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Chapter 1

Introduction

1.1 Motivation

Surface science was originally a section of solid state physics, but is nowadays
established as a research field of its own located at the borderline of chemistry
and physics [1]. This is reflected in the dramatic increase of the number of
publications. Thereby, surface science is interesting from the perspective of basic
research as well as applications such as corrosion, catalysis, or miniaturization of
electronic devices.

Since the applications are of considerable economical impact and are present
in everyday life (read heads of hard disks, coating of glasses) there is also a public
interest, which is reflected by the frequent appearance of the words nanotechnol-
ogy and information technology in the non-professional press. This in turn leads
to improved financial support of this field inducing further growth of the field.

For basic research, e.g., the low dimensionality of surface structures is inter-
esting, because it exhibits effects and properties that are different from those of
the bulk material. Once these effects are understood, they can be utilized to
deliberately fabricate certain structures for use as devices. This holds equally for
the device and the fabrication process (e.g. self assembling).

This work is motivated by the investigation of the tunneling magneto resis-
tance (TMR) effect. A TMR device consists of two ferromagnetic layers that are
separated by an insulating layer (tunneling barrier). Devices of this kind show
a tunneling current that depends on an externally applied magnetic field. The
TMR effect was first observed by Julliere [2]. He measured a TMR of 14% at
4.2 K. Before this time the magneto resistance could only be changed by about 1%
at fields as high as 1 Tesla. Renewed interest in magneto resistance effects arose
after the discovery of the Giant Magneto Resistance (GMR) by Griinberg [3] and
Fert [4]. The discovery of this effect can be seen as the origin of what is called
magnetoelectronics. In this new concept the spin of the electron is exploited in
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addition to the charge. The TMR also received new interest and magnetic tunnel
junctions (MTJs) that exhibit TMR ratios of more than 10% at room tempera-
ture were fabricated by Moodera et al. [5], Miyazaki et al. [6], and by Rottldnder
et al. [7]. The TMR ratio at room temperature of the junctions was further
increased in the recent years.

In order to understand the functioning of M'TJs, the junctions should be
crystalline, because only these are calculable with theoretical methods. Various
materials are used as tunneling barriers in MTJs but Al,O3 seems to be the most
promising.

In this work the aim is to fabricate ultrathin (10-20 A) Al,Oj films that are
well ordered on single crystalline ferromagnetic samples (Ni and Co). There
should also be no interface layer between oxide film and substrate as is often the
case when the Al is not completely oxidized. The preparation of well ordered
Al,O3 films using ordered intermetallic alloys as a substrate is well established
(NiAl(100) [8], NiAl(110) [9], NiAl(111) [10], NizAl(100) [11, 12], NigAl(111)
[13, 14]). Aluminum [15] was also used as a substrate as well as other metals
(e.g. Ru(0001) [16, 17], Re(0001) [18], Mo(110) [19], Ta(110) [20], Fe(110) [21],
and Cu(111) [22]). However, the intermetallic alloys are not ferromagnetic at
room temperature and are thus not suitable for use in MTJs. The experience with
oxidation of intermetallic alloys can still be used by preparing a surface alloy of Al
and a ferromagnetic substrate and subsequent oxidation of this surface alloy. In
this way well-ordered alumina layers are prepared on the ferromagnetic substrates
nickel and cobalt. Additionally, other methods for growing well ordered alumina
films were tested, e.g., the deposition of aluminum in oxygen atmosphere on a
ferromagnetic substrate.

The main part of the work deals with the growth and the structural char-
acterization of Al,O3 layers on nickel and cobalt. Nickel crystallizes in the fcc
structure and the (100) plane was chosen for the substrate in order to have a
square lattice on the surface, whereas cobalt is hexagonal at room temperature
and the (0001) plane was chosen for the substrate in order to have a hexago-
nal lattice on the surface. Additionally, electronic transport measurements were
performed on the system [3-GayOs/CoGa(100). The structural properties of
this system were previously thoroughly investigated by Franchy and co-workers
(23, 24, 25, 26, 27, 28, 29].

1.2 Conception

In Chapter 2 the two UHV machines are introduced. In UHV apparatus 1
the preparation and structural characterization of the ultrathin Al,O3-films was
performed, using the surface sensitive techniques Auger electron spectroscopy
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(AES), low energy electron diffraction (LEED), and high resolution electron
energy loss spectroscopy (EELS). In UHV apparatus 2, which is commercially
available from Omicron, AES and LEED served only for characterization of the
[-GagO3 / CoGa(100) system. Scanning tunneling microscopy (STM) is used for
topographical characterization and the transport measurements were achieved by
scanning tunneling spectroscopy (STS). The characterization tools AES, LEED,
EELS, and STM/STS are discussed in Chapter 3 in detail. Here, the theoreti-
cal background as well as the specific instruments that were used in this work
are treated. In chapter 4 the involved materials are introduced. The substrate
materials nickel and cobalt are covered as well as the phase diagrams of the in-
termetallic alloys of NiAl and of CoAl. Also the properties of bulk alumina as
well as alumina thin films, that occur in a variety of phases, are discussed. The
chapter concludes with a brief discussion of gallium oxide.

The experimental results are presented in the following chapters. Chapter 5
starts with a more detailed motivation to grow alumina films on metallic sub-
strates and an overview of existing studies. In section 5.1 the formation of NizAl
as a surface alloy on Ni(100) is presented, and in section 5.2 the oxidation of
this alloy at room temperature is investigated. Upon annealing the aluminum
oxide becomes well ordered and its structural properties are discussed. Section
5.3 deals with the oxidation of the NizAl/Ni(100) system at 800 K. In section 5.4
the deposition and subsequent oxidation of an Al layer on Ni(100) at room tem-
perature are discussed. In Section 5.5 the deposition of Al in oxygen atmosphere
at room temperature is presented. For a deposition rate of r =0.48 A/min and a
partial pressure of oxygen of 1-10~" mbar an alumina film is grown that contains
no unoxidized Al. Annealing of this film results in the formation of +'-Al,O3.

Chapter 6 starts with an outline of existing studies of metals deposited on
oxide films. Here the growth of Co on Al,O3/Ni(100) is investigated. Co is
deposited on 7'-Al,03/Ni(100) at room temperature and afterwards annealed.
Co seems to be stable on the alumina film for temperatures below 900 K. For
temperatures above 900 K Co diffuses through the oxide into the substrate . After
annealing to 1000 K there are Co free areas on the surface and the structural
properties of the alumina film are unchanged in comparison to the oxide film
before the deposition of cobalt.

Chapter 7 deals with the growth of alumina films on Co(0001). In section 7.1
the deposition and annealing of Al on Co(0001) is studied. It results in the forma-
tion of a thin Co,Al, alloy on Co(0001). In section 7.2 the oxidation of this alloy
at room temperature is presented. Annealing of the oxidized Co,Al,/Co(0001)
system results in the formation of a well ordered Al,Oj3 film and an interface
layer of CozAl, between the alumina film and the substrate. In section 7.3 the
deposition and subsequent oxidation of Al on Co(0001) at room temperature is
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investigated. Annealing of the oxidized Al/Co(0001) system leads to a well or-
dered 7'-Al,O3 film and an interface layer of Co, Al, between the alumina film and
the substrate. In section 7.4 the deposition of Al (r=0.48 A /min) on Co(0001) in
oxygen atmosphere of 1-10~" mbar at room temperature is presented. Annealing
of the Al,Oj3 layer results in ordering. There is no evidence for an interface layer
between the alumina and the Co(0001) substrate.

In chapter 8 electronic transport measurements are presented and discussed.
Section 8.1 deals with measurements of I(V)-curves of the (7x7) reconstructed
Si(111) surface. In section 8.2 first the structural properties of the CoGa(100)
surface are summarized. Then I(V)-curves of the CoGa(100) surface are pre-
sented. In section 8.3 the structural properties of the 5-GasO3/CoGa(100) sys-
tem are briefly described. Then I(V)-curves are presented and compared to those
of the clean CoGa(100) surface.



