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Introduction

Thin film structures and self-assembled nano-particles supported on various sub-
strates became in recent years of fundamental importance in so far as these have
dimensions low enough to give unusual physical properties with respect to those of
the bulk. Electronic devices, coatings, sensors, displays, heterogeneous catalysis and

other numerous technologies are strongly dependent on the quality of thin films.

The oxidation of binary alloys has attracted a considerable interest because, for
various systems, the growth of epitaxial oxide overlayers was observed [1]. For prac-
tical applications, the thin oxide films must be highly reproducible in composition
and thickness. One way of preparing thin oxide layers, presented in this work, is
the in situ thermally controlled oxidation of the surface of binary alloys. Ni-Al,
Fe-Al, Co-Al and Co-Ga compounds, in various stoichiometry, are suitable alloys
for the preparation of thin alumina films through direct oxidation [1]. In general,
in situ oxidation of the surface of these alloys at room temperature, leads to a thin,
amorphous Al,O3 or GayOj3 film, respectively. Annealing of these films at higher
temperatures, or the oxidation directly at high temperature results in well-ordered,
thin oxide films. The thickness of the oxide films ranges between 5 and 20 A. The
structure and properties of the thin oxide film are still an open questions. The
structure and symmetry of the substrate, as well as the preparation temperature

are key factors which determine the structure of the oxide film.

The discovery, in the early 1990s, of the Tunnel Magnetoresistance (TMR) effect
[2, 3] renewed the interest in the study of thin alumina films. The TMR effect is
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based on the fact that tunneling of electrons between two magnetic layers depends
on the relative orientation of the magnetization between the ferromagnetic layers.
The magnetic layers, are separated, in the case of TMR structures, by an insulator.
The current flows perpendicular to the film plane, and the best results (highest
magnetoresistance amplitude) were achieved with aluminum-oxide tunnel barriers
[4]. In the tunneling experiments, the thickness of the tunneling barriers has to be
homogeneous over the entire substrate and should have values around 10-20 A. Thus,
the knowledge about the oxidation process of the surface of intermetallic alloys can
serve to handle the process of growing of uniform oxide layers with defined thickness.
Nanometer-sized metallic clusters are now also being used in experimental electronic
devices [5]. The insertion of a layer of cobalt aggregates in the insulator of a tunnel
junction between two magnetic electrodes combines the giant magnetoresistance [6]
with Coulomb blockade [7]. Using these two effects several types of future devices,
such as microscopic magnetic reading heads and magnetically operated logic gates,
could be developed.

For microelectronics the differences of the magnetic properties of thin layers with
respect to those of the bulk system play a significant role [8]. Planar junctions
(grown layer-by-layer) or rough interfaces are preferred in many applications, but
granular systems (obtained by three-dimensional growth) can also be technologically
interesting. An example are the devices using TMR effect. Planar junctions of two
magnetic materials separated by a thin insulator present a high TMR effect at
room temperature and small magnetic fields [2]. Granular systems, having a special
design, can also present a TMR effect at low external field [9]. The influence of the
architecture and size of the granular system on the device quality based on TMR
and Coulomb blockade effect was pointed out in Ref. [10].

The large number of factors involved in the growth of a material deposited on a
substrate (mismatch of lattice parameter between deposit and substrate, the balance
between free energies and adhesion energy of the two components etc.) make an a

priori prediction about a specific growth mode very difficult.
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The aim of this work was to study the early stages and the mechanisms of ox-
ide growth on the (100) surface of NizAl and CoAl in ultra high vacuum (UHV)
conditions. Another purpose was to prepare a well-defined TMR model system by
deposition of Co on the AlyO3 layer grown on NigAl.

The thesis is structured as follows:

In Chapter 1 is presented the theoretical background of experimental methods. Ev-
idences for the complementarity of the methods used are presented.

Chapter 2 comprises the basics of growth processes (thermodynamic and kinetic
aspects), as well as of the oxidation process necessary for the analysis of the exper-
imental results.

In Chapter 3 the experimental setup is described.

In Chapter 4 the main structural and physical properties of the NigAl and CoAl
intermetallic substrates and of the Al-oxide are shortly outlined.

Chapter 5 presents the results obtained for the growth of Co on the NizAl(100)
surface. The temperature stability of the cobalt film is also discussed.

In Chapter 6 the oxidation of NizAl(100) surface is presented. The oxidation at
300 K leads to the growth of a thin amorphous Al,O3 oxide layer. Oxidation at
1100 K produces a well-ordered Al,O3 layer.

Chapter 7 presents the results of Co deposition on the thin Al;O3 film grown on the
NizAl(100) surface. The thermal stability of the film is also analyzed.

Chapter 8 presents investigations of the oxidation of the CoAl(100) surface.

The thesis ends with a summary in which the most important results are comprised.






Chapter 1

Theoretical background of

experimental methods

The growth of thin films trough different methods (oxidation, MBE, etc.) on various
substrates is a complex process. In order to understand these processes and to get
a better characterization of the films obtained, complementary methods of investi-
gations have to be used. This chapter briefly reviews the four techniques employed

in the present work:

e High Resolution Electron Energy Loss Spectroscopy(EELS)
e Auger Electron Spectroscopy (AES)
e Low Electron Energy Diffraction (LEED)

e Scanning Tunneling Microscopy (STM)

The first three methods belong to the group of techniques involving the interac-
tions of low energy electrons (1 eV - 10 keV) with the matter. Electrons in this
energy range interact with matter strongly. Consequently, their mean free path is
of about few atomic layers making them appropriate tools for surface studies. A

first requirement for experimental techniques using electrons is ultra-high vacuum
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(UHV) condition due to the small mean free path of these particles in the gas phase
[11]. This condition meets also another important requirement for surface research,
namely the maintenance of a well defined surface, free of contamination for reason-
able times.

STM offers the possibility to study the structure and topography of a surface at
atomic scale. However, this method gives very limited information about surface
chemistry, and the identification of the surface species is not straightforward. This
is the reason why additional techniques are used, like EELS and AES, which fulfill
this requirement. In the following, the theoretical background of the experimental

methods used in the present work will be briefly exposed.

1.1 High Resolution Electron Energy Loss Spec-
troscopy (EELS)

High Resolution Electron energy loss spectroscopy (EELS) is the study of the vi-
brational properties of the surface and of the adsorbates on the surface of solids by
the analysis of the energy spectrum of low-energy electrons backscattered from it.
The basis of EELS consists of producing a monoenergetic low energy electron beam,
making impact on a surface and determining the energy loss of the scattered elec-
trons.

In order to provide a better understanding of the observed EEL spectra we will give
a short description of the phenomena involved in the EELS process.

There are three important scattering mechanisms involved in EELS.

e The dipole scattering is a long range effect involving the interaction of
the incoming electrons with the dynamic electric dipole induced by vibrations.
The incident electrons are scattered while they are still some 100 - 200 A above
the surface. Dipole scattering involves negligible change in the wave vector of

the electron thus producing a "dipole scattering lobe” sharply centered around
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Dipole scattering lobe
107 do (e’ ster)

dQ

Impact scattering

Figure 1.1: The cross-section of dipole scattering and impact scattering.

Effective
Dipole=2p,
A

Surface plane

Image dipoles

Substrate

Figure 1.2: The image dipoles on a metallic substrate.

the specular direction (Fig 1.1). The so-called dipole selection rule applies for
dipole scattering. Only those surface vibrations can be observed which have a
component of their dynamic dipole oriented perpendicular to the surface. This
can be explained as follows: on a metallic substrate a dipole creates an image
dipole in the substrate (Fig. 1.2). The parallel component of the true and the
image dipole cancel and there is no net polarization field. The perpendicular
components of the true and the image dipoles reinforce each other, there is an
effective dynamic dipole moment (2p ) and scattering does occur. Therefore,

for a metallic substrate only vibrations, which belong to the total symmetric
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representation of a point group (A; and A'), can be observed.

e In impact scattering, the incident electrons are scattered by short range
interaction with the atomic potential of the lattice. This short-range scat-
tering mechanism gives a broad angular distribution of inelastically scattered
electrons (Fig 1.1). This mechanism is not subject to the same selection rule
as dipole scattering, i.e. a vibrational mode need not be oriented perpen-
dicular to the surface to be excited. The theoretical description of impact
scattering requires detailed knowledge of the electron-surface scattering po-

tential, a problem which is similar to LEED where multiple scattering has to

be included.

Impact and dipole scattering mechanisms can be distinguished therefore by
measuring the angular distribution of scattered electrons. Impact scattering

usually has a much lower cross section than dipole scattering.

e In negative ion resonance scattering, for a certain energy, the incident
electrons are temporarily captured by empty electronic energy levels of weakly
bound molecules on the surface and a short-lived negative ion appears on the
surface. The short-lived negative ion will decay and the electrons are scattered

in directions depending on the symmetry of the excited state.

1.1.1 Dielectric theory of inelastic electron scattering

In the present work the growth of thin oxide films on metallic substrates is investi-
gated. Intense losses due to the ionic layers appears in the EEL spectra which are
long-wavelength optical surface phonons, so-called Fuchs-Kliewer phonons [12]. In
the following a short description of the dielectric theory of inelastic electron scatter-
ing is given, which allows a better understanding of the observed EEL spectra and
theoretical calculations of the EEL spectra.

The dielectric theory allows the description of electron interaction with dipole fields
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at the surface. The electrons are considered as classical particles, while the collective
excitation of the medium, such as optical phonons, are described quantum mechan-
ically [13]. The interaction of the electron with the solid can be described in the
following manner: The Coulomb field accompanying the moving electron during its
approach to the solid interacts with the electrons of the solid material via long-range
dipole fields. This interaction creates a space- and time-dependent polarization field
which in turn damps the motion of electrons. From classical electrodynamics the
energy loss per unit volume is [14, 15]:

Re {27?2’ /OO wE(w) D*(w) dw} : (1.1)
where E is the electric field and D the electrical displacement.
The classical scattering probability Py(w) for an incident electron inelastically scat-
tered into the energy-loss range between hw and hw+dw and into solid angle spanned

by the detector, is given by dipole scattering theory [16]:

Q||VJ_ 2
P = s | | e e e e (12

where v and v are the electron velocity components parallel and perpendicular to

the surface, respectively. The integration includes all wave-vectors which scatter the
electron into the acceptance angle of the spectrometer analyzer according to energy
and momentum conservation. The scattering probability consist of two factors: the
kinematic prefactor and the energy loss function Im {g(q,w)}.

The kinematic prefactor predicts strong features in the scattered intensity charac-
terized by a narrow lobe in its angular distribution of with 6y = hwy/2E;. In the
case of granzing incidence (v, < vj), the pre-factor shows a sharp maxima when v

equals the phase velocity w/q. This means that when

w
UH = — (13)
qi
one has the optimal coupling between the primary electrons and the surface mode

[15]. In terms of energy and wave vector k the condition 1.3 can be expressed
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Figure 1.3: The model of a ionic layer supported on a metallic substrate.

as q| = khw/2E. For a primary energy in the range of 10 eV, and excitation
around 100 meV, the g is smaller than 0.01 A-1. Such a small wave vector leads to
scattering centered in small angles (1 - 2 °) around the specular direction, which is
compatible with the acceptance aperture of the electron spectrometers. Thus, the
measurement of the angular distribution of the energy losses allows to distinguish
dielectric scattering (due to long-range density fluctuation) from other scattering
processes.

The dielectric properties of the sample are given by the imaginary part of the sur-
face loss function, g(q,w). For semi-infinite isotropic insulator samples I'm|g(q,w)]
reduces to Im(—1/(e(w)+1)). In the general case of a plane-stratified medium or of
an anisotropic sample €(w) is replaced by an appropriate effective dielectric function
¢(q,w) with q the wave vector of the surface phonons. For the isotropic model (for
which ¢ is independent of the angle of q [13]) of an oxide layer (€;) on a semi-infinite

metallic substrate (es), £(q,w) is given by:

€1(w) tanh(gd,) + es(w)
eés(w) tanh(qdy) + € (w)

§(qw) = & (w) (1.4)

The frequency dependence of the dielectric constants €;(w) and eg(w) can be ex-

pressed as a sum of n Lorentzian oscillator terms:

n

€(Ww) = €00 + g .
(@) = oo = wha, — w? — iYW

2
SkWTog

(1.5)

where wror denotes transverse-optical phonon frequency with strength S;, and
damping constants v, and €4, is the high frequency dielectric constant for w — oo

(i.e. the values of €(w) for which w > wrp). For the oscillator strength, Sy, the
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following relation is fulfilled:

€0 :eoo+25’k. (1.6)
k=1

where ¢, is the value of ¢(w) for which w < wro.
In certain cases (metal or semiconductors) the experimental results are best repro-

duced when a Drude contribution:

—w?

—r 1.7
w? + iyw (1.7)

is added to the right-hand side of eq. 1.6. In this term w, is the bulk plasmon fre-
quency of the charge carriers, and the Ohmic damping frequency = is the reciprocal
value of the free carrier relaxation time 7.

Lambin et al. [17] developed a computer program which allows the calculation of
the EEL spectrum of an arbitrary plane-stratified medium for low energy electrons
specularly reflected at the surface. A dielectric approximation is used to characterize
the response of the target material to the long-range Coulomb field of the imping-
ing electrons. The input parameters (wrok, Sk, €so, Vi, Wp) are taken from infra-red
measurements for the same materials. The parameters of the spectrometer and the
incident electron energy are known by the user. The layer thickness is a free input
parameter. The comparison of calculated spectra with experimental ones leads to
the identification of the surface layer. As the input parameters are, mostly, the bulk
values, the application of dielectric theory to very thin films is questionable. This
problem has been investigated by Sennet et. al [18] using the rigid ion approxi-
mation. They carried out lattice-dynamic calculations of the surface loss function
associated with optical excitation in an ionic crystal. The calculations were per-
formed for NaF isolated films and NaF slabs on a semi-infinite substrate. It was
shown that dielectric theory provides a valid description of the surface energy loss
function when the film thickness exceeds 200 A. For very thin films the dielectric

theory fails in producing the correct frequency of the surface energy-loss peaks, but
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the intensity of the peaks is more accurately predicted. The dimensions of the Al,O3
films presented in this work certainly are verging on the limits of the dielectric the-
ory approximation. However, the agreement between the calculated spectra based
on this theory and experimental results is rather good. The description of the loss
feature in terms of Fuchs-Kliewer (FK) modes is reasonable since it allows the un-
derstanding and interpretation of the spectra in a straightforward way. Neglecting
retardation effects (i.e. ¢ — oo) the FK modes are solutions of the Maxwell and
material equations, for which both divP = 0 and rotP = 0 hold, with P being the
polarization vector [15]. For a semi-infinite insulator the phonons have frequencies
wgp with Re{e(w)} = -1, i.e. wro < wsp < wro (with the dielectric constant e(w);
wro and wro denote the TO and LO phonon frequencies of the bulk modes). If one
considers a thin film of an ionic crystal, both surfaces of the film support a FK mode
which results in a superposition field within the slab. For (ga) — 0 (with q the wave
vector parallel to the surface and a the slab thickness) the surface phonon splits up
into two branches w_ and w,. In the limit (qa) — 0 (i.e. at vanishing slab thickness
or A — o0), w_ approaches wro while w, approaches wro [19]. If the dielectric layer
is supported by a conducting material, as in our case, only the high frequency w,
branch is observable. Since the w_ modes are parallel to the conducting plane, they

are screened by free electrons in the metal [12].

1.2 Scanning Tunnelling Microscopy (STM)

In the early 1980’s Binning and Rohrer [20] developed a new technique for study-
ing surface structure - Scanning Tunnelling Microscopy (STM). STM is an example
of the practical application of a quantum mechanical phenomenon: quantum tun-
nelling. Quantum mechanical tunnelling involves the penetration of a potential
barrier by an electron wave function. The potential barrier is, in our case, the vac-
uum. In order to quantify the properties of the STM microscopy we must calculate

the tunneling current in the framework of a quantum mechanical formalism. The
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Fowler-Nordheim formalism applied to the tunneling between two planar electrodes

at a distance s gives the following expression:
I oc e Ves (1.8)

where A is a constant, and ¢ is the average work function of the two electrodes.

If one considers a rectangular barrier of height V, the Schrodinger equation is:

—(h?/2m)(d*V¥ /dz?) = (E — V)V (1.9)
The solutions of these equations are of the form ¥ o e*** where k = /22(V — E).
¢
\%
E

< d

sl 4

Figure 1.4: Potential barrier scheme for STM.

In the case of V>E the wave function within the barrier is a decreasing exponential
and the transmission probability is given by: |¥|? o< e***. The quantity ¢ =V — F
is called work function, and the tunnel current which is proportional to the trans-

mission probability, is given by equation 1.8, if one defines A as:

2k 4
oV % V2m =1.025- eV Y2 A (1.10)
2
taking into account that
P11+ ¢
o = % (1.11)

is the average work function of the two electrodes, which amounts to 4 - 5 eV for
the most metallic clean surfaces.
If one of the electrodes is the STM tip, the tunneling current, Iy, can be written as

Iy % L emAWG (1.12)
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where U is the applied voltage between the tip and the sample, ¢-the average work
function and A a constant with a value of 1.025 A~' eV~1/2 for a vacuum gap. Ir is
easily measurable for distances d of several tens of A and, in order to get information

about surface, d has to be controlled with a precision of 0.05 - 0.1 A.

1.2.1 Basic Principles of STM measurements

In STM experiments the tunnelling current is measured between a metallic tip and
a conducting substrate which are in very close proximity but not in physical contact.
The magnitude of the tunnel current reflects the electronic density of states (DOS)
of the surface.

In order to get information on the surface structure at the atomic level, using STM,
the position of the tip with respect to the surface must be very accurately controlled
(to within about 0.1 A). The tip must be very sharp - ideally terminating in just a
single atom at its closest point to the surface. It is possible to accurately control the
relative positions of the tip and the surface by ensuring good vibrational isolation
of the microscope and using sensitive piezoelectric positioning devices.

If the tip is biased with respect to the surface, electrons can tunnel, provided the
separation of the tip and surface is sufficiently small - this gives rise to a tunnelling
current. The direction of the current flow is determined by the polarity of the
bias. If the tip potential is negative with respect to the sample, electrons tunnel
from occupied states of the tip into unoccupied states of the sample. When the
tip potential is positive with respect to the sample, electrons tunnel from occupied
states of the sample into unoccupied states of the tip (Fig. 1.5). This is an over-
simplistic model of the tunnelling that occurs in STM but it is a useful starting
point for understanding how the technique works.

Imaging of the surface topology may then be carried out in one of two ways:

e in the constant current mode (CCT) - in which the tunnelling current is

maintained constant as the tip scans across the surface. This is achieved by
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Figure 1.5: Bias dependence of the electron flow in a STM experiment.

adjusting the tip’s height above the surface so that the tunnelling current does
not vary with the lateral tip position. In this way the tip will move slightly
upwards as it passes over a surface atom, and conversely, slightly towards the
surface as it passes over a hollow. The image is then formed by plotting the
tip height (which is related to the voltage applied to the z-piezo) versus the

lateral tip position (Fig 1.6a). This mode is used in our experimental setup.

e in the constant height mode - in which the tunnelling current is monitored
as the tip is scanned, with the same height, parallel to the surface (Fig 1.6b).
If the tip is scanned at what is nominally a constant height above the surface,
then there is actually a periodic variation in the gap between the tip and the
surface atoms. At one point the tip will be directly above a surface atom, and
the tunnelling current will be large, while at other points the tip will be above
hollow sites on the surface, and the tunnelling current will be much smaller.

The computer converts the tunnel current signal into a grey scale plot where
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Figure 1.6: Schematic representation of the two scanning modes used in STM.

small currents are represented by dark shades of grey and higher currents by

brighter shades.

In both scanning modes the tunnel current variations depend on the variation of
the electronic surface state density with position. A plot of the tunnelling current
versus tip position therefore shows a periodic variation which matches that of the
surface structure - hence it provides a direct picture of the surface (strictly speaking,
the image of the spatial variation of the density of electronic states at the surface).
Unless the substrate is particularly flat, the constant current mode is essential to

prevent the tip from crashing into the surface.

