introduction, the data presented here should be 

considered preliminary. Especially the diffusion phenomena along the surface and 

into the surface need to be investigated more precisely as a function of the 

temperature and annealing time. 
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Summary 
 

 

 

The purpose of this work was the growth and characterization of thin films of Al- 

and Ga- oxide on Cu(111) and Ni(100), respectively. In a second step a TMR 

model system consisting in Au/Co/Ga2O3/Ni(100) was grown and the properties 

of the individual layers were determinated. The last part of the Thesis deals with 

the formation of a thin α´-Ni3Ga surface alloy on Ni(100). In order to deposit 

Al(Ni), Ga, Co and Au appropriate evaporators were developed and calibrated. Ga 

and Ni+Al were evaporated from heated crucibles filled with pestled pieces of 

CoGa and NiAl, respectively. 

 

§ The clean Cu(111) and Ni(100) surface 

The LEED pattern of the clean Cu(111) and Ni(100) surface shows a (1×1) 

structure. Only the Ni(100) surface was analyzed with STM. The STM images of 

the Ni(100) surface display flat and large terraces (400 Å) separated by 

monoatomic steps. 

 

§ Al2O3 /Cu(111) 

At 300 K, a Ni+Al layer grows disordered on the Cu(111) surface, with an atomic 

ratio of Ni:Al = 1:2. Up to 10 Å, Ni+Al grows in 3D clusters on the surface 

afterwards the whole surface is covered with a Ni+Al overlayer. Oxidation at 300 

K leads to the formation of an amorphous aluminum oxide and a trilayer system 

Al2O3/Ni+Al/Cu(111) is established. After annealing to ~ 900 K, an ultra thin 

well-ordered Al2O3 is grown, while the Ni and metallic Al atoms diffuse into the 

Cu(111) substrate. The complex LEED pattern reveals the formation of a γ´-Al2O3 

phase which grows with the (111) plane parallel to the Cu(111) surface.  
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§ Ga2O3 /Ni(100) 

Ga was deposited on Ni(100) in two different procedures: first, Ga was deposited 

at 80 K on a Ni(100) substrate, which was covered with a c(2×2)-oxygen 

overlayer and secondly, Ga was deposited at 300 K directly on Ni(100). 

Ga grows disordered on the O-c(2×2)/Ni(100) surface at 80 K. Oxygen adsorption 

at 80 K leads to the formation of an amorphous Ga oxide which seems to be non 

stoichiometric. After annealing and oxidation at ~ 700 K, the LEED pattern of the 

Ga oxide film shows a ring structure of randomly oriented and distorted 

hexagonal domains. By annealing at 1100 K, ultra thin layers of β-Ga2O3 are 

formed. At 1200 K, the Ga oxide is decomposed and desorbed from the surface. 

At 300 K and low nominal deposition, Ga grows as two-dimensional islands on 

Ni(100). Oxidation at 300 K leads to the growth of an amorphous Ga oxide. 

Annealing up to 700 K leads to the formation of a well-ordered thin film of γ′-

Ga2O3, The LEED pattern of Ga2O3/Ni(100) shows a 12-fold ring structure which 

corresponds two hexagonal domains, which are rotated by 90° with respect to 

each other. During annealing between 300 and 800 K coalescence of the Ga2O3 

islands takes place and the amorphous Ga2O3 transforms into the well-ordered γ′-

Ga2O3 phase. 

 

§ Au/Co/Ga2O3 /Ni(100) 

A TMR model system was grown on a ferromagnetic single crystalline substrate 

(Ni(100)). First, a 7 Å thick was grown on Ni(100). Co was deposited at 300 K on 

the Ga2O3 layer. It was found, that a 25 Å thick Co layer grows ordered with the 

(100) plane of the fcc Co parallel to the Ni(100) surface. The Co layer covers 

completely the Ga2O3 surface and screens perfectly the dipoles of the Ga2O3 

layer. After annealing at 700 K, the Co(100) surface is reconstructed and shows a 

c(2×2) structure. 

At 300 K, Au grows ordered on the c(2×2)-Co(100) surface. The LEED pattern 

shows a twelvefold ring structure which is explained by two domains with 

hexagonal structure, which are rotated by 90° with respect to each other. 
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§ α´-Ni3Ga /Ni(100) 

At 300 K, Ga grows in two-dimensional islands on the Ni(100). Annealing above 

400 K leads to an enlargement of the islands by diffusion of Ga atoms on the 

surface of Ni. For T ≥ 400 K, a diffusion of Ga atoms into the substrate sets in. 

For T > 500 K, the diffusion process is strongly enhanced. Annealing to 700 – 

800 K, of a Ni(100) surface which initially was covered with 90% of Ga leads to 

the formation of an α´-Ni3Ga surface alloy which grows with the (100) plane 

parallel to the (100) surface of Ni. 
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