Chapter 2

The UHV Chambers

In order to study surfaces on an atomic scale, the surface has to be atomically
clean for the time of the experiment, typically several hours. Therefore, the
number of particles incident on the surface must be reduced, which is the case
under vacuum conditions. A straightforward calculation based on the kinetic gas
theory results in Table2.1. Depending on the pressure the time is shown until
a surface that contains 10'” atoms/cm? (see e.g. [30]) is completely covered by
a monolayer of atoms or molecules. The calculation applies for a temperature
of 300 K and an average molecular/atomic mass of My =29 (valid approximately
for air).

p[mbar] | 1077 | 1078 | 107° | 10719 | 107"
t 36s [ 360s | 1h | 10h | 100h

Table 2.1: Time until a surface is covered by one monolayer of residual gas for a sticking
coefficient of 1.

It can be seen that a pressure less than 10~ mbar is desirable to have a clean
sample on a reasonable time-scale. This regime (p < 10~ mbar) is called ultra
high vacuum (UHV). To obtain UHV, in addition to appropriate pumps and
chambers a bake-out procedure is necessary. This can also be seen from kinetic
gas theory: The time for the reduction of one monolayer of N, on a steel surface
to 1% of a monolayer is 5.8-10? years at T=300K (room temperature) and 5 min
at T = 600 K. It is suggestive to heat the chamber to temperatures well above
room temperature before the experiment.

In the same way ”flashing” the sample (annealing to high temperatures for a
short time) tends to remove contaminating adsorbants from the surface.

In the following two sections the UHV chambers are described. First UHV
apparatus 1 is described in detail, wherein most of the experiments have been
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performed. It contains facilities for Auger electron spectroscopy (AES), low en-
ergy electron diffraction (LEED), and electron energy loss spectroscopy (EELS),
which are discussed in the next chapter in detail. Then the UHV apparatus 2,
which is equipped with AES, LEED, and a scanning tunneling microscope (STM),
is briefly described. Here only the STM and STS measurements are of relevance
and these techniques are also discussed in detail in the next chapter.

2.1 UHYV Apparatus 1

The UHV apparatus 1 was mainly used for the growth of the alumina films on
the Ni(100) and Co(0001) substrates and the characterization of these films. The
chemical characterization with AES and EELS is combined with the structural
characterization by LEED. The morphological characterization by STM was per-
formed in UHV apparatus 2.

UHYV is achieved by a combination of a turbo molecular pump, a rotary vane
pump, and a titanium sublimation pump. The turbomolecular pump is a Pfeiffer
TMU 521 (5001/s for Ny) capable of a base pressure smaller than 1-107'° mbar
after bake out. The rotary vane pump is a Trivac D16B (16 m?/h) capable of an
end pressure smaller than 1-10~? mbar. These two pumps were connected in series
and supported by a titanium sublimation pump. To achieve the base pressure
of 8 - 10~ mbar the chamber was baked out at 150°-170° for about 24h. The
pressure was measured by a Ionivac IM 510 from Leybold, which allows pressure
measurements in the range between 1.5 - 10~*mbar and 1 - 10~'! mbar.

The samples were single crystals cut by spark erosion and mechanically pol-
ished to an accuracy of 0.5°. They have a diameter of 8 mm and a thickness of
2.5mm and are installed into a homemade sample holder, so that the surface
normal is parallel to the two levels of the chamber. The sample movement is
possible for three translational degrees of freedom and a rotational one via a dif-
ferentially pumped feedthrough. The feedthrough is pumped by a Trivac rotary
vane pump D1.6B (1.6m?®/h). The manipulator contains heating and cooling
facilities, so that the sample can be exposed to temperatures between 25 and
1400 K. Cooling is performed by pumping liquid nitrogen or helium through the
manipulator by a membrane pump. Heating is achieved by electron bombard-
ment, whereby the sample is on high voltage (0.8kV).The temperature is con-
trolled by a (WRe3% / WRe25%) thermocouple directly attached to the backside
of the sample.

The gas inlet system can be locked up from the UHV chamber and is sepa-
rately pumped by a series connection of a Leybold TurboVac 50 molecular pump
and a Trivac D8B rotary vane pump.

The chamber has two experimental levels, the upper one of which is shown
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in Fig.2.1. The Auger electron spectrometer (AES) and the low energy electron

Evaporator E fiss a8 £

Gas inlet

lon gun

Window

Figure 2.1: Upper level of UHV1.

diffraction (LEED) system are described in detail in the next chapter. The ion
gun is used for sputtering with Ar*-ions in order to clean the sample in UHV. It
was typically operated at 1kV with the sample current at ~ 3 pA. The quadrupole
mass spectrometer (QMS) is a Balzers QMG 311 with the lowest detectable
partial pressure of 2 - 10~ mbar.

For deposition of cobalt and aluminum an Omicron EFM3T triple evaporator
was used. The evaporator is described in more detail in section 2.3

The lower level contains a computer controlled electron energy loss spectrom-

eter (type Ulti 100). The spectrometer is housed in a double-cylinder made of
p-metal to shield it from magnetic fields.
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2.2 UHYV Apparatus 2

The second UHV apparatus used in this work served mainly for morphological
characterization of thin films by scanning tunneling microscopy (STM) and for
electronic transport measurements by scanning tunneling spectroscopy (STS).
These techniques are discussed in the next chapter. The apparatus was also
equipped with a cylindrical mirror analyzer (CMA) for AES and a with LEED
optics.

STM

chamber Manipulator

o=

Gas inlet /

FEL
chamber

Figure 2.2: Top view of the Omicron STM chamber (model MULITIPROBE
COMPACT).

The UHV chamber is shown schematically in Fig.2.2. It is commercially
available from Omicron (model MULITIPROBE COMPACT), it consists of three
chambers: a fast entry lock (FEL) chamber, a preparation chamber, and an
analysis chamber for scanning tunneling microscopy (STM).
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The FEL chamber can be locked up from the preparation and analysis cham-
bers. It is separately pumped via a bypass and thus allows introducing samples

into the preparation chamber while UHV is maintained.

The preparation chamber is equipped with an ion gun for sputtering in order
to clean the sample, a cylindrical mirror analyzer for AES, and a three grid
LEED optics. Gases can be introduced into the chamber by a variable leak valve.
Heating of the sample is performed by a solid-state heating element made of Si.

The temperature was controlled by an infrared (IR) thermometer.

scanner (not shown)

copper plates
magnets

magnet carrier

support tubes for spring suspension

cooling stage

push-pull motion drive

connector plate cryostat (CPC)

eddy current
damping stage

-

cryostat
shielding

He flow
cryostat

Figure 2.3: Schematic of the Omicron VT STM.

The OMICRON VT STM (variable temperature scanning tunneling micro-
scope) is located in the analysis chamber to which the sample can easily be trans-
ferred. The main purpose of this UHV apparatus is the characterization of the
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morphology of surfaces and the measurement of I(V)-curves by scanning tunnel-
ing spectroscopy (STS). To avoid vibrations of the system all mechanical pumps
are switched off during STM or STS measurements. The measurements are en-
tirely controlled by a personnel computer using the Scala Pro software package.
The temperature of the sample during measurements can be adjusted between
25 and 1300 K. Heating is achieved by a Si solid-state or BN heating element and
cooling is performed by helium or nitrogen flowing through a cryostat.

During STM measurements the sample is grounded and the tip is biased with
a selectable voltage. For STS measurements the sample is also grounded, the
voltage is sweeped over a specified range, and the current is recorded. Typical
parameters for the STS measurements are summarized in Table 2.2. The acqui-

Range -4..4V
Step size 0.1V
Acquisition time | 2560 us

Delay time 50 ps

Table 2.2: Typical parameters for STS measurements

sition time is the time for measuring at a single step. The delay time is the time
that elapses between positioning of the tip and the start of the measurement
of an I(V)-curve. These parameters are chosen independently of what kind of
sample (metal, semiconductor, oxide) is measured, because for comparison of the
measurements the same parameters have to be used.

A schematic of the STM is shown in Fig. 2.3.