1.3 Awuger Electron Spectroscopy (AES)

Auger electron spectroscopy allows identification of the chemical composition of the
layers in the vicinity of the surface by ionization of an inner-shell level of the atoms.
These holes recombine with electrons from higher energy levels of the sample, which
in turn leads to the emission of electrons, the so-called Auger electrons. Auger
Electron Spectroscopy (AES) was developed in the late 1960’s. The name of the

method derives from the name of Pierre Auger, a french physicist, who observed
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Figure 1.7: AES process.

this effect for the first time in 1920.

AES involves the following steps, shown in Fig 1.7:

1. The ionization of one of the inner-shell electrons (K) of an atom using a high

energy primary electron beam (2-10 keV),

2. The occupation of this vacancy by an electron from a higher energy level (L)

which releases energy corresponding to the difference between the two states,

3. The radiationless transfer of this energy to an electron located on the same or

higher level. (Lo 3), and the emission of this electron.
The kinetic energy of the Auger electron is given by
Eyin = Ex — Er, — Ep,, — AE (1.13)

The correction term AE is used to describe the many-electron effects related to the
corresponding rearrangement of the other electrons.

In the solid state, the core levels of atoms are little perturbed and essentially re-
main as discrete, localized (i.e. atomic-like) levels. The valence levels, however,
overlap significantly with those of neighboring atoms generating bands of spatially-
delocalised energy levels. As an example, in Fig 1.8, the energetic configuration of

Al in various environments is presented. In metallic Al and in Al;O3 compounds the
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Figure 1.8: Energy-level schemes and density of state of Al in various environ-

ments [21].

valence levels overlap forming energy bands depending on the actual composition.
Hence, the core levels are slightly shifted. This leads to a shift also in the corre-
sponding AES transitions. Consequently, the energy of AES transitions can give a
valuable indication of the environment of the Al atoms.

For a film grown on a substrate the Auger signal allows an estimation of the film
thickness. Before leaving the system, the Auger electrons from the substrate atoms
have to pass trough the film. Thus, the Auger intensity I signal depends on the
inelastic mean free path (IMFP) X of the electrons and on the thickness of the film.
In order to determine the dependence of intensity on the film thickness, the growth
mode has to be considered [15]. For layer-by-layer growth the change of the AES
intensity is related to the change dh of the film thickness by the relation:

i dh

- =-5 (1.14)
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Figure 1.9: " Universal curve” for the inelastic electron mean free path as a function

of electron kinetic energy [22].
By integrating this relation between appropriate limits one obtains:

15 d
L __ [dn
I A

I§ 0

=  I5=I% (1.15)

where I is the intensity of Auger signal of the substrate before deposition and I°
represents the intensity after deposition of a film of thickness d. The mean free
path of electrons depends on their energy. Fig. 1.9 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 A. For elements IMFP depends on the electron
energy as [23]:

538

A= ﬁ+0.41(a-E)1/2 (1.16)

and for inorganic compounds the relation is:

2170

A 7

+0.72(a - E)'/? (1.17)

where the a parameter is given by:
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it cell vol
a = v/volume of an atom = { UL Ce7 YOTUme (1.18)
number of atoms per unit cell

1.4 Low Electron Energy Diffraction (LEED)

Low Electron Energy Diffraction (LEED) is a key technique used in investigation
of surfaces structure. The first experiment which showed that the electrons are
diffracted by crystalline solids in the same way as X-ray was made by Davisson
and Germer in 1927. They observed the first diffraction effect in the electrons
backscattered from a nickel single crystal [24]. The LEED technique was developed
further by Germer and co-workers [25] in 1960.

Electron diffraction relies on the interference of electron waves elastically scattered
from the surface of a crystal. The de Broglie wavelength of electrons, A is given
by AM(A) = \/150.4/F where E is measured in eV. Electrons with energy between
10 and 500 eV have wavelengths between 3.9 and 0.54 A, on the order of inter-
atomic distances in solids. Thus, electrons in this energy range are used to provide
information about the surface structure. The diffracted electrons from an ordered
surface give an interference pattern, which represents the projection of the surface
symmetry in the two-dimensional reciprocal space. These interference pattern will
be observed on the screen of LEED optics.

The electrons with wavelength A\ diffracted by two scatterers separated by a dis-
tance d (Fig. 1.10), give the first maximum of diffraction at an angle where the two
diffracted beams are in phase. If the incident angle is 6, interference occurs in the

direction 6, where 6, is given by:
d(sinf; — sinby) = nA (1.19)

An arrangement of lattice points which is periodic in two dimensions may be consid-
ered as an ensemble of parallel rows of scatterers with directions [h’k’] and mutual

distances dy/s. In this case the interference maxima occur in the directions given
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Figure 1.10: Diffraction process on two scatterers separated by a distance d

by:
Ay (sinfy — sinby) = n\ (1.20)

For normal incidence (6y=0) the equation simplifies to:
n\ = dj e sinby (1.21)

In the case of diffraction by a two-dimensional surface only two Laue equations are

considered:

— — —

where @; are the primitive translation vectors of the surface lattice, l;:; and Ef are
the wave vectors of the incident and diffracted electrons, K (I? - K |+ K 1) the

scattering vector and n; are integers. The reciprocal lattice is defined by:
;- a; =2mo;; i=1,2 d;; — the Kronecker symbol (1.23)

where @} are the basis vectors of the reciprocal lattice. The condition for occurrence

of Bragg spots is given by:
Ky = kg — ki =G (1.24)
where CjH is a vector of the 2D surface reciprocal lattice, and
[?” =my-a, +my-a, my, mg integers (1.25)

where K | is the parallel component of the scattering vector.
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Therefore, a diffraction spot (Bragg reflex) will be observed only when the compo-
nent of the scattering vector parallel to the surface (l? |) is equal to a vector of the

surface reciprocal lattice.

These are the Laue conditions for diffraction on a two-dimensional lattice. The
interference structure observed on the screen of LEED optics represents the trans-
formation of the translational symmetry of the surface structure into reciprocal
space. The analysis of the LEED pattern allows the determination of the reciprocal
lattice vectors @ and @ and, by transformation into real space (eq. 1.23), the basis

vectors of the surface unit cell are found.

In a real LEED experiment the electrons penetrate several atomic layers into the
solid. As they penetrate deeper, multiple scattering events in the z direction perpen-
dicular to the surface contribute to the LEED pattern, and the third Laue condition
becomes more important. This leads to a modulation of the intensities of the Bragg
reflections as a function of electron energy. Thus, the LEED I-V curves contain

additional information on the structure perpendicular to the surface.

Surface reconstruction or gas adsorption on a surface usually result in a change in
the diffraction pattern corresponding to the appearance of a new surface periodicity.
The relation between the adsorbate reciprocal lattice vectors (l;f, 5;) and those of

the substrate (@}, @;) are given by:
a
a;) (1.26)

In real space, the adsorbate vectors are related to the substrate vectors by the

l:):l _ (mll m12> <51> (1 27)
by Mo  Ma2 {y '

relation:
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The coefficients of the two matrices are related by the following equations:

*
m
mi = — = (1.28)
M11Mgy — Mo My
—my
miz = — — (1.29)
11191 — Mg My
_m*
12
a1 = mim MM (1.30)
11791 21112
m*
11
Moy = — (1.31)

so that when the ones of matrix are known the others may be readily calculated.
In LEED experiments the matrix relating the reciprocal vectors is determined by
analyzing the pattern and then transformed in order to give the matrix which relates
the vectors in real space.

In addition to the matrix notation another system originally proposed by Wood [26]
is also used. In Wood’s notation the adsorbate unit cell is related to that of the
substrate by scale factors n and m, where |by| = n - |@| and |by| = m - |@,|. Whereas
the matrix system can be applied to any system, the Wood notation can only be
used if the angle between the adsorbates and the substrate vectors is the same.
In this case the surface structure is labeled using the general form p(n x m)R®"
or ¢(n x m)R®° depending on whether the unit cell is primitive or centered. R®°
indicates a rotation of the adsorbate unit cell by an angle ®° with respect to the
substrate unit cell. For ®°=0, R®" is omitted and so the surface structure of the

adsorbate is labeled p(n x m) or simply (n x m).






Chapter 2

Growth processes

One of the classical methods of preparing a clean metal surface in UHV is evapo-
ration and condensation of thin films. Materials with a high melting temperature
are most conveniently evaporated by electron bombardment. Depending on the sur-
face and on the evaporation conditions, sublimed films can be polycrystalline or

monocrystalline.

2.1 Thermodynamics of growth

The thermodynamic classification of growth modes was first addressed by Bauer [27].
He divides the film morphology into three classes determined by the balance of in-
terfacial and surface free energies. Bauer’s criterion, the so-called wetting condition,

is given by [28]:

Ay =7 +% =% (2.1)
where v¢, 75 and 7; are the surface free energies of the film, of the substrate, and of
the film-substrate interface, respectively. Eq. 2.1 gives a formal distinction of the
three growth modes depending on the sign of A~v. The first mode is called Frank-
van der Merwe (FM) [29] or two-dimensional (2D) growth (see Fig. 2.1). In this

mode, each layer tends to be completed before a new layer begins to grow on top
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Figure 2.1: Schematic representation of the three thermodynamic growth modes.

O

of it. For this reason the FM mode is also called layer-by-layer growth. In terms
of static thermodynamics, it occurs when Ay < 0, i.e. "wetting” of the surface
by the deposited film takes place. The opposite case is called the Volmer-Weber
(VW) [30] or three-dimensional (3D) growth (see Fig. 2.1). In this mode, several
crystal layers grow simultaneously, which causes hillocks and cavities to form on the
surface. In this case the "wetting” condition is no longer fulfilled (Avy > 0). The
third, intermediate mode arises if the first few monolayers satisfy the layer-by-layer
condition and the VW condition applies to all subsequent layers. This is called the
Stranski-Krastanov [31] mode (Fig. 2.1). This situation arises only in heteroepitaxy
if a lattice mismatch between the substrate and the deposit causes the growing layers
to be strained. In such a case, it is often energetically favorable for the first few
layers to grow in the layer-by-layer fashion, but after that, the strain is relieved more

efficiently by the 3D mode.
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2.2 Kinetics of atomic processes

In the kinetic picture, based on atomistic models, the growth mode is a complex
balance of many competing processes, which are sketched schematically in figure 2.2.
The film morphology, as the outcome of this competition, is strongly influenced by
the experimental conditions, i.e. the surface temperature and symmetry, the flux of
adatoms impinging on the surface (deposition rate) and the choice of material. Each
of the atomic processes is characterized by an activation energy and a prefactor. At
a given temperature and deposition rate certain processes might be kinetically inhib-
ited, whereas others are rate determined. Arrhenius-type exponential laws describe

mathematically these activated processes. The basic atomic processes taking place

r deposition I
aggregation
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D edge ffuswn '&l P
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Figure 2.2: Atomic processes in the kinetics of 2-D film growth

during growth are: deposition, surface diffusion and desorption. A process compet-
ing with the deposition is the desorption. The desorption probability depends on
two factors, the energy barrier Ep necessary for the atom to overcome in order to
leave the surface and the temperature T. The average time an atom remains on the

surface follows an Arrhenius-type of law:

T =—1 - ePp/kBT (2.2)

where the pre-factor 7 is of the order 107 s and kp is the Boltzmann constant.
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The desorption rate increases if the temperature is increased, eventually reaching a
point where the surface atoms begin to evaporate. Under MBE growth conditions
that produce quality crystals, the desorption frequency is usually very low compared
to the deposition rate, and it can therefore be treated as negligible [32].

The adatoms move on the surface by diffusion events, such as terrace-, interlayer
and edge-diffusion [33]. These atomic events are thermally activated and their rates
depend on the local surroundings and can usually be described by Boltzmann statis-
tics. Once adsorbed, the atoms move across the surface depending on their diffusion
coefficient:

1
D= Z(VO - a?) - e~=piss/keT (2.3)

where vy is the prefactor, a is the distance between two adjacent sites and €p;s is
the activation energy for diffusion.

If defects are present on the surface, the adatoms may be trapped at these sites form-
ing nuclei for subsequent growth process, which is called heterogeneous nucleation.
The other case is homogeneous nucleation where a stable nucleus is generated by
aggregation of several (at least two) adatoms on regular sites. The minimum number
of atoms (that a single diffusing atom must find for this process) is called critical
cluster size. By addition of further adatoms, these nuclei will then grow. In contrast,
islands up to that size can dissolve again.

When an adatom, wandering on a terrace, reaches a descending step, it encounters an
additional energy barrier for hopping down the step known as the Erlich-Schwoebel
(ES) barrier [32]. This is due to the fact that the adatom is more weakly bound to
the substrate atoms when it is at the upper step edge. A modification to this picture
has also been proposed. In this model, there is also a barrier for hopping upwards
and the descending step barrier is encountered slightly before the adatom reaches
the actual edge. The edge, therefore, acts reflectively towards atoms approaching
from above. This effect is also known as diffusion bias.

In far-from-equilibrium growth the growth mode usually changes from 3D growth at

low temperatures to layer-by-layer at higher temperatures. At low temperatures the
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local energy barriers at step edges prevent the surface adatoms from jumping down
a step. At higher temperatures the surface adatoms become so mobile that they
can overcome these barriers and the film grows according to the two-dimensional
mode. Larger lattice mismatches generally favor island-like growth, and higher
deposition rates, on the other hand, lead to a greater tendency towards layer-like
growth. Under certain conditions, when the adatoms are mobile but the barriers at
step edges suppress the inter-layer transport, the growth results in the creation of
large, ordered, pyramid-like formations on the surface. This is called the unstable

MBE growth mode. It was first detected by Villain in 1991 [34].

2.3 Oxidation Processes

In this section the oxidation of single crystal surfaces and the formation of well-
ordered oxide is briefly presented. An oxide surface can be prepared from bulk
samples by cutting a crystallographic plane mechanically or by spark erosion and
then polishing the surface [35]. Other methods of preparation of oxide surface are
based on the growth of thin films on metallic substrates or metallic alloy surfaces
[1]. The crystallographic structure of the substrate then determines to a large extent
the structure of the oxide film [36]. The structural quality of the oxide film depends
very strongly on the relation between the lattice constants of the metallic substrate
and the oxide film, and on the temperature. Oxide films can be grown via oxidation
of a metal or via oxidation of a metal deposited on an inert metallic substrate.
The lattice constant of the inert substrate has to be chosen properly in order to
prepare a less strained oxide layer with long-range order. A third procedure is
based on the oxidation of alloy surfaces. Most of the recent studies were performed
by oxidation of surfaces of binary intermetallic alloys like NiAl [37, 38, 39], FeAl
[40] and CoGa [41, 41]. The oxide layers grow after adsorption of oxygen and the
preferential segregation of one of the metallic components (Al, Ga) at the surface.

In general, adsorption of oxygen at room temperature leads to the formation of
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amorphous oxide layers. Subsequent annealing to elevated temperatures or direct
oxidation at elevated temperature leads to thin well-ordered (crystalline) films. 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. If there is a large mismatch between the alloy surface and the oxide

lattice constants, the film may be defect rich.

In general, an ozxidation process 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 of the metal [42]. The reactants, a metal or semiconductor having
delocalized bonds and a gas having covalent bonds, 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 a species of metal and/or oxidant dissolve in and move through the growing

oxide (see figure 2.3a). In figure 2.3a the substrate consists in a binary alloy (small

a) \‘\‘\‘\C‘)2 gas phase b)
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Interface |l - l M GAS 1/20,42e —0 Interface |
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Figure 2.3: (a)Schematic representation of oxide growth on the gas-phase-oxide (I)
or oxide-metal (II) interfaces; (b)Transport of ions, electrons and holes across a

growing oxide film [1].

and large circles represent the two different atoms). During oxidation one of the

metallic constituents moves from the substrate to the interfaces I or II and reacts
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with oxygen. Oxygen ions can also move to the interface I to form an oxide. In
general, it is often assumed that oxygen is in an ionic state but there is evidence
that, at least in the case of silicon oxidation, the migrating species can be molecular
oxygen [42]. Charge neutrality during passage of a single ionic species is achieved
by the movement of electrons or holes through the oxide in the same or the opposite
direction (Fig. 2.3b). Wagner’s theory [43] shows that the growth of the oxide films

obey a parabolic time dependence:
2’ =k, -t (2.4)

where x is the film thickness and k, is the parabolic rate constant. Wagner’s theory
is based upon diffusion across the film being the slowest, and therefore, the rate-
limiting step in the overall sequence of reactions. The electric field developed during
film growth can be regarded as arising from ambipolar diffusion in the oxide. For
example, suppose that metal ions are more mobile in the oxide than are oxygen ions,
so that new oxide is formed at the oxide/oxygen interface. In general, electrons have
a higher mobility than metal ions and therefore, an electric field will develop to speed
up the ions and slow down the electrons until the electric currents carried by the
two types of charged particles are equal. Thus, the oxide/gas interface develops a
negative electrical potential with respect to the oxide/metal interface. The same is
true if the film grows mainly by diffusion of oxygen ions. Wagner’s theory assumes
that there is no net electric current flowing across the whole film, so that local
chemical equilibrium exists throughout the film and that there is no divergence in
the ionic and electronic currents. Cabrera and Mott [44], in a general treatment of
oxidation, also derived a parabolic rate law for oxidation limited by cation diffusion
in the bulk oxide:

x? = 4QDn,t (2.5)

where (2 is the oxide volume per metal ion, n. is the concentration of ions at the
metal-oxide interface, and D is the diffusion coefficient of ions. The concentration

of metal ions at the gas-oxide interface was assumed to be zero. In the original
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Cabrera-Mott theory for low-temperature oxidation it was assumed that the ad-
sorbed oxygen produces electronic trap sites at the oxide-oxygen interface and that
the electrons can freely pass through the oxide layer to populate these sites. This
may occur, for example, by tunneling, impurity conduction, or Schottky emission

into the conduction band of the oxide.
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Experimental setup

3.1 The UHV system

Ultra high vacuum (UHV) is of the utmost importance to achieve cleanliness of a
sample surface and for an accurate surface characterization. In our system, the UHV
is maintained by a combination of a 340 1/s turbomolecular-pump with magnetic
bearing (LEYBOLD TMP340), a 200 1/s ion getter pump (LEYBOLD 17270) and
a titanium sublimation pump. The titanium sublimation pump is surrounded by a
cryoshield which can be filled with liquid nitrogen. In order to achieve the UHV
conditions the whole system is baked-out for 48 hours to a temperature between 150
to 170 °C. The temperature close to the STM must not exceed 150°C. The sample is
fixed on a xyz and rotational (FISONS OMNIAX) manipulator, with heating facil-
ities, liquid-nitrogen cooling and a thermocouple (W3%-Re25%). The manipulator
ensures the sample displacement among the four main analysis techniques (STM,
AES, LEED, EELS) as well as in the front of an evaporator and an ion sputter gun.
A photo of the UHV chamber is showed in the figure 3.1.

The chamber consists of three main levels which are referred in Fig. 3.1 as planes.
The STM (Besocke-type) and the cobalt evaporator are located in the first plane.
The STM can be approached to the sample by using a small (FISONS) manipulator
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Plane 3 Plane 2 Plane 1

Figure 3.1: UHV chamber

or can be retracted to the upper side of the chamber when the sample has to be
moved to another position. The second plane contains a three grid LEED optics
(FISONS RV900) and a Cylindrical Mirror Analyzer (CMA) for AES. In the same
plane, at the upper part of the chamber a quadrupole mass spectrometer is located,
with which the residual gas is monitored. The mass spectrometer can also be used
for Thermal Desorption Spectroscopy (TDS). The CMA, the LEED optics and the
mass spectrometer can be displaced by linear translations to the appropriate po-
sitions close to the sample for specific measurements. In the third plane the EEL

spectrometer is located.

An independent UHV gas line is linked to the main chamber. Gases can be admitted
close to the sample surface via a capillary doser or by backfilling the chamber.

Exposures vary typically from 0,05 L to 1000 L (1 L = 1 Langmuir = 10~% mbar-s).

For the growth experiments an evaporator was attached to the UHV chamber.