2.3 The Solid State Evaporator

Deposition of material by evaporation belongs to the so-called physical vapor
deposition (PVD) techniques. These include also the deposition by sputtering
and ion plating. Evaporation was first used by M. Faraday in the 1850s, but is of
importance only since the development of vacuum techniques. Technologically,
evaporation is applied chiefly in optics, e.g., for the production of metallic mirrors
or interference layers. For surface science the growth of films with high purity
and controllable deposition rates is important.

For deposition by evaporation of a material in UHV the material must be
heated, which is in this work achieved by electron bombardment. Electrons are
generated by heating a filament, accelerated by a high voltage, and focused onto
the evaporant. This leads to a local heating of the evaporant resulting in evap-
oration but not in complete melting of the target. Heating only a small spot of
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the target also tends to keep the background pressure low. In the construction
of an evaporator it is anticipated to have an ideal effusion cell (Knudsen cell),
which is defined by the following assumptions:

e The liquid and vapor are in equilibrium in the cell.

e The mean free path of the evaporated particles inside the cell is much larger
than the orifice diameter.

e The orifice diameter is much smaller than the distance to the receiving
surface.

The vapor pressure p, for a solid or liquid can be calculated from the Clausius-

Clapeyrone equation
dp, H
Dy _ _— (2.1)
dar — T(V, = V)
where H is the heat of vaporization, V,, the volume of one mole of vapor, and V;
the volume of one mole of solid or liquid. For the assumptions that V; < V,, and
that for V, hold the laws of ideal gases, i.e. V,, = p,/RT, this equation can be

integrated to give

o (5). o3

where A and B are constants. The exponential dependence of p, on T indicates
that a small change in temperature induces a large change in vapor pressure.

For practical use, tables of the dependence of the vapor pressure on the tem-
perature are available [31]. However, it is more convenient to know the amount of
material that is incident on the receiving surface (substrate) per area and time.
For equilibrium, the flux F in ecm™2s7! is given by [31]

__ap(T)
TL2\/(2mkT)’

(2.3)

where a is the area of the orifice of the cell in cm?, L the distance between
orifice and substrate in ¢cm, and m the atomic mass of the evaporant material.
From equation (2.3) it can be calculated that for typical values of the geometry
(L = 5cm, a = 0.5cm?) and a deposition rate of ~0.01 ML/s vapor pressures
of ~10~*mbar are necessary. For aluminum this means that a temperature of
~ 1200 K is required [31] which is well above the melting point of Al (930 K).

For aluminum (as well as gallium) the evaporation from suitable compounds
is convenient, because well defined stable beam fluxes are achieved. This is the
case until all the Al (Ga) is exhausted, meaning that the deposition conditions
are reproducible for a long time.
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In this work a modified triple evaporator of the type Omicron EFM 3T was
used. It contained a Co rod and two crucibles. One crucible was filled with
a pestled crystal of NiAl for evaporation of Al, the other one was filled with a
pestled crystal of CoGa for evaporation of Ga. The technical modifications and
parameter settings were described by Jeliazova [32]. The EFM 3T is equipped
with a flux monitor to detect the ion flux which is simultaneously generated by
electron impact within the evaporator and directly proportional to the flow of
the evaporated particles. The flux monitor operates independently of the shutter
being open or closed. Thus the emission current (Ix)s) and the acceleration volt-
age (HV') can be adjusted so that a certain flux appears. Hence, the evaporator
can be calibrated with a quartz microbalance and thereafter for a defined ion flux
the deposition rate is known.

Especially for small deposition rates (e.g. r = 0.48 A/s for Al in this work) it
is necessary to operate the evaporator at background pressures < 51079 mbar.
This is achieved for the Omicron EFM 3T by a water cooled copper cylinder that
surrounds the evaporation cell.

The parameter settings used in this work are:

e for NiAl: HV = 0.9kV, Iy = 30mA resulting in r = 0.48 A +5% Al/min
e for Co: HV = 1kV, Igy = 15mA resulting in r = 0.8 A £5% Co/min

The thickness of the film calculated from the deposition rate is referred to as the
nominal thickness. It will be explained in the next chapter that the thickness of
the film can be determined from AES. The result of this determination will be
referred to as the effective thickness.

In this chapter the UHV machines and its components, especially the evap-
orator were described. The next chapter deals with the physical processes that
underly the measurement techniques.



Chapter 3

Basic Aspects of the

Experimental Methods

3.1 Auger Electron Spectroscopy (AES)

3.1.1 The Auger Process
The Auger process was first observed by Pierre Auger in 1920 and is visualized
in Fig. 3.1.
° Auger °
electron
f * Vacuum level
|@ Fermi level
L2,3 @
- ident L1 °
inciden
electron ® \E>
® K oo

Figure 3.1: Schematic representation of the Auger process.

The Auger process proceeds via the following three steps:

1. An electron of one of the inner shells (here K-shell, with the binding energy

Ex) is removed by an incident electron of typically 2—10keV
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2. The vacancy is filled by an electron of a higher level (here L.)

3. The energy is transferred to an electron of the same level or a higher level
(here Ly 3). And this electron is emitted radiationlessly.

The kinetic energy of the emitted Auger electron is given by
Ekin = EK - EL1 - EL2,3 - AE? (31)

where many-electron-effects are taken into account by the correction term AFE.
The transition is denoted according to the participating shells, e.g., in Fig. 3.1 a
KL Ly 3-transition is shown.

E;, depends merely on the element under consideration and thus the Auger
process is an useful tool to identify the chemical composition of a material. In this
work quantitative analyses of AES data are performed by comparison of peak-
to-peak intensities of differentiated AES spectra as a function of layer thickness
or by comparison of the ratio of peak-to-peak intensities of different elements.
In this way the adsorption of an element on a surface and the desorption from
the surface as well as the diffusion of an element into the bulk of the substrate is
revealed. A determination of the chemical composition is also possible [33].

In the solid state the inner-shell levels remain almost unchanged compared
to the free atom. Therefore, AES transitions allow identification of the chemical
element. Since the outer-shell levels are strongly influenced by the chemical
bonding, Auger transitions also probe the ionicity of the element.

| | KLL LMM MNN
Al 1396 68 -
APT [ 1378 35, 43, 51 -
Co - 656, 716, 775 | 53
Ni - 716, 783, 848 | 61, 102
O || 483, 503 - -

Table 3.1: Energies of the AES transitions that are regarded in this work .

Additionally, AES can be employed to estimate the thickness of a film grown
on a substrate, if the substrate consists of materials different from the film. The
emitted Auger electrons of the substrate must penetrate the film and, accordingly,
the number of electrons that leave the system decreases with increasing thickness
of the film. If the film grows layer by layer, the change in intensity d[ is related
to the change in thickness dx as

dr _ _dv (3.2)
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where A is the inelastic mean free path (IMFP) of the electrons of the specific
Auger transition of the substrate in the material of the film. Integrating this
equation results in:

d
I° = I - exp (7) : (3.3)

where I is the intensity of the Auger signal of the substrate before deposition
and I° after deposition. Values of the mean free path ) for various elements and
different energies can be taken from [34]. For some inorganic compounds values
for different energies also exist [35].

3.1.2 The Auger Electron Spectrometer

The AES spectrometer used in UHV apparatus 1 is based on a cylindrical mirror
analyzer (CMA). The CMA is shown schematically in Fig. 3.2.

Electron
multiplier

[ ] »

|

CMA Electron Energy
gun = sweep

Figure 3.2: Cylindrical mirror analyzer (CMA ).

Sample

The electron gun generates electrons of typically 3keV and is located in the
center of the CMA, so that the electron impact on the sample is perpendicular
to its surface. It is operated at 1 mA emission current resulting in ~ 2 uA sample
current. As the voltage of the CMA is sweeped, the pass energy for the electrons
changes and the N(E)-curve is measured. The step width is 1-2eV and the
acquisition time is adjusted between 20 and 50 ms. The spectra are recorded and
numerically differentiated by a PC to suppress the background.

Since the electrons enter the CMA at an angle of 42° with respect to the
surface normal, the estimation of the thickness from the Auger spectra must be
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corrected by inserting the term cos(42°) in equation (3.3). For the particular
spectrometer the equation

d
=1 e 4
0 " CXP ( )\cos(42°)) ’ (3.4)

is used.
The sensitivity of AES normally is not better than 1% of a monolayer [31].

3.2 Low Energy Electron Diffraction (LEED)

The diffraction of low energy electrons from an ordered surface was discovered
by Davisson and Germer [36] in 1927. In the 1960s the technique of low energy
electron diffraction (LEED) was developed [37]. In the following two subsections
first the theory of LEED is briefly described, and then the LEED optics, which
was used in this work, is introduced.

3.2.1 Theory of LEED

In 1924 L. de Broglie postulated the wave nature of electrons [38], where the
wave length and momentum of electrons (and particles in general) are connected
by the de Broglie relation: A = h/muv, with h the Planck constant. Rewriting
this equation gives A[A] = \/150.4/F [eV], and it follows that for electrons in
the energy range from 10 to 500V the wavelength is between 3.88 and 0.55 A,
respectively, and hence comparable to atomic distances in solids.

The scattering of a plane wave at a periodic lattice in one dimension is shown
in Fig. 3.3.

Constructive interference resulting in maxima in the scattered intensity takes
place if the path difference of waves scattered from neighboring lattice points
is a multiple of the wavelength A. If the incident angle of the electrons is ¢q
constructive interference occurs at an angle ¢ with respect to the surface normal,
if the condition

a(sin ¢ — sin @y) = nA (3.5)

is fulfilled. Two-dimensional lattices can be regarded as an ensemble of rows
of scatterers with directions [A'k’] and mutual distances dj. In this case the
condition for the interference maxima reads:

dpi (sin  — sin@g) = nA. (3.6)

In a LEED experiment an unknown surface structure with basis vectors 51
and by is superimposed on a known substrate lattice with basis vectors @; and
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Figure 3.3: Scattering of a plane wave at a periodic lattice.

d>. These basis vectors are related by

b1 = m1161+m1262 (37)

bg = m2161+m22é'2. (38

In order to find the coefficients m;; the concept of reciprocal space is applied.
Reciprocal lattice vectors a;* and d3" are defined to obey

a - a;t =6, d;; — the Kronecker symbol (3.9)

It follows immediately, that ;" is perpendicular to d, and a3* is perpendicular
to d;. For the lengths of the reciprocal lattice vectors it follows:

a; = 1/(aysiny) (3.10)
ay = 1/(aysinvy), (3.11)

where the angle v between a; and a5 is related to the angle v* between a;* and
az" by
Y= —7 which means sin y* = sin 7. (3.12)

The vectors of the superimposed surface structure, 51 and 52, are analogously
— — 3k
connected to the reciprocal lattice vectors b} and b, , and these are correlated
with a1® and a3" by
by = mtat 4+ mhdt (3.13)

— 3k

by = midi" 4+ miyds”. (3.14)
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The coefficients m;; are correlated to the coefficients m;; via

*
m
mir = " " 22 " ” (3.15)
Myq - Moy — Mg = My
*
m
miy = —— - 21 - - (3.16)
My - Moy — Mg - My
*
m
12
My - Moy — Mg - Moy
*
My
Moo — (318)

miy - M3y — miy - M3,

In a LEED experiment the pattern of the substrate yields the reciprocal lattice
vectors a;* and a3”, while the pattern of the unknown structure yields I;’{ and b;*.
From these reciprocal lattice vectors the matrix elements m;; can be calculated
and by equations (3.15)-(3.18) the matrix elements in real space are obtained.

For the special case that the angle between the basis vectors of the substrate
and the angle between the basis vectors of the superimposed structure are the
same, another more convenient notation exists, which is called Wood notation,
after E. Wood [39]. The scale factors m and n are defined as m = |b;|/|d1| and
n = |by|/|d3], and the surface structure is denoted p(m x n)R®O for primitive unit
cells and ¢(m x n)RO for centered unit cells, where R indicates a rotation of the
surface unit cell with respect to the substrate unit cell and © specifies the angle.
If © = 0°, then RO is left out and the structure is termed c(m x n) or p(m x n).
For primitive unit cells even the p is sometimes left out.

Figure 3.4: Possible arrangements of a ¢(2 X 2 )-structure.

It is important to mention that LEED yields information only about the
periodicity of the surface lattice and not about the atomic positions. If the
LEED pattern of an adsorbate is identified as a ¢(2x2) structure in the Wood
notation, there are three possible arrangements for the adsorbate atoms: on-top
sites, bridge sites, and four-fold hollow sites. This is shown in Fig. 3.4.
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In reality the periodicity of the lattices does not continue infinitely. This
results in a finite half width h,4 of the diffraction spots, which in turn can be used
to estimate the mean diameter d of the periodic structures (”domain size”):

hd a
a* d

(3.19)

3.2.2 The Three Grid LEED Optics

The LEED apparatus used in the experiments here is schematically shown in
Fig. 3.5. Electrons are emitted from the heated filament and collimated by the

Wehnelt A
Cylinder

Filament I

_|

7’£Acceleration Fluorescent
Voltage Screen Screen
I Suppressor
10-500 eV Voltage T . Voﬁgge
~5 kV

L

Figure 3.5: Schematic of the three-grid LEED optics

Wehnelt cylinder, which is biased slightly negative with respect to the filament.
The electrons are then accelerated towards the grounded lens A. Lenses B and C
focus the electron beam. Lens D and the grid in front of the sample are grounded
in order to create a field free region between sample and grid. This prevents
the electrons from being electrostatically deflected. The incident electrons are
diffracted by the sample and drift towards and through the grid in front of the
sample. The second grid is biased negative and its voltage is slightly smaller than
the primary energy of the electrons. In this way inelastically scattered electrons
from the first grid are repelled. The electrons are finally accelerated towards
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the fluorescent screen by biasing the screen at 5-10kV. The grid in front of the
screen is grounded.

The fluorescent screen is illuminated by the diffracted electrons resulting in a
diffraction pattern and by inelastically scattered electrons resulting in a relatively
homogeneous background. The image is recorded by a digital camera with rather
long acquisition times (typically 15s) to enhance the contrast between pattern
and background. The visibility of the pattern is further enhanced by image
processing.

3.3 Electron Energy Loss Spectrometry (EELS)

The fundamental idea of high resolution electron energy loss spectroscopy (EELS)
is measuring the energy loss of electrons after being scattered (inelastically) from
a surface. Prior to scattering, the electrons are monochromatic (0.5—10meV
FWHM). Three different scattering mechanisms are relevant for EELS, which
are briefly introduced. For this work the dipole scattering mechanism is the most
important and its underlying theory (the so-called dielectric theory) is subse-
quently summarized. Afterwards the EEL spectrometer, which was used for this
work (Ulti 100), is discussed.

3.3.1 Theoretical Background of EELS

The different scattering mechanisms

Dipole scattering means scattering of electrons from long-range oscillating elec-
tric fields. These fields originate from electric dipoles which are brought to vibra-
tion. Fig.3.6 shows a dipole on a metallic substrate accompanied by its image
dipole.

The components of the dipole moment parallel to the surface and its image
dipole moment are of opposite sign and, consequently, they cancel. The com-
ponents perpendicular to the surface add up and the effective dipole moment
amounts to 2p,. This is the so-called dipole selection rule: Only those surface
vibrations can be observed which have a component of the dipole moment per-
pendicular to the surface. In the framework of group theory the selection rule
reads: Only those vibrations are observed in dipole scattering, that belong to the
totally symmetric representations A;, A’ and A of the point group.

The scattering takes place at a distance of ~100 A above the surface. Thus
the change in wave vector is small, resulting in a distribution of the scattered
electrons which is centered around the specular direction as shown in Fig. 3.7.
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Figure 3.6: Dipoles and image dipoles on a metallic substrate.