Cobalt is evaporated from a high purity rod mounted in an OMICRON EFM 3
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evaporator (Evaporator with Integral Flux Monitor). A standard cleaning proce-
dure of cobalt was used before evaporation. The evaporation proceeds by electron
bombardment of the cobalt rod (Iemission &= 6mA, U1 kV). The beam exit col-
umn contains an ion collector which serves as flux monitor. At a given electron
emission current and acceleration voltage the ion flux is directly proportional to
the flow of evaporated particles (neutrals). The evaporator was calibrated with a
quartz microbalance. The amount of evaporated material determined by the quartz
microbalance is given as a nominal film thickness in A. The effective thickness of
the film is determined by AES.

During the STM experiments all mechanical pumps are switched off in order to
avoid vibrations and the whole apparatus is suspended by four springs fixed on the

ceiling. The vacuum is maintained only by the ion-pump.

3.2 The EEL spectrometer

The EEL spectrometer is a state-of-the-art instrument developed by Ibach and co-
workers [45]. Fig. 3.2 shows a schematic drawing of a double pass EEL spectrometer
(HIB 1000).

The electron gun employs a repeller geometry with a LaBg cathode. The monochro-
mators and analyzers are electrostatic selection units based on 127° capacitors. All
the electron-optical elements (emission system, lenses, monochromators and ana-
lyzers) are optimized by numerical simulations. A detailed description of the spec-
trometer and the numerical simulations is found in Ref. [45]. The thermally emitted
electrons are focused by the lenses A;, Ay and A3 into the entrance slit of the pre-
monochromator. After passing the two monochromators the electrons are focused
by the lenses B; and By on the sample which, together with the scattering chamber,
are biased to the desired voltage to get the right primary energy. The scattered elec-
trons, are decelerated to the pass energy of the analyzer and focused by the lenses

B3 and By into the entrance slit of the first analyzer. The scattered electrons which
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Figure 3.2: Schematic drawing of the EEL Spectrometer.

have suffered an energy loss (gain) are accelerated (decelerated) to the pass energy
of the analyzer by an appropriate biasing of the all potentials on the analyzer site.
The electrons are measured (counting mode) by a channeltron mounted at the exit
of the second analyzer.

The spectrometer can be operated in two different modes. The first operation mode
is dedicated to the measurement of surface vibration modes whose frequencies are
< 500 meV. In the dipole scattering regime the spectra are recorded in specular
geometry at an incidence angle of 60° and a primary energy of incident electrons
between 1 and 5 eV. The second operation mode of the spectrometer is devoted
to the measurement of electronic transitions (band-gap, surface states etc.) with

energy losses up to 10 eV.
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3.3 The scanning tunneling microscope
The STM used in our experiments is a Besocke-type [46]. This is a modified version

of the Beetle type STM that is turned upside down. A schematic drawing of our

STM is shown in figure 3.3. The STM consists of four piezos, one inner piezo and

Rod

Screw

Aluminum holder

Thin capton wire

Tip Inner piezo
fourfold segmented

Outer piezo

Sample o . fourfold segmented
1
Molybdenum
Stainless steel ball Ring

Figure 3.3: Schematic drawing of the STM.

three outer piezos. The piezos were glued to an aluminum disc using a low outgas
conducting epoxy. Stainless steel balls were glued to the outer piezos, also with the
conducting silver glue. As tip holder a syringe tube was used which was glued in an
insulating Macor block. The Macor block was glued to the inner piezo. For both

connections an insulating epoxy was used. For the wiring of the electrodes, kapton



38 Experimental setup

coated copper wire with a diameter of 0.04 mm was used. The ring on which the
STM is lowered, is made of molybdenum. To prevent the STM (the stainless steel
balls) from sticking to the ring, the ring’s surface was coated with a thin layer of
Tinalox, a titanium aluminum oxide compound. The STM hangs by three screws
in a rod which is fixed on the z-translator of the manipulator. By moving the Z-
translator of the manipulator up and down (Fig. 3.3) the STM can be put on and
picked up from the Mo-ring.

The outer electrodes of the outer piezos are fourfold segmented and used for the
rough approach and for scanning. The outer electrode of the inner piezo is also
fourfold segmented. It can be used not only as z-piezo, but also for scanning. The
Mo ring on which the STM is lowered, has three ramps. By applying the appropriate
voltages on the three outer piezos, the STM rotates and moves down or up on the
ramps of the ring. The height difference between the highest and the lowest point
of the slopes is 0.5 mm. The STM tip on the inner piezo has to be mounted in
such a way, that scanning in possible within this range. This is made ex-situ using
an optical microscope. The fine approach is performed by the lower non-segmented
part of the inner piezo. Scans can be taken both by the inner piezo as well as the
outer piezos. The x, y calibration of the STM is performed with atomic resolved
images of a graphite surface. In the z direction the calibration was performed using
a gold sample. The gold surface has atomic steps of well-known height (2.88 A).
A tungsten tip was used for the measurements in UHV. The tip was prepared by
electrochemical etching of a 0.25 mm tungsten wire with 5 molar NaOH. A platinum-
iridium tip was used for the measurements on graphite in air. This tip was made
by mechanical polishing of a 0.25 mm platinum-iridium (25% Ir) wire.

The shielding of the wire, which carries the tunnelling current, needs special care
to prevent cross-talk to the scan signals. The grounded inner electrode of the inner
piezo shields the wire. Then, the wire is shielded by the stainless steel tube. Finally

the tunnelling signal is carried by a shielded kapton coated copper wire.
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3.4 The AES spectrometer

The AES used in our experiments is an OMICRON version using a cylindrical mirror
analyzer (CMA 100). The experimental arrangement of the AES is given in figure
3.4. Primary electrons are produced by an electron gun (OMICRON EKI25) which

Voltage
sweep

Lock-in dN/dE
amplifier J_ JV\J“W

== 7 L

Display

Electron gun

Sample

:_I Hi +- -V

Electron multiplier

Cylindrical mirror analyzer
Figure 3.4: AES spectrometer

is integrated into the CMA on its central axis. A beam current of 50 pA is obtained
for a filament current of &~ 2.3 A at a high-voltage of 3 keV. The primary electrons
make impact on the sample surface. Some of the backscattered electrons and the
emitted Auger electrons pass through the aperture of the inner cylinder of the CMA
and are filtered as a function of their energy and detected by a Channeltron.

Because of the small Auger signals, AES spectra are measured in the derivative mode
to suppress the large background of the true secondary electrons. The differentiation
is performed by superimposing a small alternating voltage V = Vsinwt on the outer
cylinder voltage V and synchronously detecting the in-phase signal from the electron
multiplier with a lock-in amplifier. On the basis of this detection mode, the energies
of the Auger transitions are usually given in the reference work as the position of

the minimum of the derivative spectrum dN(E)/dE [47].
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3.5 The three grid LEED optics

The LEED apparatus used in our experiments is a three mesh optics version (FISONS

RV900). A schematic representation is shown in Fig. 3.5.
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Figure 3.5: Schematic of a three-grid LEED optics [15].

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 fo-
cus the electron beam. The incident electrons are diffracted by 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 flu-
orescent screen and in front of the sample are grounded. Thus, a field free region
between the sample and the screen exists. This is important to prevent electro-
static 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
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background illumination of the screen. This background is suppressed by applying

a somewhat negative potential to the middle grid.






Chapter 4

Structural and physical properties

of the involved materials

4.1 Aluminum oxide

One of the purposes of this work was to study the oxidation of the (100) surface of
NizAl and CoAl. In both cases thin aluminum oxide films are formed on the surface.
The structure of films depends on the preparation conditions. In this section the
properties of some Al-oxides are presented.

Al O3 has at least 14 phases. The purest and the most stable is a-AlyO3 (Corun-
dum). Most of the other aluminas are more or less hydrated and porous. The

following decomposition sequences of metastable forms were found [48]:

— Oxide-Hydroxide

° Diaspore45—00> a-Al, O3

.. 450° _ 600°  1000° , 1200°
e Boehmite — v — § — 0 — «a-Al,O3
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— Trihydroxide

e Hydrargillite 20 X Y005 j 1200 a-Al, O3

180° \, dry Atmosphere
Boehmit 2% y......

180° /" dry Atmosphere

0° 850° 1200°

e Bayerit 29, n— 60 — a-Al,O3

in high-vacuum:

e Nordstrandite, Bayerite, Hydrargillite 200% y 0% g 12007 a-Al,Os3.

Two series of phase transformations of various aluminas which do not imply dehy-
dratation are represented below (with a=amorph):

— a-Al,O3+ Ions-Implantation — a-Al,O3 950% v-Aly O3 [49]

— Al 2% 2 ALO; 2% 4-ALO; [50).

The properties of some alumina phases are listed in Table 4.1. All alumina phases
consist of closed packed oxygen basis (hep or fee) lattice. On this basis lattice, the
AT ions are placed on different positions with octahedral or tetrahedral symmetry.
The a-Al;O3 belongs to the so called ABAB... group. The oxygen ions form a hexag-
onal closed packed (hcp) structure and the Al3* ions occupy two thirds of the octa-
hedral positions. The -, 4/~ and #-Al,O3 belong to the ABCABC... group. In this
case the oxygen atoms form a face-centered cubic (fcc) lattice. The Al*T ions occupy
octahedral and tetrahedral positions. The v-Al,O3 has a ”defect spinel” structure
with 32 oxygen atoms per unit cell. The appropriate formula is Al 173021 2/3032,

where U represents the vacancies in the spinel structure.
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4.1 Aluminum oxide
Oxide | Spatial a,b,c [A] | Oxygen Occupied Remarks
Group 6] sublattice | interstices
0-ALO; hexagonal a=4,7589 | hcp octahedral Corundum
DS, c=12,991
kAL O; hexagonal a=9,71 octahedral+
c=17,86 tetrahedral
~'-Al,O3 | cubic a=3,95 octahedral+
tetrahedral
+-AlyOs cubic a=7,911 fce octahedral+ | Spinel-Type
Of tetrahedral
5-ALO; tetragonal a=17,96 fce octahedral+ | distorted
c=11,70 tetrahedral | Spinel-Typ
monoclinic a=2,92 fce octahedral+ | isomorphic
6-Al0Os C3, b=>5,64 tetrahedral | with
c=11,83 $-Gaz0s
3=103°
3-ALOs hexagonal a=>5,60 octahedral+
¢=22,50 tetrahedral

Table 4.1: Crystal structures of some alumina phases [51]

The ~/-Al;03 has also a spinel structure but the unit cell is only half of the v-Al;O3

unit cell. Fig. 4.1 shows a simplified spinel structure. The octahedral and one tetra-

hedral site of AI** as well as the fcc of O~ ions are indicated. The other tetrahedra

are not shown in this figure for simplicity. One corner of the tetrahedra coincide

with one corner of the cube while the basal planes coincide with the octahedra’s

faces. The 6-Al,O3 has a monoclinic structure derived from the spinel through a

specific arrangement of the Al ions in the interstices.

The a- v-, /- and #-Al,O3 are the oxide phases which we met in our work.
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Figure 4.1: A simplified representation of the spinel structure. The fcc structure of

oxygen ions is shown as well as tetrahedral and octahedral sites of the Al ions.

4.2 The intermetallic compounds Ni3Al and CoAl

Intermetallic compounds, often called "bulk intermetallics’, differ in a number of
important ways from conventional metal alloys [52]. The atoms in conventional al-
loys are linked with relatively weak metallic bonds, with the atomic nuclei floating
in a 'gas’ of electrons which are able to move relatively freely (the reason for good
electrical conductivity). In contrast, the bonds in intermetallics may be partially
ionic or covalent, and therefore stronger [52]. Alternatively, the bonding may be en-
tirely metallic, but the atoms of the individual elements take up preferred positions
within the crystal lattice. This condition, which is referred to as 'ordering’, leads to
an abrupt change in the mechanical properties of the material. These phenomena
give the bulk intermetallics their characteristic properties - high melting points and
great strength (particularly at high temperatures), but poor ductility. An inter-
metallic compound, is a particular chemical compound based on a definite atomic
formula, with a fixed or narrow range of chemical composition. An example is the
nickel aluminide NigAl. Since the 1970s, intermetallic compounds have come into

focus as high-performance materials [53].
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4.2.1 NizAl

The phase diagram for the Ni-Al system is shown in figure 4.2. Ni-Al exhibits a
wide stability range. There are five ordered intermetallic compounds NizAl, NiAl,
NisAl;, NisAls and NiAlz. The NigAl is the most Ni-rich phase. The melting point
of NizAl is 1385°C. Its stability range [54] is rather narrow, compared to the other
intermetallic phases. NigAl is a prototypical, highly ordered intermetallic phase.
This compound caused technological interest because of the well known yield stress
anomaly for single crystals [55] at high temperatures, which is explained on the basis

of dislocation cross slip [56] models.
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Figure 4.2: The phase diagram of the Ni-Al system [54].

NizAl crystallizes in the LI, (CugAu-type) structure, which is cubic (space group
Pm3m) and contains four atoms per unit cell [57]. This is a fcc structure with Al

atoms located at the cube corners and Ni atoms occupying the face centers (Fig. 4.3).
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Figure 4.3: The NizAl structure.

There are two possible terminations for the NigAl(100) surface, the first one contains
50% Ni and 50% Al (mixed layer), the second possible configuration being 100% Ni.
Fig. 4.3 shows the top and the side view of the mixed layer termination. First
principle calculations of the cohesive energy and LEED investigations suggested
that the mixed-layer surface is more stable [57]. In ref. [57] the authors found that
the second layer of atoms are at bulk positions, the top layer Ni atoms are relaxed
inward by 0.05 &+ 0.03 A , and the aluminum atoms sit 0.02 &+ 0.03 A above the Ni

atoms.

The surface energy values give valuable indications concerning the possible termi-
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Face  Termination EAM [58] EDFM [59] BSF [60]

(100) 50%Al-50%Ni 1620 2108 2852
Ni-rich 1885 - 3168
(110) 50%Al-50%Ni 1730 2290 3117
Ni-rich 1920 - 3964
(111) 1645 1887 2411

Table 4.2: Surface free energies of NizAl (mJ/m?).

nations of a specific surface. The calculated surface energies of relaxed (100), (110)
and (111) surfaces by the Embedded Atom Method (EAM) [58], Electron Density
Functional Method (EDFM) [59], and by a method developed by Bozzolo, Ferrante
and Smith (BSF) [60] are shown in Table 4.2. The mixed composition truncation
of the NigAl(100) surface has a lower surface energy that that of the pure Ni plane
terminated surface in all cases. Folies and Daw [58] have calculated the surface en-
ergy and atomic relaxation of NigAl(001) surface using EAM. The surface relaxation
was found to be small, all atoms being close to their bulk positions except for the
top aluminum atoms which are relaxed outward by 0.06 A. The BSF method gives
a relaxation of aluminum atoms of 0.1240.04 A. The EAM gives a prediction for
the surface energy of pure metals typically 50% lower than experimental data [60].
According to Ref. [60] a value of surface free energy close to those obtained by the
BSF method appears to be more realistic.

NizAl is a weak ferromagnet with a Curie temperature of 70 K [61].

4.2.2 CoAl

The phase diagram for the Co-Al system is shown in figure 4.4. The (-phase of the
Co-Al alloys (50 at.% Co and 50 at.% Al) forms a stable By (CsCl-type) structure
over a wide range of Al concentration [62] (the same structure as Ni-Al and Co-Ga).

The unit cell contains two atoms and the lattice constant of the CoAl structure is
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Figure 4.4: The phase diagram of the Co-Al system [54].

a = 2.862 A [63, 64]. These systems are designated as T-B alloys. The T- and
B metal atoms form interpenetrating primitive cubic lattices at the stoichiometric
composition. Since the (-phases exist over a wide composition range, the T-B al-
loys show structural disordering resulting from a deviation of stoichiometry. At a
concentration of T-metal less than 50 at. %, anomalous large vacancy concentra-
tions are present in the sublattice of T atoms. At concentrations higher than 50
at. % T-metal atoms occupy B metal sites substitutionally and these atoms are
described here as T metal anti-structure atoms (ATS). In the case of Co-Al alloys
the so-called anti-structure of Co atoms plays an important role in determining the
magnetic properties of these alloys. The perfectly ordered equiatomic CoAl alloy
does not exhibit any magnetic behaviour [65]. The magnetic moment of cobalt
vanishes because of compensation of the unpaired spin due to the charge transfer

of &~ 0.25 electrons from the Al atoms. However, as the Al concentration decreases,
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Figure 4.5: The CoAl structure.

not only the anti-structure Co atoms but also the neighboring eight Co atoms carry
substantial magnetic moment [66]. Above 50 at.% Co it becomes ferromagnetic with
the Curie temperature increasing up to 120 K for 57.9 at.% Co [66]. CoAl is very
similar to the NiAl compound with respect to density, thermal expansion behaviour
and melting temperature (1640°C) [67]. A side and top view of the (100) surface
is also shown in figure 4.5. The ideal (100) plane has a quadratic unit cell with C,
symmetry and is terminated either by an Al or by a Co layer. The planes parallel
to the (100)-plane have a ABAB... stacking sequence and the distance between the
layers is 1.43 A.






Chapter 5

Cobalt growth on Ni3Al(100)

This chapter presents the growth of Co on the NigAl(100) surface. The experiments
were carried out using AES, LEED and STM. As the substrate is a key factor for the
morphology of the grown film, at the beginning of this chapter a short presentation of
the cleaning procedure of NigAl(100) surface is given. Afterwards, the experimental

results of the cobalt deposition on NizAl(100) surface are presented.

5.1 The clean Ni3Al(100) surface

The experiments were performed in the UHV system described in Chapter 3. The
base pressure of the chamber was 1x107'° mbar. The NizAl(100) single crystal
was cut by spark erosion and polished mechanically. It was oriented using a X-ray
diffractometer with an accuracy of 0.1°.

The clean NizAl(100) surface was obtained after several cycles of argon ions sput-
tering (1kV; 5.4 pA /cm?) followed by annealing at 1400 K. Fig. 5.1 shows the AES
spectrum of clean NizAl(100). The inset of Fig. 5.1 shows the AES spectrum in
the energy region between 40 and 80 eV. The AES transitions of Ni’(M,3VV) at
61 eV and Al°(Ly3VV) at 68 eV are clearly resolved. In the high energy region
the AES spectrum exhibits the Ni triplet at 716, 783 and 884 eV (L3VV) and the
KLL transitions of Al with the predominant transition at 1396 eV [68]. Fig. 5.2a
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Figure 5.1: AES spectra of the clean NizAl(100) surface.

shows a large scan area (3392x3392 A2) STM image of the NizAl(100) surface.
The image displays flat and large terraces (500 - 1000 A) separated by steps. The
height difference between two neighboring terraces was estimated by a line scan (see
Fig. 5.2b). The step height is about 3.5 A which agrees with the lattice constant
of NizAl and represents a double atomic step. This suggests that different terraces
have always the same termination. The LEED pattern of clean NigAl(100) shows a
(1x1) structure (Fig. 5.2¢).

5.2 Growth of Co on NizAl(100)

5.2.1 AES and LEED

Cobalt was evaporated from a rod (2 mm diameter) with a deposition rate between
0.3 and 1 ML min~!. Before each deposition experiment the NizAl surface was

cleaned in order to remove the previous cobalt layer.
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Figure 5.2: (a)The STM image of NizAl(100), U; = 1.2 V; [=0.7 nA; (b) A line scan
which allows the estimation of the step height; (¢) The LEED pattern of the clean
NizAl(100) surface showing a (1x1) structure (E,= 54 eV).

Fig. 5.3a shows three Auger spectra after the deposition of Co on the NizAl(100)
surface. At top AES spectrum of the clean NizAl(100) is shown as reference. The
middle and the bottom AES spectra in Fig. 5.3a show the NizAl(100) surface after
a nominal deposition of 7 and 20 A Co, respectively. In the low energy range of
these spectra it can be observed that, the Ni(61) and Al(68) AES signals gradually
decreases as the Co(53) signal occurs. In the high energy range the Co transitions at
656, 716 and 775 eV appear in addition to the Ni transitions. Since the Ni(716, 783)
and Co(716, 775) AES transitions overlap, we used the Ni signal at 848 eV for the
estimation of the thickness of the Co film. The dependence of the peak-to-peak
(p-to-p) intensity of Ni(848) as a function of the nominal Co thickness is displayed
in the figure 5.3b. Analyzing the attenuation of Ni signal at 848 eV due to the Co
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Figure 5.3: (a)Auger spectra of NigAl(100) surface as a function of Co deposition;
(b) The p-to-p intensity of Ni(848 eV) as a function of Co deposition.

overlayer and assuming a layer-by-layer growth, a rough estimation of the Co film
thickness, d, was made. We used the formula:

Iyi = I3, - eeoniiens (5.1)
with a mean free path A\g, = 14 A according to Ref. [69]. The thickness of the Co
layer estimated in this way is ~ 4 A for a nominal deposition of 7 A, and ~ 18 A
for a nominal deposition of 20 A. As will be shown, the lower value of Co thickness
estimated from AES can be attributed to an island growth mode. The LEED pattern
after Co deposition at 300 K exhibits only a diffuse background.