Impact Scattering is electron scattering from the (atom cores) of the lattice.
The interaction is short-ranged and the change in wave vector and energy is much
larger than for dipole scattering. Impact scattering results in a broad angular
distribution of inelastically scattered electrons as indicated in Fig. 3.7.

In investigations of the dispersion of surface phonons impact scattering is
the relevant mechanism. However, the cross section of phonon creation depends
strongly on the energy of the primary electrons and the scattering angle.

Negative Ion Resonance means the capturing of an electron of a certain
energy. This results in a short-lived (1071° to 107! sec) negatively charged ion.
This process is dominant for molecules in the gas phase, but is also observed for
molecules that are weakly bound on the surface. Upon decay of the negative ion,
the electrons will adopt an angular distribution according to the symmetry of the
excited level.

The Dielectric Theory

Several different approaches exist to treat the interaction of an electron with
electric dipole fields of excitations at surfaces:

1. The Hamiltonian of the free electron is considered, and the dipole field of
the excitation is treated as a perturbation of this Hamiltonian.
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Figure 3.7: The different cross-sections of dipole and impact scattering.

2. The Hamiltonian of the excitation is considered while the electron is treated
as a perturbation.

3. The solid is described by a local or nonlocal dielectric function. This is
the so-called dielectric theory, which is independent of the specific excita-
tion. The disadvantage is that the quantum mechanical properties of the
excitation must be introduced ad hoc. This approach is summarized in the
following.

The electric field of an electron passing a surface causes dielectric displace-
ments in the solid, which results in a reduction of the kinetic energy of the
electron. In the Fourier transformed mode the energy loss per unit volume can
be written as [40, 31]

Re |2mi / wE(w)D*(w)dw | , (3.20)
where F is the electric field and D the dielectric displacement.

The classical scattering probability Py (qj, fiw) for an incident electron and a
surface excitation with the wave vector ¢ and energy hw is given by

2
quy

S 1 4
Pcl(QH’ hw) X /D [(q_i\ ?7” — w)2 i (Q’UL)Q]Q Im {—m} dQH. (3.21)

The integration is performed over all wave vectors being scattered into the accep-
tance angle of the analyzer, in accordance with energy and momentum conserva-
tion. The scattering probability consists of two terms: the kinematic prefactor
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1
e(w)+1
maximum when the so-called ”surfing condition” is matched:

and the energy loss function Im [— } The kinematic prefactor has a sharp

w

o (3.22)

u =

For grazing incidence (v, < v))) this condition results in a concentration of the
electrons around the specular direction. Due to the change of the wave vector
the maximum is shifted to smaller angles.

The classical differential scattering cross section d?S/(d(hw)dS?), which de-
scribes the scattering of electrons with the energy Aw into a solid angle df), is
proportional to the classical scattering probability. The quantum mechanical
properties of the excitation are introduced by treating the excitation as a Bose-
particle. Mathematically this is achieved by multiplying the classical differential

scattering cross section by
B -1
1 — -1
" [exp <k3T> }

3.3.2 The EEL Spectrometer

The development of different types of EEL spectrometers is in detail described in
[41]. The spectrometer employed in this work is of the type Ulti 100, a photograph
of which is shown in Fig. 3.8.

Electrons are emitted thermally by heating a LaBg cathode via a tungsten
filament. Lenses A;—Aj; focus the electron beam on to the entrance slit of the
premonochromator. The premonochromator as well as the following monochro-
mator are based on 127° cylindrical capacitors. They are made of copper and
coated with a graphite layer. The scattering chamber is equipped with lenses B
and B, at the entrance side and lenses Bs and B, at the outlet side. The scattered
electrons that have suffered an energy loss are accelerated to the pass energy of
the analyzer. This is achieved by appropriately biasing all the potentials on the
analyzer side. The analyzer is a one-stage analyzer, and after passing this the
electrons are detected by a channeltron which is operated in the counting mode.

The manipulation of all the potentials of the various components of the spec-
trometer is done by a personal computer and analog-digital converters. The
channeltron signal is simultaneously recorded by an XY-plotter and a PC which
allows further analysis of the data.

Two operation modes have been used for this work:

1. Measuring surface vibrational modes: The loss features range from 5
to 500 meV. The primary energy is typically 3—5eV, the scans are taken
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Figure 3.8: Photograph of the EEL spectrometer Ulti100.

within -1000 to +2000cm !, with a step width of 3—5cm!. The acquisi-
tion time is 1 to 4sec per step. Although the Ulti 100 allows, in principle,
a resolution of less than 1 meV, the spectra in this mode show a resolution
of 6-10meV, which results from not perfectly ordered surfaces.

. Measuring electronic transitions: The loss features range from 0.5 to

10eV. The primary energy had to be increased to 15—-30€V in order to
excite transitions in the range of 0.5—-10eV. The intensity was increased ac-
cepting a reduction in resolution, which was typically 30 meV. The scanned
energy range is 0—10eV with a step width of 50—100cm ™! and acquisition
times per step of 5—20sec.
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3.4 Scanning Tunneling Microscopy (STM)

3.4.1 Fundamentals of Scanning Tunneling Microscopy and
Spectroscopy

Scanning Tunneling Microscopy (STM) was invented in 1982 by Binnig and
Rohrer [42, 43]. It is based on the wave-like nature of electrons that can undergo
a quantum mechanical tunneling process. This was first described by Fowler
and Nordheim [44]. For tunneling between two planar metallic electrodes with a
vacuum barrier the tunnel current is given by:

I o exp(—A+/¢d), (3.23)

where A is a constant, d the distance between the electrodes, and ¢ the average
work function.
If one electrode is an STM tip, the tunneling current can be written as

Ip % exp(—A+\/¢d), (3.24)

where A =1.025 A" 'eV~'/2. For d (in the range of A) the current is of the order
of nA which can be easily measured. If d changes by ~ 1 A, the tunneling current
changes by about one order of magnitude. Therefore d has to be controlled with
a precision of 0.05-0.1 A. To achieve a lateral resolution that allows imaging of
individual atoms, the movement of the tip across the surface under investigation
must be controlled to within 1-2 A [31].

Two kinds of measurements have been performed with the STM in this work.
The classical scanning tunneling microscopy, which yields structural information
of the surface, and the so-called scanning tunneling spectroscopy (STS), which
is basically a measurement of an I(V)-curve and yields information about the
electronic properties of the surface. These methods are described in the following.

Scanning Tunneling Microscopy (STM)

In this work the STM was operated in the constant current mode. This means
that a voltage between tip and sample and a current are selected and kept fixed.
The distance between tip and sample is then adjusted, so that equation (3.24)
is fulfilled. The adjustment of the distance between tip and sample (z-direction)
as well as the lateral motion (x-, y- direction) of the tip is achieved by applying
appropriate voltages to Piezo-elements. If the tip is biased negatively with respect
to the sample, tunneling takes place from filled states of the tip into empty states
of the sample. If the tip is biased positively with respect to the sample, tunneling
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Figure 3.9: Schematic of the tunneling process in STM

takes place from filled states of the sample into empty states of the tip. The later
situation is depicted in Fig. 3.9.

The tip is scanned over the surface and the distance d is converted to a
grayscale image. The information contained in this image is strictly a map of the
local electronic density of states (LDOS). However, since the LDOS is usually
closely related to the atomic positions, the image can be interpreted as the crystal
structure of the surface in real space. According to Tersoff and Hamann, who
developed a theory of STM [45, 46|, the lateral resolution of STM is given by
[(2A)(R + d)]'/?, where R is the tip radius and d the distance between tip and
sample.

The above considerations apply strictly only for conducting substrates. If the
sample is non-conducting as in the case of an oxide layer on top of a metallic sub-
strate, tunneling may proceed into the substrate or into the oxide film depending
on the bias voltage.

In Fig.3.10(a) the bias voltage is smaller than E,/2 (where E, is the band
gap of the oxide) and tunneling proceeds into the conduction band (CB) of the
substrate. In this case the oxide only changes the potential barrier and STM is
sensitive to the topography at the interface of substrate and oxide film [47].