In order to study the thermal stability of the cobalt film (20 A) on NizAl we have
annealed the system in steps of 100 K up to 1000 K. Fig. 5.4a shows the AES spectra

of Co/NizAl system taken after 20 A Co nominal deposition at room temperature
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Figure 5.4: (a)Auger spectra of 20 A Co/NizAl(100) after deposition at 300 K and af-
ter annealing at 870 K and 970 K; (b) p-to-p intensity of Co(656 V) and Ni(848 eV)

AES transitions as a function of annealing temperature.

(top spectrum), after annealing at 870 K (middle spectrum) and 970 K (bottom
spectrum). There is almost no difference between the spectrum at 300 K and that
at 870 K, only a small decrease of the Co signal in the high energy region is found.
After annealing at 970 K the Co(53) signal becomes very weak while the Ni(61)
and the Al(68) transitions can be clearly observed. The Ni(848) signal becomes,
also, more intense while the intensity of the Co triplet is strongly decreased. This
suggests that at 970 K the Co film has disappeared almost completely from the
surface. Fig. 5.4b shows the Co signal at 656 eV and the Ni signal at 848 eV as a
function of annealing temperature. The Co signal at 656 eV and the Ni signal at 848
were chosen because they originate entirely from the Co and Ni atoms, respectively.

Up to ~ 750 K the signals remain constant indicating the thermal stability of the
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Figure 5.5: The LEED pattern of 20 A Co/NigAl(100) after annealing at 700K
(E,=b54 eV).

Co/NizAl(100) system. Above ~ 750 K the Co signal decreases and at 1100 K it has
vanished completely. Above ~ 750 K the Ni signal increases strongly. It may be that
above 750 K an AIl-Ni-Co alloy is formed in the surface region. After annealing at
1100 K only the specific AES transitions of NizAl are observed in the AES spectrum

indicating that the Co atoms have diffused deeply into the NigAl crystal.

Fig. 5.5 shows the LEED pattern of 20 A nominal cobalt film deposited at 300 K on
NizAl(100) surface after subsequent annealing at 700 K. Since up to 750 K the Co
film is stable on the surface, the LEED pattern shown in figure 5.5 is attributed to
the Co film. The LEED pattern can be explained by a ¢(2x2) reconstruction of the
(100) surface of fcc Co. The basis vector of the ¢(2x2) unit mesh of fcc Co is equal
to 3.56 A, which corresponds to the lattice constant of fcc Co. The stabilization of
a fcc phase was also reported for Co on Ag(001) [70] for low coverage (< 2ML). A
close inspection of the LEED pattern shows that the Bragg reflections are broadened
with respect to those of the clean NizAl surface (see figure 5.2¢). The reason could
be that not the whole surface is covered with an ordered Co film and only some
ordered islands are formed on the surface. This assumption is supported by the

STM measurements. A very rough estimation [11] of the mean island diameter
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(assuming circular islands of uniform size) gives a value of ~ 100 A.

5.2.2 The morphology of the Co/Ni3Al(100) surface

In this section the surface morphology of Co films deposited on NigAl(100) is pre-

sented. The deposition temperatures were 300 K and 500 K, respectively. However,
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Figure 5.6: (a) STM image of 0.1 ML Co/NizAl(100) (U, = 1.15 V; [, = 1.2 nA);
(b) The diameter distribution of Co islands.

due to the experimental limitations, the STM images were always taken at room
temperature.

Fig. 5.6a shows a STM image with a scanned area of 1700x1700 A? after deposition
of 0.1 ML of Co at 300 K. Co grows in more or less circular islands with an island

density of ~ 2.65x10*2 cm~2. Fig. 5.6b shows the diameter distribution of the Co
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islands after deposition of 0.1 ML Co at 300 K. The distribution exhibits a maximum
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Figure 5.7: (a) The STM image of 0.3 ML Co/NizAl(100) (U; = 2.15 V; I; = 0.7 nA);
(b) The diameter distribution of Co islands.

of the diameter centered at ~ 25 A. The estimation of the island size can be affected
by errors due to the tip convolution [71]. In order to estimate the height of the
islands a line scan was performed. The line scan presented bellow the figure 5.6a
shows an uniform height of the island of ~ 2 A. The diameter of a Co atom amounts
to ~ 2.8 A. Therefore the height 2 A corresponds to a two-dimensional growth of
Co on the NizAl(100) surface. The two-dimensional growth can be explained by
the surface free energy of Co (2709 mJ/m?) which is close to that of the NizA1(100)
surface calculated by BSF the method (2852 - 3168 mJ/m?).
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Fig. 5.7a shows a STM image after deposition of 0.3 ML Co. The islands den-
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Figure 5.8: (a,b) STM images after a nominal deposition of 3.5 ML Co on NizAl(100)
(U; = 1.82 V; [,=0.2 nA); (c) The island size distribution.

sity (5.18x10'2 ecm™?) is increased accordingly indicating a homogeneous nucleation
process. Fig. 5.7b shows the distribution of the island diameter after deposition of
0.3 ML Co. This distribution exhibits a maximum centered at ~ 35 A and a shoul-

der at higher values. The shoulder could be associated with islands where nucleation
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in the second layer takes place. The nucleation phenomenon in the second layer is
clearly observed in the linescan below the Fig. 5.7a. Two different heights at ~ 2 A
and ~ 4 A are found. The height 2 A corresponds to a two-dimensional growth,
while the height of 4 A shows that for this deposition the nucleation already starts

in the second layer.

Fig. 5.8a shows a STM image with a scanned area of 3400x3400 A? after a nominal
deposition of 3.5 ML at 300 K. The Co islands are uniform distributed over all ter-
races and the step edges between the terraces are clearly observed. Fig. 5.8b shows
the section of Fig. 5.8a indicated by the arrow with a scanned area of 1700x 1700 AZ2.
The surface displays a morphology consisting of cobalt islands and no underlying
substrate can be observed. Fig. 5.8c presents the diameter distribution of the is-
lands with a maximum around 90 A. The linescan below the figure 5.8b shows a
corrugation of 2 - 3 A. For a nominal deposition of 3.5 ML (7 A nominal deposition)
the thickness of the Co film was estimated by AES to be ~ 4 A which corresponds
to ~ 3 layers of fcc Co. The STM image suggests that the film consists of Co layers
which are homogeneously covered by Co islands with a mean diameter of ~ 90 A.
Concerning the measured corrugation of these islands we have to note that both
lateral and vertical dimensions are altered due the to so-called "tip shape limited
resolution” [72]. Consequently, the apparent corrugation and island size could be

slightly different from the real ones.

Afterwards, the Co/NizAl(100) sample was annealed to 700 K. Fig. 5.9a shows
a STM image with a scanned area of 1700 x 1700 A? after annealing at 700 K. A
coalescence of the Co islands takes place, and large and flat islands are observed. The
inset of figure 5.9b shows a schematic representation of the Co film on NizAl(100).
On top of the Co layers large islands of Co were found. In addition some small cobalt
islands with a height of ~ 2 A and a mean diameter of ~ 30 A can be observed
randomly distributed on top of the large islands. The distribution of the islands
area is also given in Fig. 5.9b. The small islands give the first maximum with an

area of ~ 1500 A% . The distribution shows that the larger islands have areas with
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a maximum around 8000 A2, i.e. by assuming a circular shape this corresponds to a
mean diameter of ~ 100 A. After annealing at 700 K, the topography (morphology)
of the Co/NizAl(100) surface is in agreement with the LEED and AES data. With
AES it was found that the Co film is stable up to ~ 750 K on NizAl(100). This

suggests that only a re-arangement of Co on the surface takes place. After annealing
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Figure 5.9: (a) STM image of 3.5 ML of Co deposition on NizAl(100) after annealing
at 700 K, U, = 1.5 V; I,=0.2 nA.; (b) The island size distribution after annealing
at 700 K; inset: the schematic representation of the Co film configuration after

annealing.

at 700 K, a LEED pattern was found which corresponds to a ¢(2x2) reconstruction
of the (100) surface of fcc Co. The mean diameter of the Co domains was estimated
to be ~ 100 A. This is in agreement with the STM findings where large islands with
an area of ~ 8000 A? are found. Therefore, the large and flat Co islands obtained
after annealing at 700 K, allow the formation of the Bragg reflections which are

observed very clearly in figure 5.5.

As our experiments revealed, kinetic factors are playing an important role. The

deposition at room temperature leads to a non-equilibrium configuration of the
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deposited film consisting of small islands. The increase of inter-diffusion during
annealing drives the system into a more stable energetic configuration which consists
of large two-dimensional islands, as it is schematically shown in the inset of figure

5.9d.

The evolution of islands obtained after deposition at 300 K to large, flat islands after
annealing at high temperature resembles the phenomenon found for Fe deposited on
Ag(100)[73].

- Deposition at 300 and 500 K

Fig. 5.10 shows two STM images of 0.3 ML of Co deposited on NizAl(100) at 300
and 500 K, respectively. In the case of cobalt deposition at 300 K, the island density
(5.18x10' cm™2) is much higher than that of the islands obtained by deposition

at 500 K (0.94x10'? cm~2). Accordingly, the island mean diameter increases with

Figure 5.10: STM image of : a) 0.3 ML Co deposited on NizAl(001) surface at 300 K
(1700x1700 A%; U, = 0.76V; I, = 0.6 nA); b) 0.3 ML Co deposited on the NizAl(100)
surface at 500 K (1700x1700 A% U, = 1.42 V; I,=0.6 nA).

increasing of deposition temperature from ~ 30 A to ~ 80 A. As mentioned before,
at 300 K and 0.3 ML Co, nucleation takes also place in the second layer of the
islands. At 500 K, the line-scan (not shown here) indicates that Co grows only



5.3 Summary 65

two-dimensionally and the decrease of the island density is due to an increase in
island size. According to the mean-field nucleation theory [71] this can be explained
by an increase in the diffusion coefficient. A large diffusion coefficient means a
higher probability for a new deposited atom to find an island before it is involved
in a nucleation process with another free adatom, and also a higher mobility of
small islands which can coalesce [74]. Consequently, at higher temperature, the
growth process is favored with respect to nucleation. On the other hand the line
scan reveals a two-dimensional growth of cobalt islands. Consequently, if at room
temperature the energy barriers at the step edges of islands still prevent the adatoms

from jumping down, at 500 K they overcome this barrier.

5.3 Summary

At low coverage (0.1 ML) and 300 K, the cobalt deposited on the NigAl(100) surface
shows two-dimensional growth. For deposition of 0.3 ML, the nucleation also takes
place in the second layer. Cobalt (0.3 ML) deposited at 500 K shows larger islands
with respect to the deposition at room temperature, and no nucleation in the second
layer occurs. This is attributed to a higher diffusion coefficient. The surface of
3.5 ML Co deposited at 300 K displays a morphology of islands with a mean diameter
of ~ 90 A. This configuration is unstable with regard to annealing which drives the
system into an equilibrium configuration of large and flat islands. After annealing
at 700 K the fcc structure is stabilized, and the cobalt grows with the (100) plane
parallel to the substrate. The cobalt film is stable on the NigAl(100) surface up
to 750 K, when it starts to diffuse into the substrate. At 1100 K Co disappears

completely from the surface via diffusion into the surface.






Chapter 6

The oxidation of Ni3Al(100)

In this chapter the growth of the Al,O3 films on the (100) surface of NizAl is pre-
sented. Alumina (AlyO3) is of great interest in various application areas such as
heterogeneous catalysis, coatings, microelectronics and thin-film devices [75]. Tt ex-
ists in several phases, as was shown in section 4, the most notable of which are
a-Al;O3 (Corundum) and the v-Al;O3 phases.

Bulk alumina or other oxide samples cannot be easily investigated by STM or con-
ventional electron spectroscopic methods, because they are insulating and produce
charging effects. This drawback can be overcome by employing thin oxide films
grown on a suitable substrate as model systems [1]. Ni-Al compounds, in various
stoichiometry, are well known as suitable alloys for the preparation of thin alumina
films through direct oxidation [1, 76, 77, 38, 78]. The formation of AlyOj is thermo-
dynamically favored, having a heat of formation (AH; = -1675.7 kJ-mol~') higher
than the corresponding value for NiO (AH; = -240 kJ-mol™') [79]. It is known
also from XPS measurement that only Al atoms are oxidized while Ni atoms re-
main unaffected [80, 81]. In this chapter the oxidation of the NizAl(100) surface will
be presented. The chapter is organized as follows: In section 6.1, the oxidation of
NizAl(100) at 300 and 1100 K, studied by AES is presented. Section 6.2 deals with
the vibrational properties of the Al,Oj3 film grown on NizAl(100) surface. Section 6.3

shows the LEED investigations results. The morphology of the aluminum oxide film
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obtained by STM is presented in the section 6.5. In section 6.6 the results obtained
after oxidation of the NizAl(100) surface, in a pressure range > 5x 10~7 mbar, are

discussed. In section 6.7 the main results are reviewed.

6.1 The oxidation of Ni3Al(100) studied by AES

The NizAl(100) surface and its cleaning procedure have been already described in
section 5.1. In this section we discuss the oxidation of NizAl(100) studied by AES.

The oxidation experiments were performed by backfilling the UHV chamber with
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Figure 6.1: AES spectrum of NizAl(100) after oxidation at room temperature with
2000 L Oz (p < 1077 mbar).

O, at different pressure ranges at 300 and 1100 K. Fig. 6.1 shows the AES spectrum
of NizAl(100) after oxidation at room temperature with 2000 L O,. In addition to
the Ni and Al AES transitions, the O(KLL) transition is observed. Fig. 6.2a shows
the evolution of the AES transition in the energy range between 30 and 100 eV for
oxidation at 300 K at different oxygen exposures. The intensity of the AlI° signal

at 68 eV decreases after an exposure of only 5 L Os. A new transition at ~ 43 eV



6.1 The oxidation of NizAl(100) studied by AES 69

occurs which is attributed to the formation of AI** ions. By increasing the oxygen
exposure to 500 and 2000 L O, the AES signal increases and also a small signal at

~ 37 eV appears which is also characteristic for the AI** ions. The development
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Figure 6.2: AES spectra as a function of oxygen exposures; (a) for oxidation at

300 K; (b) for oxidation at 1100 K.

of these two AI*" signals at 37 and 43 eV indicates the oxidation of Al atoms in
the surface region. Even in the room temperature oxidation regime, the thermal
activation is sufficient to account for ion generation and movement [42]. Fig. 6.2b
shows the evolution of Auger transitions during oxidation of the sample at 1100 K

as a function of Oy exposure. Already at very low exposure three new transitions
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at 41, 49 and 59 eV appear. They are characteristic for AI3*. This indicates that
the Al atoms are involved in the oxidation process [82]. However, at low exposure
the metallic Al AES transition at 68 eV is still visible. This is consistent with
an island growth mechanism of oxide which was also observed in STM experiments
(see section 6.5). The island growth mode was also found by Bardi et al. with low
energy ion scattering (LEIS) [81]. For the same exposure at 300 K it is not possible
to observe clearly an Al° signal at 68 eV. May be at 300 K, the amorphous oxide
is uniformly distributed over the surface, while at 1100 K the formation of Al-oxide
islands allows a large part of NigAl surface to remain oxide-free. However at 1100 K,
for an oxygen exposure of 2000 L O4, the signal at 68 eV can no longer be observed,
which suggests that the whole surface is covered with oxide. After oxidation at
1100 K, the AI(KLL) transition at 1396 eV is shifted to 1390 eV which corresponds
to the AI*" (KLL) transition.

For further investigation of oxidation, we acquired oxygen uptake curves at 300 and
1100 K by analyzing the p-to-p ratio of the O (510 eV) intensity and the Ni(848 eV)
intensity transitions as well as the p-to-p ratio between O (510 eV) intensity and
Al(1390 eV) intensity. During the adsorption steps the oxygen partial pressure was
adjusted between 3x107% and 1x10~" mbar. The uptake curves for the adsorption
at 300 and 1100 K are shown in Fig. 6.3. After a high initial growth rate, the
thickening rate drops. At 300 K, the I /In; ratio increases up to an exposure of
1000 L and then it remains constant at a value of 0.55. The behaviour at 1100 K
is different, no saturation can be observed. For oxidation with 2000 L oxygen at
1100 K the ratio Ip /I; amounts to ~ 1.2. This means that more oxygen is adsorbed
on the surface due to a higher probability of aluminum segregation to the surface, at
this temperature. The contribution of the thermal energy to the oxidation process is
evidenced in this way. Another question which we want to address is: do we obtain
a stoichiometric Al-oxide, and does it change with exposure? Fig. 6.3b shows the
ratio between the p-to-p signal of oxygen (Ip) and aluminum (I4;) at ~ 1390 eV. For

increasing oxygen exposure up to ~ 250 L the ratio increase and for higher exposure
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Figure 6.3: Oxygen uptake curves of oxidation at 300 and 1100 K;

(a) I0(510 eV)/INi(848 eVv); (b) I0(510 eV)/IA1(1396 eV) (p <1077 mbar).

it remains constant in both cases. Above ~ 250 L O, at 300 K the ratio amounts
to ~ 4, while at 1100 K a value of about 7 is found.
A rough estimation of the film thickness d was performed by analyzing the atten-
uation of the Ni(848 eV) signal due to the Al,O3 overlayer. We have used the
formula:
~dA1,04

Ini = 1Y, - e 403 (PN eos? (6.1)
with a mean free path Aa,0,= 19 A according to Ref. [83]. 6= 42° represents the
acceptance angle of the CMA. The oxide film grown at 300 K with 2000 L O, has
a thickness of ~ 5 A. The Ip /In; ratio amounts to 0.55, while Ip /14, is ~ 4. The
thickness of oxide films grown with 2000 L oxygen adsorption at 1100 K is estimated
to 10 A & 1 A. For this thickness the I /Iy, ratio is 1.2, while Ip /14 is ~ 7.
At 300 K, the oxidation leads to the formation of an amorphous Al,O3 (a-Al;O3)
film (see section 6.2 and 6.3) which has a thickness of 5 A (at saturation). Therefore,
some Al atoms from the substrate always contribute to the 1o /14 ratio and this
value is below the expected value of stoichiometric Al;O3. At 1100 K we have to

distinguish between two cases: at low exposure (< 250 L) some Al-oxide islands are
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formed and a large part of the surface is oxide-free. In this case Al atoms from the
oxide-free surface contribute also to the Al-signal and consequently the I /I4; ratio
is smaller than the stoichiometric value. However, when the whole surface is covered
with Al-oxide at a final thickness of ~ 10 A(see Fig. 6.3b) the 1o /I ratio should
represents the correct value within the Al,O3 layer. This occurs for exposure above
250 L Og where the [y /14 ratio is constant and amounts to ~ 7, a value very close

to that of stoichiometric Al,Og3 [47].

6.2 The vibrational properties of Al,O3 films grown
on Ni3;Al(100)

Fig. 6.4 shows two EEL spectra of NigAl(100) oxidized at 300 K with 1 and 1000 L
O,. The spectra exhibit two broad losses located at v, = 635 and v, = 850 cm™*

Intensity (a.u.)

0 400 800 1200
-1
Energy loss (cm )

Figure 6.4: EEL spectra of the oxidized NigAl(100) at room temperature.