If the bias voltage exceeds E,/2 as shown in Fig. 3.10(b), tunneling takes place
into the conduction band of the oxide. In this case the STM image contains
information about the topography of the oxide [47]. These two situations were
demonstrated by Bertrams et al. [48] for a thin alumina film on NiAl(110).

A third operation mode at low bias voltage is also possible. If the tip comes
very close to the surface, so that repulsive forces between tip and surface become
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Figure 3.10: Band structure of the tunneling process into the oxide covered metal-
lic substrate (a) and tunneling into the oxide (b) depending on the tip voltage.

important for the imaging process, the topography of the oxide film is probed
rather than the interface [47, 49].

Scanning Tunneling Spectroscopy (STS)

In order to probe the local electronic properties of the sample, a special point on
the surface is selected and an I(V)-curve is measured. To achieve this the tip is
placed at the selected point meeting the specified tunneling conditions (i.e. the
distance d between tip and sample is adjusted to obtain the values of U and I).
The voltage applied to the Piezo-element that adjusts d is then kept constant.
In this way the voltage sweep is performed with a fixed distance between tip and
sample. Voltage and current are recorded electronically.

It is not straightforward to extract information from these I(V)-curves, be-
cause the curves depend on the setpoint (U, I) of the STM measurement. In
other words, the setpoint must always be one point of the I(V)-curve and thus
the curve does not represent purely properties of the sample. However a normal-
ization of the curve can be performed [51, 52] by plotting d(logI)/d(logV) vs.
V. This tends to eliminate the dependence of the tip sample separation.

Assuming that in

dl/dV _ d(logl)  ps(eV)pi(0) + A(V)

V" dlogV) B(V) ! (3:25)
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Figure 3.11: Normalized 1(V)-curve of Si(111)2x 1, reproduced from ref. [50].

where ps and p; are the DOS of the sample and tip, respectively, A(V) and B(V)
are functions that vary only slowly with voltage, a structure in (dI/dV)/(I1/V)
reflects ps(eV'). This normalization yields reasonable agreement concerning the
position of peaks in the DOS but not concerning the intensity [53].

Fig.3.11(a) shows the inverse decay length of the tunneling current for the
Si(111)2x1 surface. It was obtained by measuring the tunnel current as a function
of the tip sample separation and fitting exponential curves to the experimental
results. An example of the normalization procedure is shown in Fig. 3.11(b) for
the Si(111)2x1 surface [50]. For comparison the normalized I(V)-curve of Ni is
also shown. Fig. 3.11(c) shows the theoretical DOS for the bulk valence band and
conduction band of silicon (dashed line) and the DOS from a one-dimensional
tight-binding model of the m-bonded chains (solid line). The later model exhibits
maxima in the DOS at the same energies as the measurement in Fig.3.11(b).
The approximate independence of the results from the tip-sample separation for
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the Si(111)2x1 surface was demonstrated by Stroscio et al. [54].



Chapter 4

Survey of the Investigated
Materials

4.1 Metals

4.1.1 Nickel

Nickel was discovered by Axel Frederik Cronstedt in 1751 in Sweden. At this
time it was of value for coloring glass green. Nowadays nickel is chiefly valuable
for the alloys it forms, such as stainless steel and other corrosion-resistant alloys.

Nickel is a hard, ductile metal, which has the face centered cubic (fcc) crystal
structure with a lattice constant of ax; = 3.52 A. The (100) surface of Ni (or a
fce crystal in general) is shown schematically in Fig. 4.1.
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Figure 4.1: Schematic representation of the (100) surface of Ni showing the lattice
constant of Ni and the lattice constant a0y of the two-dimensional unit cell.
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In contrast to bee crystals the smallest periodic structure of the (100) surface
does not correspond to the lattice constant. The two-dimensional lattice constant
is defined in Fig.4.1 and is given by agg) = 1/V2-an = 2.48 A for Ni. The
Bragg spots in the LEED pattern of the Ni(100) surface correspond to the two-
dimensional unit cell.

The melting point of nickel is T;, = 1726 K. Nickel is ferromagnetic and has
a Curie-temperature of T, = 645 K.

4.1.2 Cobalt

Minerals containing cobalt were used by early civilizations of Egypt and Mesopo-
tamia for coloring glass blue. It was announced to be an element by Georg Brandt
about 1739. Today it is used e.g. in alloys with iron, nickel, and other metals,
which are used in jet engines and gas turbine engines. It is also a component
in magnet steels and stainless steels. The artificial isotope ®°Co is an important
~-ray source.

Cobalt exists in two different crystal structures: Below 700 K it shows the
hexagonally close packed structure (eCo) with lattice constants of ape, = 2.51A
and by, = 4.07A. Above 700 K it changes to the fcc crystal structure (aCo) with
a lattice constant of ag. = 3.54A. The melting point of cobalt is T\, = 1765 K.
As nickel, cobalt is ferromagnetic with a Curie-Temperature of T, = 1404 K.

4.2 Intermetallic Compounds

4.2.1 Ni-Al

Five ordered intermetallic alloys of Ni and Al are known: NizAl, NisAlz, NiAl,
NiyAls, and NiAl;. The phase diagram of the Ni-Al system is shown in Fig. 4.2
and the crystal structure data are presented in Table 4.1.

‘ Alloy ‘ Atom % Al ‘ Space group ‘ Prototype ‘

(Ni) 0 to 21.2 Fm3m Cu
NizAl 24 to 27 Pm3m CuzAu
NisAl; | ~32 to 36 Cmmm Pt;Gas
NiAl 30.8 to 58 Pm3m CsCl (bcce)
NisAlz | 59.5 to 63.2 P3m1 NisAlz
NiAl; 75 Pnma Fe;C
(A) | 99.89 to 100 | Fm3m Cu

Table 4.1: Crystal structure data of the Ni—Al system from ref. [55]
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Figure 4.2: Phase diagram of the Ni-Al system, from ref. [55]

For this work NigAl is of particular relevance since it is formed when Al is
deposited on a Ni single crystal and then annealed [56, 57]. The lattice constant
of NizAl is 3.565A and is thus close to that of Ni (3.52A). The crystal structure
is cubic and contains four atoms per unit cell. The Al atoms occupy the cube
corners, while the Ni atoms are located in the face centers. Two terminations of
the (100) surface of NizAl are possible: For the first one, the first layer contains
50% Ni and 50%Al, and for the other one the first layer consists of 100% Ni.
NizAl is a ferromagnet with a Curie temperature of T, = 70K [58].

4.2.2 Co—Al

The ordered bulk alloys of cobalt and aluminum that are definitely known are
presented in Table4.2. The phase CozAl seems not to exist. For the lattice
constants of Co,Al; Elliot [61] gives slightly different values: a = 7.66 A and ¢ =
7.59 A.

The solubility of cobalt in aluminum and aluminum in the hexagonally close
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Alloy | Space a, b, c[A] / B | Reference
Group
monoclinic ~ a=8.56, b =6.29 | [59]

CoaAly c=6.21, f=94.76°
hexagonal a=17.67, c=7.61 [59]

CopAly ¢/a=0.99
bece a=2.86 [59]

CoAl CsCl-type

monoclinic  a=15.18, b=8.12 [60]

Coudbs | oy c=12.34, f=107.9°

Table 4.2: Crystal structure data of the Co—Al system from ref. [55]

packed phase €Co is almost zero [59]. This is reflected in the phase diagram
(Fig.4.3) by the very narrow regions of Al and eCo. The solubility in the fec
phase (aCo) increases with temperature.

The heats of formation are given by Ageev [62] as 110.9kJ/mol for CoAl,

161.7kJ/mol for CoyAlg, and 294.0kJ /mol for CoqAls.

4.3 Oxides

4.3.1 Alumina

Al,O3 is known to have at least 14 different phases. Due to this large number
of phases and their complex structure, Al,O3 has been studied extensively. In
1798, Greville reported about a mineral with the composition Al,O3, which was
called ”corundum” [63]. The name corundum is still used for a-Al,Oj, the most
stable phase of alumina.