6.2 The vibrational properties of Al,O3 films grown on NizA1(100) 73

which are characteristic for amorphous AlyO3. With increasing oxygen exposure

Frequencies of the losses (cm™!) | T(K)
a-Al,O5 /NiAI(100)[82] 635 850 300
a-Al,O3/NiAL(110)[84] | 419 | 621 847 300
a-Al,O5 /NiAl(111)[37] 630 822 300
a-Al,O5 /NizAl(111)[85] 629 810 300
a-AL O3 /NizAl(100)* 635 850 300
a-AlO5/CoAL(100)* 650 890 300
0-ALO;/NiAI(100)[82] | 420 | 603 | 718 896 1200
0-AL,03/CoAl(100)* | 415 | 630 905 1000
+-AL Oy /NiAL(110)[84] | 425 | 635 880 1000
v-ALOy/NiAl(111)[37] | 427 | 637 887 1000
~v-Aly05/NisAl(111)[85] | 440 | 648 910 1000
v’-Al,O3NizAl(100)* 415 | 640 875 1100
a-Al, 05 /NiAL(100)[82] 638 913 ~1300
a-ALO3 /NiAI(111)[37] 630 011 ~1100
a-Al,03/CoAl(100)* 630 905 ~1200

bulk-Al,O;[86] 500 800

a-Gay03/CoGa(100)[41] | 400 690 300
3-Gas03/CoGa(100)[87] | 305 | 455 | 645 785 700

Table 6.1: The characteristic frequencies of the energy losses for some Al,O3 and

GayO3 oxide phases on surfaces of intermetallic alloys (* present work).

Iincreases and at 1000 L O, it becomes much

the intensity of the loss at 850 cm™
larger than that at 635 cm™'. At saturation, the ratio of the relative intensities
is I(v,)/I(vp)=2:3. The spectrum taken after an exposure of 1000 L O is similar

to those reported for amorphous Al,O3 films grown on Al(111) [88], NiAl(111)[37],
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NiAl(100)[82], NizAl(111) [85]. Depending on the substrate, the frequencies of the
losses are shifted to lower or higher values, but the loss structure is similar and was
attributed to an amorphous Al,O3 (a-AlyO3) formed on the surface. Amorphous
Al;O3 has a short range order and can be described as clusters of randomly oriented

oxygen fcc lattices, with Al cations sitting in tetrahedral interstices [82]. Therefore,
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Figure 6.5: Comparison of (a) calculated and (b) experimental EEL spectra of amor-

phous alumina grown on Niz(100).

it should rather be labelled vitreous instead of amorphous, which suggests a complete
lack of order [82]. The table 6.1 shows an overview of the characteristic frequencies
of the losses found in EELS experiments for amorphous and well-ordered Al,O3 and
GayO3 grown on various substrates. As it is shown in this table, for amorphous
Al O3 (a-Al;O3) layers, always two losses are found in the frequency ranges between

620 and 640 cm~! and between 810 and 850 cm~!. There is only one exception, for
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n WTOo,k cm™! Sy Ye/Wrok WLOK cm™!
a-Al,O3 [49]
€00=2.8
1 422 3.75  0.402 537
2 721 1.46  0.245 959
~v-Aly O3
€oo=2.9
1 357 252  0.202 403
2 536 2.38  0.189 669
3 744 0.34  0.076 783
4 807 0.17  0.054 917
hw, =7.4 eV;
v =0.03 [89]

Table 6.2: The values of the parameters used in the calculations of the EEL spectra.

Al,O3 formed at 300 K on NiAl(110), the EEL spectrum exhibits three losses [84].
This suggests that at 300 K a mixture of domains of a-Al,O3 and v-Al, O3 coexists on
NiAl(110). For a-Al,O3 (a-GayOs) only two modes are expected due to the solely
tetrahedral coordination of the AI** (Ga®) ions. Two IR active modes are also
predicted by the group theory. Thus we deduce that the spectra shown in fig. 6.4
originate from an amorphous aluminum oxide layer. To underpin the assumption
of a-Al,O3 we have compared the measured spectrum with calculations for a model
of an amorphous aluminum oxide layer on NizAl. The parameters for a-Al,O3 [49]
are given in Table 6.2. The calculations were done for different oxide thicknesses.
The best agreement with the experimental spectrum is obtained for a thickness of
~ 5 A, in good agreement with the value determined from AES measurements.
The spectra shown in Fig. 6.5 exhibits a good agreement between calculation and

measurement regarding the relative intensities. However, the frequencies of the
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calculated spectrum are shifted with respect to those of the experimental ones.

While the frequency of the v, mode is shifted by about 60 cm™! to a lower value, the

Intensity (a.u.)

X 5Q su¥
0 400 800 1200
Energy loss (cm'1)

Figure 6.6: EEL spectra of the oxidized Al;O3/NizAl(100) as a function of annealing
temperature. The sample was oxidized at 300 K with 2000 L O, I /IN;=0.55.

lower one (v,) is shifted with about 100 cm™ to a higher frequency compared to the
calculation. This may be due to different Al-O-Al bond angles and lengths within
the AlO, tetrahedra. A similar effect was found for O/Si(111) [90]. Another reason
could be the failure of the dielectric theory in producing the correct frequency of
the surface phonons in the case of ultra-thin films (less than ~ 2nm) [18].

After oxidation at room temperature with 2000 L O, the sample was annealed
gradually, in steps of 100 K, up to 1100 K. Each annealing step lasted for about two
minutes. Before the EELS measurements the sample was allowed to cool down to

room temperature. As was already shown, the oxidation at room temperature leads
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to losses at 635 and 850 cm~!. After annealing at 600 K three new losses at 475, 635
and 875 cm ! develop (Fig. 6.6). After annealing to 800 and 1100 K, the intensity of
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Figure 6.7: EEL spectra of the oxidized NigAl(001) at 1100K as a function of oxygen
exposure (Ip/In;=1.2 for 2000 L O).

the losses strongly increases (the magnification factor decreases from 100 at 300 K
to 20 at 1100 K) and the FWHM of the peaks decreases. This shows that during
annealing an ordering of the oxide film occurs. The three intense losses observed in
the EEL spectra are attributed to the Fuchs-Kliewer (FK) phonon modes of a well-
ordered Al;Oj3 layer. This indicates a transition from a-Al;O3 to a different phase
of the oxide film, which involves an alteration of the occupation probability of the
tetrahedral and octahedral sites in the aluminum sublattice. In ~-, 4’- and 6-Al;Os3,

the Al ions occupy both sites (tetrahedral and octahedral), whereas in a-AlyO3 only
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the tetrahedral sites are occupied. Such intense FK modes are typical for insulating
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Figure 6.8: EEL spectrum of Al;O3/NizAl(100) after oxidation at 1100 K with
2000 L Og. Three losses vy, v, and v3 and the corresponding gains at -415, -635
and -875 cm ™! are observed. In addition the multiple excitation vs+v;, v3+1v5 and

v3+vs are displayed.

or semiconductor thin layers [87]. For all the examples shown in Table 6.1 of well-
ordered Al,O3 which are grown at elevated temperature on different substrates three
optical modes (FK-phonons) are found in the frequency range of 420 - 440 cm ™! (1),
602 - 650 cm™! (1), and 880 - 910 cm™* (1).

The group theory predicts for well ordered (v-, 7’- and 6) aluminum oxide films 4 IR
active modes. For example, in the case of #-Al,03/NiAl(100) and 5-GayO3/CoGa(100)
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(which are isomorphic) four FK modes are found (see table 6.1). However for our
film, the fourth mode (between the 635 and 875 cm™! modes) was not detected. It
may be, the intensity is very small due to a specific structure of the aluminum oxide
or its frequency is shifted to higher or lower values and consequently it is superposed
with those of the strong neighbor losses. The fourth loss was also not observed in
the case of 7’-AlyO3/NizAl(111) [85]. The high degree of order of the oxide film is
confirmed by the LEED and STM investigations which will be presented in the next

sections.

Fig. 6.7 shows the EEL spectra of NizAl(100) surface after oxidation at 1100 K as a
function of oxygen exposure. Already for an exposure of 3 L Oy three losses at 415,
640 and 875 cm™! can be observed. With increasing oxygen exposure the intensity
of the three losses increases and the FWHM decreases. The frequencies of these
losses are equal to those observed after annealing an a-Al;O3 film to 1100 K, which
suggests that the same Al,O3 phase is formed on the surface. The frequency of the
vibrational losses are close to those obtained for 7/-Al;O3 grown on NiAl(111) (losses
at 427, 637 and 887 cm™!) [37]. Becker et al. [85] found a similar spectrum in the
case of v-Al,O3 on NizAl(111) with the losses at 440, 647 and 909 cm~!. Fig. 6.8
shows an EEL spectrum of NizAl(100) after oxidation at 1100 K with the losses v,
vy and v3 and the corresponding multiple losses at v3+14, 3415 and v3+13 and gain
peaks (-v1, -v5 and -v3). The intensity of the losses and gain peaks at - 415, - 635
and - 875 cm ™! is related to the Boltzmann statistics: I, = Liexp(-hw/kT)(g:gain,
[:loss).

In order to confirm the Al,O3 phase of the film, EEL spectra were calculated on
the basis of the dielectric theory and were compared to the experimental spectra.
The calculations were performed using a program [17] which allows to simulate the
EEL spectrum for electrons specularly reflected at the surface. The parameters
used for the simulation of the EEL spectra of well-ordered v-Al;O3 are taken from
reference [49] and they are listed in Table 6.2. The NizAl substrate is represented

through a Drude term with w, = 7.4 eV [89]. The calculations were performed for
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Figure 6.9: Comparison of the calculated (solid line) and experimental (dots)EEL
spectra of 7'-AloO3/NizAl(100); the best agreement was achieved for a layer thick-
ness of 10 A. Inset: a model of the Al,O3 on top of NizAl(100).

different oxide thickness. The calculated spectrum is represented in Fig. 6.9 (solid
line). All losses are nicely reproduced concerning the relative loss intensity and loss
energy. The three visible modes are the w, branches within the thin oxide layer close
to the wrp bulk values. The w_ branches are screened by the metallic substrate. The
best agreement between the calculated and the measured spectra has been achieved
for a thickness of 10 A of oxide film. This value has to be considered only as an
approximate, taking into account the number of parameters used for calculation.

However, it is very close to the thickness estimated from AES data.
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6.3 The structure of the Al,O3 layer grown at
1100 K on Ni3Al(100)

Starting from the (1x1) pattern of the clean surface the spots became more and

more diffuse with increasing oxygen exposure at 300 K. At the saturation level the

Figure 6.10: (a)LEED pattern of the Niz3Al(100) surface after oxidation at 1100 K
at: (a) 1 L O (E,=65 eV); (b) 20 L Oy (E,=65 eV); (c) 2000 L O (E,=65 eV);
(d) same condition as (c) (E,=10 eV).

substrate spots vanish completely and the LEED screen exhibits diffuse illumination.
The surface seems to be highly disordered and has lost long-range order at least
on the first few layers. After annealing the oxidized sample at 1100 K a LEED
pattern with very sharp spots appears, which implies that we are dealing with a

well-defined, long-range ordered structure. A similar LEED pattern is obtained
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when the NizAl(100) surface is directly oxidized at 1100 K. Fig. 6.10a shows the
LEED pattern of the NizAl(100) surface oxidized at 1100 K with 1 L O. At this

exposure the substrate spots are still clearly visible.

After oxidation with 20 L Oy (Fig. 6.10b) the intensity of the substrate spots is
diminished, however they are still recognizable. This is consistent with the island
growth mechanism observed in STM (see section 6.5). At 2000 L Os the substrate
LEED spots are not visible and the LEED pattern exhibits only the oxide pattern
(Fig. 6.10c). At low exposure, the LEED pattern originates from oxide islands
and from areas of the substrate free of oxide, while at higher exposure, when the
substrate is completely covered with oxide, the pattern is given entirely by the oxide.
A similar LEED pattern was observed by Bardi et al. [81] and was explained by a
quasi-hexagonal structure with a lattice constant of about 3 A and the substrate
unit cell with a lattice constant of 3.57 A (see fig. 6.11a, b; the basis vectors of
the substrate are denoted by @; and ds, and the basis vectors of the oxide with ¢;
and ). Most of the extra-spots were attributed to multiple diffraction effects. The
agreement of the lattice constant estimated from LEED with the length of the basis
vectors along the (111) plane of 4’-Al,O3 suggests that the oxide grows with the
(111) plane parallel to the substrate surface plane. The structure of the 7’-Al,O3 is
derived from that of v-AlsO3 and it has half of the unit cell of v-Al,O3 [91, 92, 81]. A
part of the spots in figure 6.10c may be indexed in terms of a hexagonal oxygen unit
mesh with a lattice constant of 3 A. The unit vector length of 3 A is approximately
twice the value of the O>~ radius (1.4 A). This implies that the top layer of the

alumina film consists of compact hexagonal planes of oxygen ions.

Our analysis give a slightly different interpretation of the LEED pattern, which
does not excludes but fulfills Bardi’s interpretation. The reason is the observation
of a LEED pattern at 10 eV (Fig. 6.10d), where a twelvefold ring structure can be
recognized. This pattern can not be explained only on the basis of a hexagonal
structure with a lattice constant of ~ 3 A whose diffraction pattern can not be

observed at such a low energy.
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Figure 6.11: (a) The reciprocal vectors of the substrate (@, @3), of the superstructure
(b%, b%) and of the oxygen lattice (&, @); b) The real space representation; (o)
represents the atoms in the first layer of NizAl(100); d@;, d@» are the basis vectors of
the substrate; 51, 52 are the basis vectors of the superstructure; (¢, ¢) are the basis

vectors of the oxygen lattice.



84 The oxidation of NizA1(100)

The LEED pattern in figure 6.10d is explained by a hexagonal structure with two
domains which are rotated by 90° with respect to each other. The basis vector
of the hexagonal structure amounts to ~ 18 A. The unit mesh of the hexagonal
structure in the reciprocal space is sketched in figure 6.10d by the rhombs. Fig. 6.11a
shows the relative orientation of the basis vectors of the substrate (a%, @), of the
superstructure (b7, b3) and of the compact hexagonal oxygen lattice vectors (%, &)
in the reciprocal space. Fig. 6.11b shows the basis vectors of the superstructure
(b1, by) and the basis vectors of the substrate (a1, @). In addition the basis vectors
of the compact hexagonal oxygen top layer, (¢1, ¢), used also by Bardi et al. are
indicated. For clarity only the basis vectors for one domain are sketched. The lattice
constant found for the superstructure (18 A) coincides almost with a multiple of the
lattice constant of the substrate, i.e 5x3.57=17.85 A. If we consider, for example,
one basis vector of the superstructure (51) lying in the [100] direction of the substrate
the lattice mismatch amounts to 1%. The coincidence is not surprising because the
alumina film is ultra-thin and therefore a coincidence structure of a slightly distorted
hexagonal structure of the alumina film and the substrate seems to be favorable. In
the direction of the second unit mesh vector of the hexagonal superstructure (51) no
coincidence with the substrate is found. The matrix which relates the superstructure
periodicity to that of the substrate is:

i I O Y (6.2)

by —2.52 4.36 ds
where the 51 and 52 are the basis vectors of the superstructure and a; and ds the
vectors of the substrate. The vectors (¢; and &) are related to those of the substrate
by:

& 0.84 0 ay

- : (6.3)
Ca —0.42 0.72 s

For the second domain of the alumina film, which is rotated by 90° with respect

to the first one, a similar coincidence in the [010] direction exists with the same



6.4 The band-gap of Al,03/NizAl1(100) 85

lattice mismatch of ~ 1 %. The origin of this coincidence structure could be a re-
construction of the NizAl(100) surface induced by the alumina layer on the top of
it. Most of the alumina surface phases have a hexagonal or nearly hexagonal sur-
face mesh. The unit vector lengths range from 2.9 to 3.1 A which is approximately
twice of the value of the O?~ ionic radius. This suggests that the observed unit
meshes always correspond to compact hexagonal planes of oxygen ions. The lattice
constant of the quasi-hexagonal structure, 18 A, almost coincides with a multiple
(6x3 A=18 A) of the unit vectors of a hexagonal surface mesh (hexagonal plane
of oxygen ions) of alumina. Thus, the surface of the alumina film could be recon-
structed to give a quasi-hexagonal superstructure. Several surface reconstructions of
alumina have been observed: e.g., depending on the thermal treatment, the surface
of a-Al;03(0001) is reconstructed [93]. A similar situation could also occur in the

case of the oxidation of NizAl(100).

6.4 The band-gap of Al,O3/Niz;Al(100)

Fig 6.12 (a) and (b) show the loss features up to 10 eV for films of amorphous and
well-ordered alumina grown on NizAl(100), respectively. The spectra were recorded
using a primary energy of 32 eV. In order to gain intensity, a relatively poor en-
ergy resolution and long integration times were chosen. The elastic beam, and
the vibrational losses are not shown (i.e. losses below 0.2 eV). The spectrum of
the a-Al,O3 shows a shoulder at 0.7 eV and a broad loss feature with an onset
of ~ 3.2 eV. In the case of the well-ordered Al-oxide, the broad feature starts at
~ 4.3 eV. The increase of the background is due to the excitations of electrons from
the valence band (VB) into the conduction band of the oxide. The loss probabil-
ity is proportional to the joint density of states, disregarding the matrix elements
effects [82]. Using a very coarse approximation of parabola around the maximum

(minimum) of the valence (conduction) band the loss probability is proportional to

O(hw — E,)\/hw — E, (with the Heavyside step function ©). Fitting our data with
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this function yields E; ~ 3.2 eV for a-Al,O3 and E,; ~ 4.3 ¢V for the well-ordered
oxide film. The band-gap of the bulk v-Al;O3 has a value of 8.7 eV [94]. The energy
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Figure 6.12: The band gap of Al,O3/NizAl(100): (a) for a-Al,O3 formed at 300 K;
(b) for Al,O3 prepared at 1100 K.

band-gap which we found for the amorphous and well-ordered Al,O3 has a lower
values with respect to the bulk. In order to understand the decreasing of band-gap
value, we have to make some remarks concerning the interband transitions. For an
one-electron model, neglecting the relaxation effects in photoemission transition or

excitonic effects in interband transitions, the interband transition can be described
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as an electronic excitation from bound state (valence or core) to an unoccupied state
located in the conduction band [95]. The onset of the broad energy losses in an EEL
spectrum can be associated with an interband transition. If the energy losses are
lower than the energy gap, this can be interpreted as electronic transitions between
valence band and unoccupied states located in the band-gap [96]. The band-gap
of thin alumina film was a subject of discussion particularly in the case of thin
Al O3 films [97, 96]. The decrease of the energy band-gap value reported for thin
a-alumina [93, 98] and y-alumina [97] was explained in terms of the appearance of
a metallic characteristic in the alumina surface layers [93] or due to some defects
levels located in the band-gap [96]. Such defect states were found also in Al;O3 film
grown on Al(111) and they were related to intermediate Al oxidation states [99)].
This hypothesis is supported also by DOS calculations of Ciraci et. al. [100] which
obtained empty energy levels located in the band-gap supposing the existence of
ideal vacancies in Al;O3. In ref. [96] the authors show that the band-gap for thin
~v-Al;O3 film is dramatically reduced up to 2.6 eV. The appearance of the empty
levels induced by defects located in the band-gap is considered as a reason for the
decrease of the band-gap value. The dangling Al spz bonds at the surface are also
responsible for the existence of a discrete level located below the conduction band
minimum energy. Taking in the account this small value of band-gap the authors
do not consider anymore the y-Al;O3 thin film as an insulator, but as a new phase
with different properties characterized by the decrease of the ionicity of the oxygen
sites. In the case of the reconstructed surface of a-Al;03(0001) [93] the band-gap
is also found to be smaller than it’s bulk value. In this case no empty levels are
detected in the band-gap. In the case of #-Al,O3 formed on NiAl(001), the authors
[101] have found a band-gap value of about 7.4 eV which is also diminished with
respect to the value for the bulk. In our studies a broad loss feature in the EEL
spectra starts at about 3.2 eV for the amorphous Al-oxide and at 4.3 eV for the
well-ordered Al-oxide. In case of an ideal, defect-free crystalline insulator, the in-

tensity should increase abruptly at the energy gap. In contrast, in our experiments
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these sharp edges are not present. However, the energy levels induced by defects,
which are located in the band-gap, diminish the band-gap energy. In amorphous
semiconductors, it was also found, that a distribution of tail states encroaches into
the otherwise empty band-gap region [102]. The analysis shows that tail states are
localized by the site disorder and they are responsible for many of unique properties

exhibited by amorphous semiconductors [103, 104].

6.5 The morphology of Al,O3;/Ni3;Al(100)

In this section we present the STM experiments performed on Al,O3 grown on
NizAl(100). The STM provides informations about the surface topography in real
space, which is important in order to understand the growth mode of thin alumina
film. The STM images were acquired in the constant-current topography (CCT
mode). All STM images were recorded in a differential mode to ensure image repro-
duction of different topographic heights at reasonable grey levels. The analysis of the
images (line scans etc.) was made after integration. Since Al;O3 is a wide band-gap
insulator tunnelling into empty or from filled states of the oxide film is, in principle,
only possible by using a sufficiently large bias voltage [105, 106]. As shown in sec-
tion 6.4, the band-gap of thin AlyOj3 is about 4.3 eV. If we assume the Fermi level
Er to be located near to the center of the band gap, direct electronic contribution
from the oxide are expected for U < -2 or U > 2V [107]. However, during the STM
experiments it was evidenced that the oxide can be imaged also for smaller voltage.
One can suppose that the surface states located in the band-gap are responsible for
tunneling, as it was pointed out in the case of $-GayO3/CoGa(100) [107]. In our
STM experiments the sample is grounded. A positive bias of the tip leads to the
tunnelling from the filled states of the sample (e.g. valence band of oxide) to the
empty states of tip, while negative voltage leads to the tunnelling from the filed
states of tip to the empty states of the sample (e.g. conduction band of oxide).

Figure 6.13a shows a STM image with a scanned area of 510x510 A2 of the NigAl(100)
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Figure 6.13: (a) STM image of NizAl(100)after exposure to 1 L Oy at 1100 K (U, = 2
V; I; = 0.3 nA); On the Al,Oj3 island a hexagonal superstructure is visible. (b) Fast-

Fourier transform of the island image confirming the hexagonal superstructure.

surface oxidized with 1 L O,. One oxide island with hexagonal shape can be ob-
served. The side length of the hexagon amounts to ~ 200 A. The line scan taken
over the island reveals an apparent height of about 6 A. As it was pointed out in
the case of 3-GayO3/CoGa [107] the determination of the height from STM images
when one scan over different species (metal-oxide-metal) has to be critically inter-
preted. The height in STM is given by the gray level contrast which depends on the
density of states at the Fermi level. Consequently, the determination of the height
for domains with different electronic structures does not reproduce necessarily the
geometric height [108, 109]. In addition, the apparent height of the film shows a
clear bias dependence [106, 110] and depends also on the current [109], as well as

on the distance between the tip and the sample [111]. On the top of the island
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a quasi-hexagonal superstructure with a periodicity of ~ 18 A can be recognized.
This result is in agreement with the LEED pattern (fig. 6.10c and d) which was
explained by a hexagonal superstructure with a lattice constant of 18 A. Fig. 6.13b
shows a Fast-Fourier transform of the STM image on the top of the island which

confirms the quasi-hexagonal structure. A similar superstructure was observed in

2200 A 2200 A

Figure 6.14: STM images of NizAl(100) after oxidation at 1100 K with (a) 5 L Oq
(U =2 V; I, =03nA); (b) 10 L Oy (U, =2 V; I; = 0.3 nA); (¢c) 100 L O,
(U, = 25 V; I, = 0.2 nA) and (d) 2000 L Oy (U, = -4.5 V; I, = 0.2 nA).
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STM experiments performed on Al,O3 grown on NigAl(111) [85]. In the case of
AlyO3/NizAl(111) the authors have identified the superstructure as a Moiré pattern
which is a modulated pattern resulting from the superposition of the oxide structure
with that of the substrate. In this case, the islands have a triangular shape which
is associated with the substrate symmetry that allows a specific configuration of

domains.

Fig. 6.14 shows STM images of Niz3Al(100) oxidized with various Os exposure at
1100 K. Fig. 6.14a-d show different scanned areas on the surface. The reason for
this is that for oxidation at 1100 K, the STM has to be removed from the sample
and after cooling the sample to 300 K the same position on the sample cannot be

found.

In Fig. 6.14a is shown a STM image with a scanned area of 2200 %2200 A? after
oxidation at 1100 K with 5 L. O,. Three islands with hexagonal-shape are visible
on the same terrace. The density of islands increases after oxidation with 10 L O,.
In this case not all islands have a hexagonal shape. It may be, they are formed
through a coalescence of the former hexagonal islands (Fig. 6.14b). After oxidation
with 100 L O, the whole surface is covered with oxide and no isolated islands are
visible (Fig. 6.14¢). The surface shows large terraces with steps with a height (~ 3 -
4 A) close to that of the substrate. This could be interpreted as a homogeneously

Figure 6.15: Two successive STM constant current (4V, 0.2nA) images of a region

of the Al,O3/NizAl(100) (1700x800 A). The NigAl(100) was exposed to 2000 L O,.
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growth of the oxide film on different terraces. In addition to the superstructure with
the periodicity of ~ 18 A (indicated by the parallel streaks) observed at low exposure
(fig 6.13b), another hexagonal superstructure, with a lattice constant of ~ 54 A is
visible. Both superstructures are visible not only on different terraces but also on
the same terrace as it is shown in Fig. 6.14c. Further oxidation at 1100 K with
2000 L Oy does not change very much the surface morphology (Fig. 6.14d). The two
superstructures, found already after the oxidation with 100 L O,, are visible. We
have already mentioned that the lattice constant b; of the hexagonal superstructure
coincides with a multiple (6x3 A) of the basis vector ¢; of the compact hexagonal
plane of oxygen ions in the 7’-Al; O3 lattice. May be this is accidental, but the basis
vector of the second superstructure (54 A) is also a multiple (18x3 A) of ¢; and

therefore also a multiple (3x18 A=54 A) of b;.

Another peculiarity is faced during the STM scanning of the Al,O3 surface with a
relatively high bias voltage of the tip. Fig. 6.15a and b shows the same place of the
surface after successive scanning. The number of dark hole-like defects in Fig. 6.15b
(second scanning) is much higher than in Fig. 6.15a (first scanning). The density
of defects after the first scanning is 2.5 x 10! defects/cm? and 4.2 x 10! after the
second scanning. Close examination of the pictures shows that new defects appear
mostly in the vicinity of already existing defects. Similar STM induced voids were
obtained on Al;O3/NizAl(111) [112]. The void formation was explained by dielectric

breakdown.

6.6 The oxidation at 1100 K in the 10~ ° mbar

pressure range

The oxidation of NigAl(100) at 1100 K was carried out also at a higher oxygen
pressure (5x107% mbar). A comparison with the results at 10 =7 mbar shows, for

the same exposure, a more advanced growth. This can be observed very clearly in
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Figure 6.16: (a)The Io(510)/Ini(sss) P-to-p intensity as a function of oxygen exposure
for the NizAl(100) oxidation at 1100 K (p=5x10"% mbar). The LEED pattern (a,

b, ¢) for corresponding oxygen exposure are also shown.

the Ios10)/Inisas) P-to-p ratio as a function of O, exposure (Fig. 6.16). This ratio
increases rapidly with oxygen exposure. After an exposure of 1000 L Oq the Ip/Iy;
ratio has a value 3.2 for 5 x 10~% mbar, while for oxidation at 10~7 mbar a value
of 1 was found. After 2000 L O, the corresponding values are 7.5 for oxidation at

5 x 1078 mbar and 1.2 at 10~7 mbar.

The evolution of the LEED pattern during oxidation at high pressure at 1100 K is
also different with respect to that at lower pressure. During oxidation at 1100 K
with an oxygen pressure of < 1077 mbar the LEED pattern of the oxide remain
almost unchanged (fig. 6.10a~c). With increasing oxygen exposure the only change

in the LEED pattern consist in disappearance of the spots due to the substrate.



94 The oxidation of NizA1(100)

Exposing the sample at 1100 K to oxygen at 5 x 10~% mbar, the LEED pattern
is gradually changed as a function of Oy exposure. Up to ~ 500 L. Os the LEED
pattern (fig. 6.16a) is identical to that obtained for oxidation in a pressure range
< 1077 mbar (fig. 6.10c). Between the ~ 500 and ~ 2000 L O the LEED pattern
changes gradually to a (1x1) structure with a quadratic unit mesh (Fig. 6.16b and
c). The lattice constant of the quadratic structure from Fig. 6.16¢ is ~ 3.6 A. This
suggests that the oxidation at 1100 K with 2000 L O, leads to the formation of a
7’-Al, O3 film which grows with the (100) plane parallel to the surface of NigAl(100).

dN(E)/dE

Ni Al
] ) ] ) ] ) ] ) ]

0 200 400 600 800 1000 1200 1400
Energy (eV)

Figure 6.17: The Auger spectrum of NizAl(100) oxidized at 1100 K with 2000 L O,
(p=5x10"5 mbar).

Fig. 6.17 shows the AES spectrum of NizAl(100) after exposure to 2000 L. Oy at
1100 K for a O, pressure of 5x107% mbar. The O(510) AES signal is very high and
the Ni(848) signal is strongly reduced by the oxide film. After a higher exposure the
p-to-p Lo(s10)/Ini(sas) ratio increases very much and above ~ 2400 L the Ni signal is

vanished completely and therefore, the Io/In; has no meaning anymore.

Fig. 6.18a shows the Io(s10)/Ia11300) Tatio of NigAl(100) surface oxidized at 1100 K,
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Figure 6.18: (a) Ioi0)/Iai1se0) ratio of NigAl(100) surface oxidized at 1100 K
(p = 5 x 107% mbar) as a function of oxygen exposure (b) The Ni(848) p-to-p
intensity as a function of oxygen exposure (o); The dependence of the oxide thick-

ness as a function of oxygen exposure (e).

in high pressure range (p = 5 x107% mbar) as a function of oxygen exposure. It can
be observed that after a rapid increase the Iosi0)/Iai1300) Tatio is constant with a
value of ~ 9.2 after exposure at 2000 L. O,. This value is slightly higher with respect
to the stoichiometric value of ~ 7 which was obtained for oxidation in the pressure
range of 10~7 mbar. This could be attributed to a small oxygen excess in the case
of the film obtained in higher oxygen pressure range. From the attenuation of the
Ni(848) signal (Fig. 6.18b) we have estimated the thickness of the oxide film after
different O, exposure, using the equation 6.1. Above 50 L. Oy the oxide thickness
shows a parabolic dependence with oxygen exposure (see Fig. 6.18b). As the oxygen
exposure is directly related with the time one can conclude that the growth of the
oxide films obeys a parabolic time dependence in accordance with Wagner’s theory

(see section 2.3).

2?[A] = 2.49 x t[s] (6.4)

where x represents the thickness of the oxide film and the parabolic rate constant
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k, = 2.49.

After an exposure of 2000 L O a value of ~ 30 A was found, which is about three
times larger with respect to the thickness of the oxide film which was obtained in the
pressure range < 10 ~7 mbar. Consequently, one can conclude that the growth of
alumina film is enhanced in the case of oxidation in higher pressure range. Actually,
this is not so surprisingly, because for oxidation in air at 1300 K of NiAl [113] and
at 1100 K of CoGa [114], thicknesses of the oxide films up to 250 nm are reported.
However, we have to point out that the effects found in the oxygen pressure range
5 x107% mbar could be reproduced only two times with a fresh NizAl(100) surface.
Afterwards only the oxide growth reported in the 10~7 mbar pressure range was
found. An adequate explanation for this effect cannot be given. We can only
speculate that, may be, the concentration of Al in the surface region is changed

after several oxidation and cleaning cycles.

6.7 Summary

-Ozygen pressure range 10~7 mbar

The oxidation of the NigAl(100) surface was studied with EELS, AES, LEED and
STM. The structure and the phase of the grown oxide films depends mainly on
the oxidation temperature. At room temperature the oxygen adsorbs dissociatively
on NizAl(100) leading to the formation of a thin amorphous aluminum oxide layer
(~ 5 A). Annealing at 1100 K leads to a well ordered 7’-Al,O5 film. Oxidation
directly at 1100 K leads also to the formation of a well ordered +’-Al;O3.

The thickness of the oxide prepared at 1100 K is ~ 10 A. The STM experiments
performed on NizAl(100) surface directly oxidized at 1100 K show an island growth
mode of the oxide. The oxide islands have a quasi-hexagonal shape, which exhibits
a quasi-hexagonal superstructure with a periodicity of ~ 18 A. The completely
covered surface shows, in addition to the superstructure with a lattice constant of

18 A, another hexagonal superstructure with a lattice constant of 54 A.
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The band-gap of ultrathin amorphous and well-ordered Al,O3 formed on NizAl(100)
are strongly diminished with respect to the bulk values. The lowering of band-gap
values of thin alumina films on NisAl is explained with the existence of defects
induced states located in the band-gap region.

-Oxygen pressure range > 5x 107 mbar

The oxidation in a higher O, pressure range leads to a thicker oxide layer which

shows a (1x1) structure for an exposure >2000 L O,.






Chapter 7

Growth of cobalt on the
Al,O3/Ni3Al(100) surface

Metal-oxide interfaces, metal coatings or dispersed metals on oxide supports play an
important role in many technological areas. One of them is heterogeneous catalysis,
where supported metal catalysts are used to increase the activity or to control the
selectivity of reaction processes. Furthermore, ultra thin Al,O3 layers are used in
permanent magnetic RAM devices [115, 116] as a tunneling barrier between the
ferromagnetic materials based on the tunneling magnetoresistance effect (TMR)
2, 3]. Up to now, most studies were performed on TMR structures with a layer of
amorphous alumina as insulating barrier between the ferromagnetic layers. However,
from a fundamental point of view, i.e. the understanding of the physics of spin
dependent tunneling, a transport study through an amorphous insulator is hardly
accessible in a theoretical approach. Therefore, many groups have tried to grow
epitaxial single-crystal tunnel junction in which the oxide layer is also crystalline
(MgO) [117, 118]. As it was shown in Chapter 6, on the NizAl(100) surface a
thin Al,O3 film grows, which is amorphous when prepared at 300 K and which
becomes well-ordered (crystalline) at higher oxidation temperature. By deposition

of a ferromagnetic layer (e.g. Co) on top of Aly,O3/NizAl(100) a three-layer system
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is formed, which, below the Curie temperature of NigAl(~ 77 K) can be considered
as a TMR-model system.

In this chapter, the deposition of Co at 300 K on Al;O3/NizAl(100) is presented. Sec-
tion 7.1 deals with the thermal stability of the Co film on Al;O3/NizAl(100) system.
Section 7.2 describes the vibrational properties of the Co/Al;O3/NizAl(100) system.
Section 7.3 describes the vibrational properties of the Co/Al,O3/NizAl(100). The

chapter ends with a short summary.

7.1 Thermal stability of the Co film
on A1203/N13A1(100)

A thin Al,Oj3 film was prepared by the oxidation of the NizAl(100) surface at 1100 K
with 2000 L Oy. The detailed procedure of preparation and the characterization of
the oxide layer is described in Chapter 6. Cobalt was deposited by thermal evapo-
ration from a cobalt rod. The pressure during evaporation was ~ 5 x 107!° mbar.

First , the Co growth on the surface of AlO3/NizAl(100) is discussed.

Fig. 7.1 shows AES spectra of AlyO3/NizAl(100) in the energy region between 400
and 1500 eV as a function of the amount of Co deposited at 300 K. The spectrum at
the bottom is used as a reference. It was taken after oxidation of NigAl(100) surface
with 2000 L O,. The spectrum exhibits AES transitions of O(510 eV), Ni(716, 783,
848 eV) and Al(1390 eV). After a nominal deposition of 3 A the Co triplet at 656,
716 and 775 eV appears in addition. The transitions at 716 and 775 eV overlap
with those of Ni at 716 and 783 eV. Thus, in the spectrum only the Co transition
at 655 eV is observed in addition. With the increase of the Co nominal deposition
up to 30 A the O, Ni and Al signals are attenuated. From the attenuation of the
O signal and by assuming a layer-by-layer growth (which is questionable in this
case) the effective thickness of the Co layer is estimated to be: ~ 2 A for a nominal

deposition of 3 A, ~ 6 A for a nominal deposition of 10 A, ~ 11 A for a nominal
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deposition of 18 A and ~ 18 A for a nominal deposition of 30 A.

Co(656)  Ni(848)

30 A

3A

dN(E)/dE
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O
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Energy (eV)

Figure 7.1: AES spectra of Al,O3/NizAl(100) as a function of Co deposition at
300 K.

In order to study the thermal stability of the deposited Co film the sample was
annealed in steps of 100 K up to 1000 K. The annealing process was monitored

using AES.
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Figure 7.2: AES spectra of Co/Al;O3/NizAl(100) (a) after a nominal deposition of
30 A Co at 300 K ; (b) after annecaling at 700 K; (c) after annealing at 900 K; (d)
shows the p-to-p intensity of the O(510 eV) and Co(656 eV) signals as a function of

annealing temperature.
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Fig. 7.2a shows the Auger spectrum of 30 A Co film deposited at 300 K on Al,Os
grown on NizAl(100). The spectrum exhibits AES transitions of O(510 eV), Ni(716,
783, 848 €V) and Co(656, 716, 775 eV) triplets. Whereby the Ni signals at 716 and
783 eV overlap with the Co signals at 716 and 775 eV. Fig. 7.2b and ¢ show AES

spectra after annealing at 700 and 900 K, respectively. With increasing temperature
the intensities of the Ni transitions increase, while the intensity of the Co decreases.
The decrease of the Co signals indicates that Co starts to disappear from the surface
during annealing. Fig. 7.2d shows the p-to-p intensity of the O(510) and Co(656)
signals as a function of annealing temperature. The O(510) signal is slowly increasing
up to ~ 700 K and afterwards a faster increase is found. The Co(656) signal decreases
slowly up to ~ 700 K and than the decrease is faster. By annealing up to 700 K
the morphology of the Co film seems to be only slightly changed. After annealing
at 1000 K the Co signals disappears from the AES spectrum suggesting that the Co
film is not present on the surface anymore. Since desorption at this temperature
can be excluded, diffusion of Co through the oxide into the substrate is the most
plausible explanation. The diffusion of Co through the Al;O3 film into the substrate
was also found in the case of Al;O3/NiAl(110) [119].

For a nominal deposition of 3 A Co, the LEED pattern of AlyO5/NigAl(100) is still
visible, which suggests that there are still Co-free areas on the surface and that Co
grows as three-dimensional clusters. However, the intensity of Bragg reflections of
the oxide is lowered and a diffuse background appears. For higher Co deposition no

ordered LEED pattern is observed and the screen exhibits only a diffuse illumination.

7.2 The vibrational properties of
Co/Al,03/Ni3Al1(100)

Fig. 7.3 shows the EEL spectra of Al;O3/NizAl(100) as a function of Co deposition

at 300 K. The bottom spectrum shows the characteristic Fuchs-Kliewer losses at
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415, 635 and 850 cm~" of Al,03/NizAl(100). For a nominal deposition of 1 and 3 A
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Figure 7.3: (a)EEL spectra of Al;O3/NizAl(100) as a function of Co deposition at
300 K.

the intensity of the losses is lowered with 30% and 70 %, respectively. At a nominal
deposition of 10 A no losses are observed in the EEL spectrum. This highlights the
metallic behaviour due to the cobalt layer, which screens the dipoles of the oxide.
Another conclusion can also be drawn: for a nominal deposition of 1 and 3 A, the
Co grows as three-dimensional clusters on the alumina surface, which do not cover
the entire oxide surface. Therefore, the intensity of the FK phonons of alumina

is not completely quenched. The decrease of the intensity of the FK losses results
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Figure 7.4: EEL spectra of Co/Al,03/NizAl(100) as a function of annealing tem-

perature.

from the decrease of Co-free oxide areas. By electron impact, the Co clusters are
not charged with electrons, i.e. the incoming electrons tunnel through the oxide into
the substrate. The evolution of Co deposition is schematically represented on the
right side of the EEL spectra. This scheme suggests that the surface is completely
and homogeneously covered with Co only above a nominal deposition of 10 A Co.