Natural deposits are the aluminum hydroxides, among which a distinction is
made between the trihydroxides Al,O3-3H50 (e.g, Hydrargillite, Bayerite, Nord-
strandite) and aluminumoxide-hydroxides (e.g. Diaspore, Boehmite)[64]. During
the decomposition of these hydroxides numerous phases occur, which differ in

crystal structure and lattice constant. The following decomposition sequences

are found:

1. Oxide-Hydroxide

e Diaspore

e Boehmite

é§9; (Y—f&lg()3

o

450
—

600° 1000°
—

) 0

1200°
=

(X-f\IQ()g
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Figure 4.3: Phase diagram of the Co-Al system from ref. [55]

2. Trihydroxide

e Hydrargillite 250, X AL a-Al, O3

o

Hydrargillite at:OSPhere Boehmite — ...
e Bayerit 207 n 8O 12 a-AlyO3
1809
. _). .
Bayerit dry atmosphere Boehmite — ...
e In high vacuum:
Nordstrandite . .
Bayerite 299, ~y oo B2 a-Al,O3
Hydrargillite

Two series of transformations, where dehydration is not involved, are:

e a-Al,O3 + Ion-implantation — am-Al,Oj 950% v-Al,O3 [65]

900°

o Al -2 am-ALO; 2% 4-ALO; [66]

The properties of some phases of alumina are compiled in Table 4.3.
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Oxide | Space a,b,c [A] | Oxygen | Occupied | Remarks
Group I6; sublattice| interstices
W ALO hexagonal a=4,7589 | hcp octahedral Corundum
TR pe, c=12,991
hexagonal a=>5,60 octahedral+
B-AL0y ¢=22,50 tetrahedral
ALO cubic a="7,911 fee octahedral+ | Spinel-Type
R Of tetrahedral
7'-Al;O3 | cubic a=3,95 octahedral+
tetrahedral
5-ALO tetragonal a=17,96 fce octahedral+ | distorted
T c=11,70 tetrahedral | Spinel-Typ
hexagonal a=9,71 octahedral+
i-AlOs c=17,86 tetrahedral
monoclinic a=2,92 fee octahedral+ | isomorphic
0-Al,05 | C3, b=5,64 tetrahedral | with
c=11,83 B-Gaz O3
B=103°

Table 4.3: Crystal structures of some alumina phases

All phases of alumina are based on a close packed oxygen lattice (fcc or hep).
Within this oxygen lattice, the Al**-ions occupy sites with different symmetry
(octahedral or tetrahedral). According to the stacking of the oxygen layers three

groups of phases can be distinguished:

e ABAB.. .-group: The oxygen ions build a hexagonal close package.

Al,O3 belongs to this group and the Al¥*-ions occupy exclusively sites
with octahedral symmetry.

e ABCABC.. .-group: The oxygen ions build a face centered cubic crystal
lattice and the Al3*-ions occupy tetrahedrally as well as octahedrally co-
ordinated sites. The phases (e.g. 7-Al,O3, 7/-Al,03, #Al,03) differ in the

occupation probabilities of the two kinds of sites.

e ABAC.. -group: In this group are all phases, which have neither a hexag-
onal nor a cubic stacking (e.g. 3-Al,O3).

Two phases of alumina are discussed briefly. First, 7-Al;O3 belongs to the
ABCABC.. -group. The O? -ions form a fcc lattice, and the Al**-ions occupy
octahedral and tetrahedral sites with a ratio between 5:3 and 3:1. It has a defect

a_
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Figure 4.4: Simplified defect spinel structure

spinel structure, a simplified model of which is shown in Fig. 4.4. 4/-Al,03 has
also a defect spinel structure, but only half the unit cell of y-Al;O3.

Amorphous Al;O3, which develops upon the oxidation of bulk aluminum,
consists of a locally close packed oxygen matrix, where the Al**-ions occupy
exclusively tetrahedrally coordinated sites. Since the AI3*- and O%~-ions display
a local order, amorphous Al,O3 is also called vitreous.

The different phases of alumina exhibit different losses in EEL spectra (IR-
active modes). These losses are assembled in Table4.4 including references and
temperatures.

4.3.2 Gallium Oxide

Gay O3 is of interest due to its applications as a gas sensor at high temperatures
[69] and as a tunneling barrier in magnetic tunnel junctions [70]. Since the
structural characterization is not a topic of this work, only a short description is
given. As Al,O3 also GayOj3 exists in different phases, which are isomorphic to a
corresponding phase of Al,O3.

The most important phase is $-GasO3, which is the most stable phase and
isomorphic to 6-Al,O3 with a = 3.04 A, b = 5.80 A, ¢ = 12.23 A, and 8 = 103.7°
[71, 72]. a-GayOs is isomorphic to a-Al,O5 with a = 4.98 A and ¢ = 13.43 A and
transforms into $-GasO3 upon annealing to 650°C. v- and §-Ga,O3 are isomorphic
to v- and 0-Al, O3, respectively.

The preparation of 3-GayO3 on CoGa(100) has been investigated by Gassmann
[23]. It is prepared by oxidation of the CoGa(100) surface at room temperature
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‘ ‘ Ref. | Frequencies of the losses [cm™!] ‘ T [K] ‘
a-ALO; / NiAI(111) | [14] 629 810 300
a-AlLO; / Ni;AI(100) | [11] 635 850 300
v-ALO; / Ni;AI(111) | [14] | 440 | 648 910 1000
v-Al,O5 / NizAl(100) | [11] | 415 | 640 875 1100
a-Al,O; / NiAI(100) | [§] 638 913 > 1300
a-AlLO; / NiAl(111) | [10] 630 011 > 1100
bulk a-ALO; (0001) | [67] | 500 800
ALO; / Re(0001) 18] 609 863 970
Al,O3 / Re(0001) [18] | 360 | 616 880 1170
ALL,O; / Ru(0001) [68] | 360 | 678 899 1173
ALO; / Mo(110) [19] 790 110
ALO; Mo(110) [19] 610 845 700
ALO; / Mo(110) [19] | 435 | 655 895 1100
ALO, / Al(111) [15] ~695 | ~870 300

Table 4.4: Characteristic frequencies of Al,Os on various substrates

and subsequent annealing to 550 K. Oxidation of the CoGa(100) surface at this
temperature also leads to the formation of $-Ga;Oj. It is characterized by a
(2x1) LEED pattern and four characteristic loss features in the EEL spectra.
The band gap of a film prepared in this way is 4.4eV , but there are also metal
induced states in the band gap [23].

[-GasO3 can also be prepared by oxidation of CoGa(100) at higher tempera-
tures, e.g. [25]. The oxidation of the CoGa(100) surface at various temperatures
was investigated by several authors: Schmitz et al. [25, 73], Eumann et al. [24],
Franchy et al. [26], and Pan et al. [27, 28, 29].



Chapter 5

The Growth of AlyO3 on Ni(100)

In this chapter the growth of alumina films on the Ni(100) surface is presented.
It is on the one hand well known that ordered Al;Oj films can be grown on NizAl
surfaces [11, 13]. On the other hand a thin NizAl layer can be grown on Ni(100)
[56, 57]. In my PhD work these results were combined to prepare a well ordered
Al,O3 film by growth and oxidation of a NizAl alloy on Ni(100)

Intermetallic alloys in general are interesting because of their physical and
mechanical properties, like high melting point, low density, and good corrosion
resistance. A review of some possible applications, e.g., in areas of energy storage
and furnace hardware, has been presented by Stoloff et al. [74]. Thin films of
metals and intermetallics are intensively studied, because the low dimensionality
leads to some interesting properties that differ from the properties of bulk metals
and intermetallics.

By deposition of one monolayer of Al on the Ni(100) surface and subsequent
annealing at 820K Lu et al. [56] and O’Connor et al. [57] prepared thin films of
NizAl. The surface structure of the NizgAl/Ni(100) system was studied by LEED
[56, 57] and ion scattering [57]. The thin film of NizAl grows with the (100) plane
parallel to the (100) surface of Ni(100). A NizAl(100)/Ni(100) system can also
be prepared by deposition of Al on Ni(100) at 520 K.