Fig. 7.4 shows EEL spectra of 30 A nominal deposition of Co on Al,O3/NizAl(100)
at 300, 700, 900 and 1000 K. As was shown, already after 10 A Co deposition at
300 K the FK modes of the oxide are completely screened by the Co film. After

30 A the modes are, of course, even better screened. After annealing at 700 K,
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the EEL spectrum exhibits the three characteristic losses (v, vo and v3) of AlyOs.
The intensity of these losses is very small in comparison with that of the clean
"freshly” prepared AlyO3 layer on NizAl(100); e.g. in fig. 7.4 the intensity of the

most intense mode at 870 cm ™!

(v3) is about 20 times smaller than that of the clean
Al, O3 layer. Also, the intensity ratios of the losses 17 : vy @ v3 ~ 100 : 36 : 15 is
similar to those for the clean Al;O3 on NigAl(100) (v : va @ v5 ~ 100 : 27 : 17).
Thus, annealing at 700 K, induces only a change in the morphology of the Co
film. The perfect screening is revoked and and this implies that the electron beam
sees Co-free AlyO3 areas. Further annealing at 900 K leads to an increase of the
intensity of the three losses found at 420, 650 and 870 cm™!. The intensity of these
losses is much higher (see the multiplication factor) with respect to that obtained
after heating at 700 K and the FWHM is smaller. After annealing at 1000 K the
three FK modes of Al;O3/NizAl(100), with approximately the same intensity in
comparison with that of the FK modes of the clean Al;O3 film, are observed. The
frequencies of the losses are only slightly higher with respect to those of the clean,

fresh prepared AlyO3/Niz3Al(100). This indicates that the cobalt film is disappeared

from the surface and the Al,Og3 layer is again ”visible” by EELS.

7.3 The morphology of the Co/Al,03/Ni3Al(100)

surface

The morphology of the Co/AlyO3/NizAl(100) surface at 300 K and during the an-

nealing process was investigated by STM.

Fig. 7.5a shows a STM image after a nominal deposition of 0.1 A Co on the ordered

alumina film.
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Figure 7.5: (a) STM image of nominal 0.1 A Co deposited onto Al,O3/NizAl(100)
at 300 K; U, = -1V, I, = 0.3 nA; (b) The dependence of particle height versus

particle diameter; (¢) The normalized diameter distribution of the Co clusters.

The corresponding particle height dependence versus particles diameter is given in
fig. 7.5b. Already at this coverage, particle (clusters) with a height up to 6 A are
grown on the surface.

The normalized diameter distribution of clusters is shown in Fig. 7.5¢, showing a

maximum around 30 A. The surface coverage with Co clusters is about 3 % and
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cluster density on the terraces is ~ 1 x 10'? cluster/cm?.
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Figure 7.6: (a) STM image of nominal 0.5 A Co deposited onto Al,O3/NigAl(100);

U, =-3.86 V, I, = 0.3 nA; (b) The dependence of particle height versus particle

diameter; (¢) The normalized diameter distribution of clusters.

Fig. 7.6a shows a STM image with a scanned area of 848 x 848 A? after a nominal

deposition of 0.5 A Co on the alumina.
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Figure 7.7: (a) STM image of nominal 2 A Co deposited onto Al,O3/NizAl(100);
U;=-3.76 V, I, = 0.3 nA; (b) The dependence of particle height versus particle

diameter; (c¢) The normalized diameter distribution of clusters.

At this stage the clusters have a height up to 10 - 12 A (fig. 7.6b) with a mean
diameter of ~ 30 A (Fig. 7.6¢). 11% of the surface is covered with Co, showing a
particles density of 3.5 x10'2 cluster/cm?. A strongly decorated step is visible. This

shows that steps act as nucleation centers.
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Fig. 7.7a shows a STM image with a scanned area of 848 x 848 A? after a nom-
inal deposition of 2 A Co. The clusters have a height up to 12 A. The diameter
of the clusters shows a broad distribution (fig. 7.7c¢) with a maximum centered at
35 A. Larger clusters with a mean diameter of ~ 70 - 80 A indicate that coales-
cence of some of the clusters took place. The particle density in this case is 6 x

102 cluster/cm?. About 60 % from surface is covered with Co clusters. For a nom-
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Figure 7.8: (a) STM image and line scan of 30 A nominal Co deposited onto
Al,03/NizAl(100); U, = 0.5 V, I; = 0.3 nA; (b) The normalized diameter distri-

bution of clusters.

inal deposition of 30 A the diameter distribution of the clusters shows a maximum
at ~ 85 A(see Fig. 7.8b). The clusters percolate showing a roughness of about 10 A
as it is revealed by the line scan bellow the Fig. 7.8. The island density is in this
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case 6 x 10" cluster/cm?. Unfortunately, for Co on Al,O3/NizAl(100) it was not

possible to get atomic resolution of the top of the Co clusters.

848 A
11D _ 1
5, -
c
w —
S |
g
=
k]
30f ' O . 1 . 1 . 1 EE ) | ) | E.aa.
20} 0 20 40 60 80 100 120 140
10! Cluster diameter (A)
130
oL 86 > ‘
0 400 800

d(A)

Figure 7.9: (a) STM image of 30 A Co/Al,03/NigAl(100) after annealing at 700 K
(U;=0.25V,I; =0.15nA); (b) The normalized diameter distribution of the clusters.

For Pd deposited on AlyO3/NizAl(100) it was possible to image individual clusters
with atomic resolution [119]. On the top of the facets, the hexagonal arrangement
of the (111) surface was identified.

The morphology of 30 A Co film was also investigated as a function of annealing
temperature. As we shown before, the sample was annealed in steps of 100 K up to
1000 K.

Fig. 7.9a shows a STM image of the 30 A Co film after annealing at 700 K. Compared
to 300 K, the particle diameter are much larger, i.e. bigger clusters are formed by
coalescence. At 700 K, the distribution of the clusters diameter shows a maximum

at ~ 100 A (see the Fig. 7.9b). The clusters indicated by circles have diameters of
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~ 90 A and ~ 130 A. The appearance of holes about 20 A deep with a diameter of
~ 60 A suggest that at this temperature a diffusion of Co clusters through the oxide
film sets in. After annealing the Co film at 900 K dramatic changes take place both

848 A
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Figure 7.10: (a) STM image of 30 A Co/Al,03/NizAl(100) after annealing at 900 K
(U, = 0.25, I, = 0.15); (b) Large area STM image of 30 A Co/Al,03/NizAl(100)
after annealing at 900 K (U; = 0.45 V, I; = 0.15 nA).

in the roughness of the film and in the cluster size (fig. 7.10a and b). Conglomerates
of large clusters with sizes of the order of 150 A are visible, while the roughness of
the film increased from 10 A at room temperature to 20 - 25 A. The clusters have
an elongated shape with length of ~ 180 A and a width of ~ 90 A (see the cluster
indicated by a ellipse in figure 7.10a). Fig. 7.10b shows a large scan area of the

cobalt film after annealing at 900 K. The increase of the roughness can be clearly
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observed.

7.4 Summary

Co grows at room temperature on Al,O3/NizAl(100) as three dimensional clusters
(Volmer-Weber growth mode). From thermodynamic point of view this is explained
due to the much larger surface free energy of Co (2709 mJ-m~?2) [120] than that of
alumina (~ 690 mJ-m~2) [121]. Already at very low Co deposition (nominal 0.1 A)
3D-island with a height of ~ 6 A are found. Further nominal deposition of 0.5 and
2 A Co leads to larger and higher clusters. Up to a nominal cobalt deposition of
3 A the surface is not completely covered with Co. This is shown: (a) by EELS
which still exhibits the three characteristic FK losses of Al;O3; (b) by LEED, where
the Bragg reflections of the oxide are still observed and (c) by STM, where Co free
areas are clearly observed. Above a nominal deposition of 10 A the Co film covers
the alumina layer completely and homogeneously which leads to a screening of the
oxide dipoles. For a nominal deposition of 30 A Co at 300 K, large Co clusters with
a mean diameter of ~ 85 A are found. The film has a roughness of ~ 10 A.
Annealing the film at 700 and 900 K leads to a coalescence of Co clusters, and to a
gradually diffusion of some clusters through the oxide layer into the substrate. After
annealing at 1000 K, Co disappears from the surface as is confirmed by AES (which
shows the characteristic AES spectra of Al;O3) and by EELS (which shows the FK
modes of Al,O3).






Chapter 8

The oxidation of CoAl(100)

In this chapter the oxidation of the CoAl(100) surface at 300, 1000 and 1100 K is
presented. The oxidation of the (100) surface of intermetallic binary alloys NiAl [38,
82, 122], NizAl [57, 80, 123], and FeAl [40, 124] was already investigated by different
experimental techniques. At 300 K, the adsorption of oxygen induces a segregation
of Al atoms to the surface and their reaction with adsorbed oxygen leads to the
formation of an amorphous Al,O3 layer. Oxidation at higher temperature leads to
the formation of well-ordered Al,Oj3 layers. Oxidation of the (100) surface of NiAl
and FeAl at ~ 1000 K leads to an oxide layer which shows a (2x1) structure with
respect to the substrate. This (2x1) structure is explained by the formation of the
0-Al;O3 phase on the surface. As was shown in chapter 6, a different situation occurs
for the NizAl(100) surface, where another Al,O3 phase (namely 7’-Al,O3) grows at
~ 1000 K. CoAl has the same B2 structure as NiAl and FeAl, and therefore it is
interesting to see if similar alumina phases are growing on it. The oxidation of
the CoAl(100) surface will be discussed in comparison to the data found for NiAl,
FeAl and NizAl. The chapter is organized as follows: In section 8.1 we present the
cleaning procedure of CoAl(100) and the properties of the clean surface. The section
8.2 presents the oxidation of CoAl(100) surface at 300, 1000 and 1100 K. In section

8.3 the main results are shortly reviewed.
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8.1 The clean CoAl(100) surface

The CoAl(100) sample was cut by spark erosion from a single crystal rod and the
surface was mechanically polished. The accuracy of the surface orientation was
better than 0.1°. The main impurities (C and O) were removed by several cycles

of Ar™ ion sputtering (1 pA, 1 kV) and subsequently annealing at 1500 K. Fig. 8.1
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Figure 8.1: AES spectrum of the clean CoAl(100); The inset shows the AES spec-

trum in the energy region between 20 and 100 eV.

shows the AES spectrum of the clean CoAl(100) surface. In the high energy region
the three LMM transitions of Co (656, 716 and 775 e¢V) and the KLL transition of
Al (1396 V) are displayed. The inset shows the AES spectrum in the energy region
between 20 and 100 eV, with the transitions Ly 3VV of A1°(68 €V) and My 3VV of
Co(54 eV). The clean surface shows a (1x1) LEED pattern (Fig. 8.2) with sharp
Bragg reflections and very low background.

Fig. 8.3 shows a typical EEL spectrum of the clean CoAl(100) surface which exhibits

a pronounced shoulder (loss) at 235 cm™!(~ 29 meV). This mode represents a quasi-
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transverse optical mode arising from the vibration of Al atoms perpendicular to the

surface. A similar loss was observed in the EEL spectrum of NiAl(111)[37].

Figure 8.2: The LEED pattern of clean CoAl(100).

Fig. 8.4a shows a STM image with a large scanned area of 3392x3392 A2. The image
displays flat and large terraces with a width of 500 - 1000 A separated by steps with
an average height of 2.8 A. This step height corresponds to the lattice constant of
CoAl(100) and represents a double atomic step (see fig. 8.4). The fact that the

E=2.8eV
T=300 K
x150 ~235cm " 0=6=57°
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Figure 8.3: The EEL spectrum of the clean CoAl(100) surface.
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terraces are always separated by double atomic steps strongly suggest that only one
of the two possible terminations (Co or Al) occurs. Double atomic steps were found
also for the clean CoGa(100) surface [41]. In the case of NiAl(100) surface three
different terminations and structures of the surface were found as a result of different

annealing temperature [125]. For high annealing temperature (1400 K), a (1x1)

3392 A

20

h(A)

L } 28A

0 1000 2000 3000
d(A)

Figure 8.4: The STM images of clean CoAl(100) (1.7 V; 1 nA); The line scan below
exhibits a step height of ~ 2.8 A.

structure of the NiAl(100) surface was found, which is terminated by Ni atoms. Long
time annealing at temperature < 500 K results in a defect enriched Al terminated
NiAl(100) surface, while an intermediate annealing temperature around 800 K leads
to an Al terminated missing row surface structure. The cleaning procedure of the
CoAl(100) surface consist of sputtering cycles followed by annealing at 1500 K.

This leads also to a (1x1) structure. In analogy with the cleaning procedure of
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NiAI(100) we expect a Co termination of the (100) surface of CoAl. Unfortunately,

our experimental techniques did not allow the determination of surface termination.

8.2 The oxidation of CoAl(100)

8.2.1 The growth of AlL,O; films on CoAl(100) studied by
AES

Fig. 8.5 shows an AES spectrum of the CoAl(100) surface with 2000 L O at 300 K.
In addition to the AES peaks revealed by the clean CoAl(100) surface, the O(KLL)
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Figure 8.5: AES spectrum of CoAl(100) after exposure to 2000 L O4 at 300 K.

transition is observed. The oxidation at 300 K as a function of oxygen exposure was
monitored by AES in the energy region between 20 and 100 eV. The spectrum at the
top in Fig. 8.6a shows the Auger transitions of Al° at 68 eV and of Co at 54 eV of the
clean CoAl(100) surface. The middle spectrum and the bottom spectrum were taken

after an exposure of 5 and 2000 L O,. After oxidation with 5 L O, the intensity
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Figure 8.6: AES spectra of the CoAl(100) surface as a function of oxygen exposure;
(a)for oxidation at 300 K; (b) for oxidation at 400, 800 and 1100 K.

of the AlY signal is decreased, and it is vanished almost completely after oxidation
with 2000 L Os. Subsequently, new Auger signals occur at ~ 42 and ~ 58 eV
which originate from AI*" ions [87]. This indicates that the Al atoms are involved
in the oxidation process and an Al,O3 layer is formed on the surface. The Co signal
at b4 eV is totally screened by this layer. From XPS studies on NiAl(110) [84],
FeAl(110) [40] NizAl(111) and NizAl(100) [81] it is known that only Al atoms are
oxidized and the Ni and Fe atoms remain unaffected. Our AES investigations suggest

a similar situation in the case of CoAl.

After oxidation at 300 K with 2000 L O,, the sample was annealed at elevated
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temperatures. Fig. 8.6b shows the evolution of the AES transitions in the low
energy region during annealing at 400, 800 and 1000 K. With the increase of the
temperature, a new transitions at ~ 47 eV is developed in addition to the transitions
at ~ 42 and ~ 58 eV. They are characteristic for AI>* ions. The Al KLL transition
is also shifted to ~ 1390 eV (not shown here), which is characteristic for the KLL

transition of Al3T ions.

For further investigation of the oxidation we took oxygen uptake curves at 300
and 1100 K by analyzing the p-to-p ratio of the O (510) and the Co (775) transi-
tions. During the adsorption steps the oxygen partial pressure was adjusted between
3x107% and 1x10~" mbar. The uptake curves for the adsorption at 300 K and

1100 K are shown in Fig. 8.7a. After a high initial growth rate the thickening drops
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Figure 8.7: (a) Oxygen uptake curves of oxidation at 300 and 1100 K; Io(510)/Ico(77s);

(b) The uptake curves in a logarithmic scale.

to very low rates of logarithmic type. After oxidation at 1100 K with 2000 L O, the
Io /Ic, ration amounts to ~ 1.2, while after oxidation at 300 K with 2000 L. O4 the

Io/Ic, amounts to 0.8.
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Figure 8.8: The Co(775) ratio variation as a function of oxygen exposure at 300 and

1100 K.

In the low temperature oxidation regime, the thermal activation is insufficient to
account for ion generating and movement [42]. Other driving forces such as those
generated by an electric field between the O?~ and M are postulated. This leads to
a growth rates of logarithmic type. The corresponding theory was given by Cabrera
and Mott [44]. The logarithmic growth rate can be seen in Fig. 8.7b which shows
the curves of Fig. 8.7a in a logarithmic scale. The growth rate is also affected by the
state of the metal. Since CoAl is a single crystal, there are no grain boundaries or
other paths for easy ion movement. Moreover, the grown oxide is either amorphous
or well-ordered. Thus, there are no paths of easy ion movement in the oxide layers
which also results in a slow oxidation rate [42].

In order to give a rough estimation of the film thickness d, we have analyzed the
attenuation of the Co AES transition at 775 eV by the Al,O3 overlayer (Fig. 8.8).
We use the formula:

—dAl,04
Ico = 12, - e 41203FC0) 0% (8.1)

with a mean free path A0, (Eco(rrs)) = 17 A according to Ref. [126]. 0 (= 42°)
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represents the entrance angle of the CMA. From this, the thickness of oxide films
grown by oxidation with 2000 L O, at 300 K is estimated to be 5 A + 0.5 A.
After direct oxidation at 1100 K with 2000 L O5 the film has a thickness up to
10 A + 0.5 A. Annealing at temperatures around 1500 K removes the oxygen from

the surface.

Fig. 8.9 shows the Iosio ev)/IAl(lggg ev) p-to-p intensity as a function of oxygen
exposure at 300 and 1100 K. A similar behaviour with that observed in the case of
NizAl(100) oxidation occurs. At 300 K, a thin amorphous oxide is formed on the
CoAl surface. As we shown above the thickness of this oxide amounts to ~ 5 A.

Due to the contribution of Al atoms from the substrate, the Ig /Ia; ratio is smaller
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Figure 8.9: Ios10 ev)/IAl(lggﬁ ev) Tatio as a function of oxygen exposure at 300 and

1100 K.

than the stoichiometric value. After an exposure of 2000 L O5 the I /Iz; amounts
to ~ 4. In the case of oxidation at 1100 K the I /I ratio increases with increasing
oxygen exposure and after an exposure of ~ 300 L Oy it reach a value of ~ 7
which correspond to the stoichiometric Al,O3 (see section 6.1). The Ip/I4; found

for Al,O3 grown on CoAl(100) is identical with those for alumina on NizAl(100),
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which suggests that the composition of the oxide layer in both cases is the same, i.e.
stoichiometric Al;O3. In the low exposure regime an island growth mechanism of the
oxide is found by STM experiments (see section 8.2.4). This explain the lower value
of the Ip/l4; ratio for low exposure, when Al from the oxide-free areas contribute
to the Al signal, but the actual Ig /Ia; ratio of a single Al,O3 island could not be

determined.

8.2.2 The structure of the Al,O5 film

At 300 K, starting from the (1x1) pattern of the clean surface the diffraction spots
became more and more diffuse with increasing oxygen exposure. At saturation level
the substrate spots disappear completely and the LEED screen exhibits diffuse il-
lumination. This indicates that the sample has lost long range order in the first
atom layers perpendicular to the surface and the grown aluminum oxide layer is
amorphous. A well ordered aluminum oxide layer can be prepared through anneal-

ing the oxygen saturated surface to 1000 K. Fig. 8.10a shows the LEED pattern of
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Figure 8.10: (a) LEED pattern of CoAl(100) surface after oxidation at 300 K
with 2000 L O and subsequently annealing at 1000 K showing a (2x1) structure
(E, = 65 eV); (b)The real space representation of the (2x1) structure.
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the CoAl(100) surface after oxidation at 300 K with 2000 L O, and subsequently
annealing at 1000 K. The pattern shows a (2x1) structure and is obtained from
two domains oriented reciprocally perpendicular. I;’{, 5; and ¢}, ¢ are the recipro-
cal vectors of the (2x1) structure corresponding to the first and second domain,
respectively. Fig. 8.10b shows the real space representation of the basis vectors (51,
by and @, &) of the (2x1) structure with two domains. The unit cells of the two
domains which are rotated with 90° are also shown. The (2x1) structure can be

explained by the formation of the #-Al;O3 phase. Fig. 8.11 shows a model of the

0-ALO,

a=292 A
b=5.64 A
c=11,78 A
B = 104°

@]e) Al

Figure 8.11: Structure model of 6 - Al,O3/CoAl(100).

0-Al;03/CoAl(100) structure which illustrates the relationship between the oxygen-
fec sublattice and the CoAl(100)(becc structure) substrate. The (110) plane of the
fce oxygen sublattice is perpendicular to the CoAl(100) surface and parallel to the
CoAl[100] direction (or to the CoAl[010] direction for the second domain). This is

the well-known Bain orientation relationship between bcce and fee structures:
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[100]coat
(1OO)C0A1 H (1OO>O-sublattice and [110] O-sublattice
[010]coat

The lattice constants of 6-Al,O3 agree very well with the (2x1) LEED pattern.
The lattice mismatch only amounts to ~ 1 % in one direction (2 - acoa= 5.72 A,
ag_ab,0s= 5.64 A) and ~ 2 % (bcear=2.86 A; by_a,0, = 2.91 A) in the other
direction. Thus, the #-Al;O3 is compressed in one direction and expanded in the

perpendicular direction.

After further annealing to higher temperatures, (1100 K < T < 1300 K) the LEED
pattern (Fig. 8.12) shows streaks along the [100] and the [010] directions in addition
to the (2x1) structure. The same LEED patterns are obtained by direct oxidation
at corresponding temperatures. The presence of streaks in LEED patterns is usually
assigned to a loss of order in the corresponding direction [11, 40, 82]. For Al,O3
grown on NiAl[100] another interpretation of this feature is also given [38]: using spot
profile analysis of LEED (SPALEED) some satellite structure in the LEED pattern
corresponding to a (9x1) superstructure were observed. A superstructure (nx1)
periodicity, for larger n, gives always a LEED pattern with streaks. However in this
case there is no perfect -Al;O3 layer on the CoAl(100) surface. It was found that the
crystalline Al,Og strips are embedded in re-grown NiAl terraces (c(v/2 x 3v/2)R45°)
and areas of ultrathin layers of amorphous Al-oxide which suggests a complicated
interface structure favoring the formation of the Al,Oj3 stripes. In a surface X-ray
diffraction study [127] on the oxidation of NiAl(100) surface, it was also found that
the islands of #-Al,O3 are embedded in a matrix of Al,O3 layers which show strong
deviations from the pure 6-Al,O3 at the metal-oxide interface and at the oxide
surface. Thus, the growth of a perfect ordered, pure 6-Al,O3 layer on NiAl(100),
which produce a streaks-free (2x1) structure is somewhat complicated. The scenario

described above for NiAl(100) is also valid for the oxidation of CoAl(100). As it was
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Figure 8.12: LEED pattern of CoAl(100) after oxidation with 2000 L. Oy and subse-
quently annealing at temperatures > 1100 K (E, = 65 ¢V).

shown above, it is possible to get a streaks-free (2x1) structure (Fig. 8.10) by
oxidation at 1000 K. Higher oxidation temperatures (~ 1100 K) seems to induce
a change in the order and, maybe leads to a mixture of #-Al,O3 islands and oxide
islands which deviate from the 6-Al,O3 structure and this could lead to a LEED

pattern with streaks.

8.2.3 The vibrational properties of Al;03/CoAl(100)

Fig. 8.13 shows a series of EEL spectra recorded as a function of oxygen exposure
at 300 K. The spectrum (a) was recorded after an exposure of 0.8 L O,. It exhibits
two weak losses at 635 (v,) and 840 cm™! (v,). With increasing oxygen exposure
the high frequency mode grows faster and for exposure > 20 L this mode is more
intense than the mode v,. At saturation (Ip/Ic, ~ 0.8) the ratio of the relative
intensities is I(v,)/I(vp) = 2 : 3, which is similar to that found for Al,O3 grown on
Ni5 A1(100).

With increasing oxygen exposure a frequency shift to higher values is found: from
635 to 650 cm™! for v, and from 840 to 890 cm~! for v;. As it was discussed in

section 6.2, the appearance of two modes in the EEL spectrum indicates that at
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Figure 8.13: EEL spectra of amorphous alumina grown on CoAl(100) at 300 K.

300 K an amorphous AlyO3 (a-Al,O3) layer is formed. The frequencies of these two

losses are in the range of amorphous Al,O3 layers (Table 6.1).

The LEED pattern corresponding to spectrum 8.13d is diffuse which support this
conclusion. As it was already discussed in section 6.2, a-Al,O3 has a short range
order and can be described as clusters of randomly oriented oxygen fcc lattices
with Al cations solely occupying tetrahedral interstices. According to group theory
two IR active modes are expected. Thus, we deduce that the spectra in Fig. 8.13
originate from a layer of amorphous aluminum oxide. The spectrum (d) in fig. 8.13
and the EEL spectrum obtained after oxidation at 300 K of NigAl(100) are similar

regarding the relative intensity and the frequencies of the losses. These two modes
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are characteristic for all a-Al,O3 layers grown on different surfaces of Ni-Al alloys
(see Table 6.1). The calculated EEL spectrum shown in fig. 6.5 can also be compared
with spectrum (d). It exhibits a good agreement with the experimental spectrum
(d) in fig. 8.13. While the frequency of the v, mode is well reproduced, the frequency
of the v, is shifted about 120 cm™! to lower values in the calculated spectrum. This

confirms our assumption that an a-Al,Oj3 film is grown on CoAl(100).

The phase transformation of the a-Al;O3 grown at 300 K was investigated as a
function of the annealing temperature. First, the CoAl(100) surface was oxidized
with 2000 L Oy at 300 K, and afterwards gradually annealed. Each annealing step
lasted for about two minutes. Fig. 8.14 shows EEL spectra taken after annealing at
the indicated temperatures. After annealing at 500 K the loss feature is similar to
that found at 300 K, only the intensity is slightly increased. After annealing at 600 K
a different spectrum occurs which exhibits three losses at 415, 630 and 905 cm ™.
This indicates a transition from a-Al;O3 to a different phase of the oxide film. As
mentioned in section 4.1 there is a phase transition to 7-Al,O3 at about 700 K in
the thermal dehydration sequence of boehmite and of trihydroxides in vacuum. This
involves an alteration of the occupation probability of the tetrahedral and octahedral
vacancies in the oxygen sub-lattice. In v-Al;O3 the Al ions occupy both tetrahedral
and octahedral sites, whereas in a-Al;O3 only the tetrahedral vacancies are occupied.
The change in occupancies accounts for the changes in the EEL spectra. Although
the losses are quite broad, they are more intense than those of a-Al;O3. Also,
the FWHM of the losses decreases as the annealing temperature increases. This
indicates a higher level of ordering within the oxide layer which is clearly shown after
annealing to 900 K. On the other hand it is also possible that in the temperature
range between 600 and 900 K a - Al,Oj3 is transformed into disordered clusters
(islands) of 6 - Al,Og3, in which also both vacancies (tetrahedral and octahedral) are
occupied by AI3* ions. In this work it was not possible to clarify exactly which Al,Os
is formed in the transition temperature range. For simplicity, in Fig. 8.14 a v-like-

Al,Og3 is assumed which is the explanation for the phase transformation of Al,O3
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on NiAl(100) [82]. Therefore, we propose a v-like phase for this temperature range
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Figure 8.14: A series of EEL spectra of CoAl(100) surface oxidized with 2000 L O,
at 300 K as a function of annealing temperature. The corresponding phase trans-

formation is sketched on the right side of the figure.

(600 K < T <900 K). The higher the annealing temperature, the higher the sharpness
and the intensity of the losses. After annealing at 1000 K the three-peak structure is
conserved, only a small increase of the intensity is found. LEED investigations have
shown that in this temperature range the 6 - Al,O3 phase is growing. Therefore
another phase transformation: ~-like-AlsO3 — 6 - Al,O3 takes place. The EEL

spectrum found after annealing (or direct oxidation) at ~ 1000 K is very similar to
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that found for Al,O3/NizAl(100) (see section 6.2) and Al,O3/NiAl(100) [82]. These
EEL spectra can be fitted by calculations based on the dielectric theory, using
the IR parameters of Al;O3. Thus, the formation of Al,O3 on the CoAl(100) is
confirmed and was also expected from the point of view of thermodynamics because
the heat of formation AH 4,0, = 1690 kJ/mol [128] is much higher that of Co-
oxide AHgp,0, = 892 kJ/mol [129]. Annealing at 1100 K leads to a decrease of the
intensity of the three losses. After annealing at 1200 K a new loss feature occurs
consisting in only two modes located at 630 and 905 cm~!. We suppose a transition
from 0-Al,O3 to an a-like Al;Os, since a-Al,O3 is the only high-temperature phase
of alumina. This transition is related with a change of the occupation probability
of the octahedral and tetrahedral vacancies. As already discussed in section 6.2 for
0-Al; O3, both octahedral and tetrahedral sites are occupied; in a-Al,O3 the Al ions
solely occupy the octahedra positions. This leads to only two modes in the EEL
spectrum. The position of the losses is in agreement with those found for a-Al,O3
on NiAl(100) and NiAl(111) (see table 6.1). On the right side of the spectra the
phase transformation of the Al,O3 layer during annealing is indicated. The same

phase transformation of a-Al,O3 was found for Al,O3/NiAl(100) [82].

8.2.4 The morphology of Al,O3 grown on CoAl(100)

The STM measurements presented in this chapter were performed after oxidation
of CoAl(100) surface directly at 1000 K and 1100 K. They offer an overview on
the first steps of CoAl(100) surface oxidation at high temperature. However, fur-
ther experiments are necessary in order to study the amorphous oxide and phase

transformation during annealing.
- The structure of the alumina layer

Fig. 8.15 shows two STM images taken on the CoAl(100) surface after oxidation with
10 L O, at 1000 K. Fig. 8.15a shows a STM image with an area of 424x212 A2

The formation of strongly anisotropic domains, with a rectangular shape, oriented
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reciprocally perpendicular can be clearly observed. The domains are characterized

424 A

212 A

106 A

Figure 8.15: STM images of CoAl(100) surface oxidized with 10 L Oy exposure at
1100 K (U; = -2 V; I, = 0.2 nA).

by parallel strips along the [001] and [010] direction, respectively. The spacing
between the strips amounts to 5.7 A which corresponds to 2 X ac,4. In fig. 8.15b a

rectangular unit cell can be observed with the lengths of the basis vectors a ~ 2.8 A
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and b ~ 5.7 A. Such a unit cell is expected from the top layer of 6-Al,O3 and
explains the (2x1) structure observed by LEED (Fig. 8.10). In each oxygen layer of
0-Al,04 the Al-ions form chains with a distance of 5.7 A. Thus, the streaks in the
STM images can be connected with the aluminum chains (or Al-missing chains).
The protrusions should be attributed to the oxygen O%~ ions which forms a (2x1)
missing rows structure after oxidation at this temperature. Therefore, it is more
likely that in the STM images the strips are due to the rows where aluminum is
missing. A similar situation was observed by Franchy et al. [130] for -GasO3. The
authors associated the Ga-missing rows with a depletion of charge of Ga due to the
electrons transfer to O during oxidation. 3-GasO3 and #-Al;O3 are isomorphic, and
therefore this explanation may holds also for -Al;O3/CoAl(100).

- The initial states of oxidation

Fig. 8.16a-d shows four STM images of CoAl(100) surfaces oxidized with a different
amount of oxygen at 1100 K. The large scanned area (3400x3400 A2) offer an
overview on the elemental steps of oxide growth. Fig. 8.16a~-d show STM image from
different areas on the surface. The reason for this is that for oxidation at 1100 K,
the STM has to be removed from the sample and after cooling the sample to 300 K
the same position on the sample cannot be found. Fig. 8.16a shows the CoAl(100)
surface after oxidation with 0.5 L O at 1100 K. The pressure was maintained during
oxidation in this case at 5 x 1072 mbar. This image exhibits five terraces separated
by four steps. Already at this small exposure the rearrangement of the steps can be
recognized. The shape of the step edges is changed in comparison with that observed
for the clean surface (fig. 8.4). In fig. 8.16a only rectangular angles are found on the
steps between two terraces. Long features, reciprocally perpendicular evidenced by
”Ox” and white lines, are developed starting from the step edges along the terraces.
The unoxidized surface of the terraces is marked by ”T”. The step height amounts
to ~ 3 A which shows that the oxidation takes place on both terraces in the same
way.

Fig. 8.16b shows a STM image of the CoAl(100) surface after oxidation with 1 L. O,



134 The oxidation of CoAl(100)

at 1100 K. In this image three terraces are separated by two steps. The oxide islands
have a long, rectangular shape and start preferentially from step edges (ex.: areas

marked with Oz in Fig. 8.16b). However, some isolated oxide islands are formed

3400 A 3400 A

Figure 8.16: Large area STM images of the oxidized CoAl(100) surface. The oxygen
exposure is indicated in each figure. The tunnelling parameters were: (a) U; =2.2'V;
I,=03nA (b) U, =226 V;[; =021nA (¢) U, =181 V; [, =02nA (d) U, =2.5V;
I, = 0.2 nA.

on the terraces (O, Oy). These oxide islands grow in two domain reciprocally
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perpendicular. The area occupied by oxide in this case is ~ 8%. Fig. 8.16¢ shows

Figure 8.17: STM images of Al,03/CoAl(100) after exposure of 3 L O5 at 1100 K
(U, =-25V; I, = 0.2 nA).

a STM image of the CoAl(100) surface after oxidation with 5 L O at 1100 K. The
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oxidized area ("Oz”) in this case amounts to ~ 40 %. Two steps which separate
three terraces can be recognized. On all terraces the oxide islands have still the

long, rectangular shape. ”"T” represents an area of the clean CoAl(100) surface.

Fig. 8.16d shows the CoAl(100) surface after exposure to 100 L Oy at 1100 K. The
oxide domains are very well visible over the whole surface. They are crossed by
streaks which are parallel to the domain orientation. From these STM pictures we
conclude that the growth of the Al,O3 on CoAl(100) presents many similarities with
the growth of #-Al,O3 on NiAl(100) [122] and with §-GayO3 on CoGa [130]. The
reason of the strong anisotropy of the oxide islands was not clarified. In the case of
Al, O3 grown on NiAl(100) [122] the authors have suggested as a possible reason the

internal build up of stress during the growth and ordering process.

Figure 8.18: STM image of AlyO3/CoAl(100) after exposure of 3 L O at 1100 K
(U, =- 25 V; I, = 0.2 nA).

Fig. 8.17a shows a STM image with a scanned area of 1700 x 1700 A? of the surface
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after oxidation with 3 L Oy at 1100 K. Several oxide domains (O1, Oz, O3, O4) can
be recognized. The domains Oy, Os and Og are aligned in the same direction while
O, is perpendicular to this direction. The domains are crossed by double and single
strips (on the domains O; and Og) or only single strips (domain O,). The free of
oxide area of the terraces are marked with ”T”. Fig. 8.17b shows the STM image of
the section marked with the square in fig. 8.17a. In this figure the distance between
the double strips is ~ 12 A, while between the single strips the distance amounts

~ 24 A.

848 A

Figure 8.19: STM image of Al,O3/CoAl(100) after 100 L Oy exposure at 1100 K
(U, =-15V; I, =02 nA).

The center-to center distance of the double strips amounts to 48 A. After zooming
in (see fig. 8.18), the corrugation along the double strips is clearly observed and is
determined to be ~ 6.5 A. This gives a unit cell mesh of 12x6.5 A which represents
a superstructure of the oxide surface. With respect to the (100) surface of CoAl, the
(12x6.5) unit mesh can be interpreted as a distorted (4x2) reconstruction, while

with respect to the top layer of §-Al,O3 a distorted (2x1) reconstruction results.
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Fig. 8.19 shows a STM image with a scanned area of 848x848 A of the CoAl(100)
surface after exposure to 100 L O5 at 1100 K. In this case the whole surface displays
oxide domains, reciprocally perpendicular which are crossed by strips. The distance
between the strips amounts 12 A or a multiple of this distance, i.e. 24 A or 48 A.
The shape of the strips and the distance between the strips are very similar with
those found in the case of Al,O3 grown on the NiAl(100) surface [122]. In this
case the authors have found oxide strips with an average width of 27 A and with a
centre-to-centre distance of 45 A. Based on the SPALEED and STM measurements
they conclude that the oxide surface consist of antiphase domains with a (9x1)
superstructure containing (2x1) units.

In the STM investigations described above no evidences were found for a (nx1)

structure which would explain the streaks observed in the LEED pattern (fig. 8.12).

8.3 Summary

In this chapter preliminary results of the elemental steps of the oxidation CoAl(100)
are presented. Oxygen adsorption on CoAl(100) leads to the formation of thin
aluminum oxide layers. The law of the growth rate is of logarithmic type. The
structure and phases of these oxide films are determined mainly by the oxidation
temperature. At room temperature the formation of an amorphous aluminum oxide
is found. By annealing in the temperature range between 800-1000 K the a-Al,O3
is transformed into the #-Al,O3 phase, which exhibits a (2x1) structure. After
annealing at temperatures > 1200 K a transition to a-Al;O3 occurs. Upon annealing
at temperatures T > 1300 K the Al;O3 film is removed from the surface and the
clean CoAl(100) surface is found.



Summary

The aim of this work was the preparation and characterization of thin oxide films
on the low indexed surface of intermetallic compounds NizAl(100) and CoAl(100),
as well as the study of Co growth on the clean and oxidized NizAl(100) surface.

- The clean NizAl(100) surface

The LEED pattern of clean NizAl(100) shows a (1x1) structure. STM images of
the NigAl(100) surface display flat and large terraces (500 - 1000 A) separated by
steps. The step height amounts to 3.5 A which corresponds to the lattice constant
of NizAl and represents a double atomic step. This suggest that different terraces
have always the same termination.

- Co/Ni3Al(100)

At low coverage (0.1 ML) and 300 K, cobalt deposited on NigAl(100) surface shows
two-dimensional growth. For deposition of 0.3 ML the nucleation takes also place in
the second layer. The surface of 3.5 ML Co deposited at 300 K displays a morphology
of islands with a mean diameter of ~ 90 A. This configuration is unstable with regard
to annealing which drive the system into an equilibrium configuration of large and
flat islands. After annealing at 700 K a fcc structure is stabilized, Co growing with
the (100) plane parallel to the substrate. The Co film is stable on NizAl(100) surface
up to 750 K when it starts to diffuse into the substrate. At 1100 K, Co is disappeared
completely from the surface via diffusion into the substrate.

- A1,05/Niz;A1(100)

At room temperature the oxygen adsorption on NizAl(100) leads to the formation

of a thin amorphous aluminum oxide layer (~ 5 A). Annealing an oxide covered



140 Conclusions

surface at 1100 K, leads to a well ordered +’-Al;O3 film. Oxidation directly at
1100 K also leads to the formation of a well ordered v-AlyO3. The thickness of
the oxide film prepared at 1100 K is ~ 10 A. The STM experiments performed on
Ni3Al(100) surface oxidized at 1100 K show an island growth mode of the oxide.
The completely oxide covered surface shows two superstructures with the lattice
constants of 18 A and 54 A. The band-gap of ultrathin amorphous and well-ordered
Al,O3 formed on NigAl(100) are strongly diminished with respect to the bulk values.
The lowering of band-gap values of thin alumina films on NizAl is explained with the
existence of defects induced states located in the band-gap region. The oxidation in
higher O, pressure range (p > 5x10—6 mbar) leads to a thicker oxide layer which
shows a (1x1) structure for an exposure > 2000 L Os.

- Co/Al,03/NizA1(100)

Co deposited at room temperature on Al;O3/NizAl(100) shows a three dimensional
(Volmer-Weber) growth mode. After a nominal deposition of 30 A the cobalt film
has a roughness of ~ 10 A. Annealing of the film at 700 and 900 K leads to the
coalescence of Co clusters, and to a gradually diffusion of Co through the oxide
into the substrate. The decrease of the Co film thickness is confirmed also by AES
experiments. After annealing at 1000 K Co is disappeared from the surface.

- Al,03/Co0A1(100)

Oxygen adsorption on CoAl(100) leads to the formation of a thin aluminum oxide
layers. The structure and phases of these oxide films are determined mainly by
the oxidation temperature. At room temperature the formation of an amorphous
aluminum oxide is found. By annealing in the temperature range between 800-
1000 K a-Al,Oj is transformed into the #-Al,O3 phase, which exhibits a (2x1)
structure. Oxidation at 1100 K leads likewise to a (2x1) structure with respect
to the substrate. After annealing at temperatures > 1200 K a transition to the
a-Al;O3 phase occurs. Upon annealing at temperatures T > 1300 K the Al,O3 film

is removed from the surface and the clean CoAl(100) surface is found.
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