Ultrathin metal oxide films are utilized in different fields of application as
catalysis [75, 76] and microelectronics [77, 78]. In general, the controlled epitaxial
growth of ultrathin oxide layers (Al,O3, GayO3) on ferromagnetic substrates with
a well defined ferromagnet/insulator interface is of crucial importance for the
understanding of spin-dependent tunneling [5, 79, 80]. Therefore, many attempts
are carried out to find procedures to prepare well defined homogeneous oxide
layers with a thickness in the range of few tenths of an A. Recently, tunnel
magneto resistance ratios of 40% at room temperature have been achieved.

The growth of ultrathin alumina films on metal and metal alloy surfaces has
been reviewed recently by Franchy [81]. In general, the oxidation of the surface
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of the intermetallic alloys of NiAl leads to the formation of a thin Al;O3 film on
the surface [8, 9, 10, 12, 13, 82, 83]. For most studies in UHV no evidence for
the oxidation of Ni was found [13, 9, 84]. Thin films of Al,O3 were prepared on
NisAl(111) [13, 14], NizAl(100) [12, 11], NiAl(111) [10], NiAl(110) [9, 48], and
NiAlI(100) [8, 85, 86]. On these substrates ordering of the Al,O3 film takes place
in the temperature range 700-1200 K. Other intermetallic alloys containing 3d
metals were also used to grow thin Al,Oj films, e.g., CoAl [87] or FeAl [88].

The preparation of thin Al,O3 films was also studied on metal substrates like
Ru(0001) [17, 16], Re(0001) [18], Mo(110) [19], Ta(110) [20], Fe(110)[21], and
Cu(111) [22]. The preparation mostly proceeds in two steps: A thin Al layer is
deposited on the substrate and the Al film is then oxidized. For this procedure the
problem arises, whether the Al film is completely oxidized. Therefore, different
ways to oxidize thin Al films have been tested: the natural oxidation, where the
Al film is exposed to oxygen [89], the UV oxidation, where the film is illuminated
with ultraviolet (UV) light during the exposure to oxygen [90], and the plasma
oxidation [91].

Compared to bulk Al;O3 samples thin films of Al,O3 have the advantage that
electron spectroscopic methods can be applied without generating charging of the
film. Various techniques were used to study thin Al,Oj3 films:

o AES: [8, 92, 93, 94]

EELS: [15, 95, 8, 10, 96, 14, 97, 98]

LEED: [9, 13, 8, 10, 99, 18, 14, 85, 100, 101]

o XPS: [13, 18, 99, 94, 102]
o LEIS: [18]
e TEM: [103]

e STM: [96, 85, 86, 104, 105, 93]

The Ni(100) single crystal that was used in this work has a diameter of 8 mm
and a thickness of 2.5 mm. The crystal was cut by spark erosion and the surface
was mechanically polished. The orientation has an accuracy of 0.5°. Cleaning of
Ni(100) in UHV was achieved by repeated cycles of sputtering with Ar™ ions at
1keV and a sample current of 0.8 A and annealing to 1200 K for five minutes.
Carbon was removed by oxidation with oxygen at 1000 K and subsequent anneal-
ing to 1200 K. The clean Ni(100) surface exhibits a sharp (1x1) LEED pattern
and no transitions of contaminants by AES.

The chapter is organized as follows: In section 5.1 the growth of a thin NizAl
layer on Ni(100) is discussed, in section 5.2 the oxidation of the NizAl/Ni(100)
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system at room temperature is presented, and section 5.3 deals with the oxidation
of the system NizAl/Ni(100) at 800 K. In section 5.4 the deposition of an Al film
and the oxidation of the Al/Ni(100) system is shown, while in section 5.5 the
deposition of an Al film on Ni(100) in oxygen atmospheres of different partial
pressures is discussed. Section 5.5 concludes these chapters with a brief summary.

5.1 Growth of Ni3Al(100) on Ni(100)

To grow an alloy of aluminum and nickel on the Ni(100) surface, first Al was
deposited on the Ni(100) surface by evaporation from a pestled crystal of NiAl.
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Figure 5.1: Peak-to-peak intensity of the AES transitions of Al at 1396 eV and
Ni at 848 eV as a function of the deposition time.

Fig. 5.1 shows the peak-to-peak intensities of the KLL transition of aluminum
at 1396eV and the LMM transition of nickel at 848 eV as a function of the
deposition time. The Al signal increases with deposition time but saturation
is not reached here. The nominal thickness of the generated Al film can be
calculated from the deposition rate and deposition time and is 12 A. Saturation
of the Al signal should be reached when the film thickness exceeds the mean free
path of the 1396 eV-Auger-electrons in Al, which is 24 A [34]. The exact shape
of this curve depends on the growth mode of Al on Ni(100). The growth mode
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cannot be determined by the methods used here, and thus the line in Fig.5.1
represents only an approximate curve.
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Figure 5.2: Peak-to-peak intensity of the AES transitions of Al at 1396 eV and
Ni at 848¢€V as a function of the annealing temperature (right side scale). Also
shown is the peak-to-peak ratio Alizos/Nisas (left side scale).

The system Al/Ni(100) is then annealed beginning at room temperature up
to 1200 K in steps of 50 K. Each annealing step lasted two minutes, and the sam-
ple was cooled to room temperature before the AES spectrum was measured. In
Fig. 5.2, as in Fig. 5.1, the peak-to-peak intensities of Nigys and Al;sq4, together
with the ratio Aljzge/Nigss, are shown as a function of the annealing tempera-
ture. Up to 700 K the peak-to-peak intensity of Ni does not change significantly,
whereas above 700 K the signal increases. The intensity of Al and, consequently,
the ratio Al/Ni increase up to 700 K probably due to structural changes and or-
dering. Above 700 K, the ratio Al/Ni decreases in consequence of the increase of
the Ni signal. This indicates that above 700 K interdiffusion (alloying) of Ni and
Al takes place.

This is supported by the Auger spectra shown in Fig.5.3. Spectrum (a) is
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Figure 5.3: AES spectra of clean Ni(100) (a), after deposition of 12 A Al (b), and
after annealing to 1150 K (c).

taken from the clean Ni(100) surface and, accordingly, the MNN transitions of
Ni at 61 and 102eV are observed. Since the mean free path of electrons in
metals is very small in this energy range (Aa(50eV) = 3.2A, Ay (100eV) =
427, Mi(50eV) = 4.9 A, A\yi(100eV) = 4.6 A [34]), the conclusions drawn from
these parts of the spectra hold for the topmost layers. Spectrum (b) shows the
situation after deposition of 12A of Al and only the LMM transition of Al at
68 eV is observed. There appears to be no nickel in the topmost layers within
the sensitivity of AES. After annealing to 1150 K (Spectrum (c)) the transitions
of Ni (61 and 102eV) and of Al (68¢eV) are observed indicating that both nickel
and aluminum are in the topmost layers.

So far, only the chemical composition of the topmost layers was discussed.
The structure of the surface was probed by LEED. The LEED pattern, that was
obtained after annealing the Al1/Ni(100) system to 1150 K, is presented in Fig. 5.4
(b). With respect to the clean Ni(100) surface (a) it exhibits a ¢(2x2) structure.
This is in agreement with the findings of Lu et al. [56], who have prepared a
NizAl alloy on Ni(100) by deposition of one monolayer of Al and subsequent
annealing to 820K for five minutes. Later O’Connor et al. [57] investigated a
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Figure 5.4: LEED images of (a) the clean Ni(100) surface and (b) the Niz Al layer.
The primary enerqy was 122 eV for both of the images. A schematic arrangement
of the atoms forming the ¢(2x2) structure is shown in (¢). Gray circles indicate
the two dimensional lattice of the Ni(100) surface, black circles represent the Al
atoms, that are incorporated into the Ni(100) surface.

thin film of NizAl prepared on Ni(100) by low energy ion scattering (LEIS) and
medium energy ion scattering (MEIS). The film was prepared by deposition of
one monolayer of Al on Ni(100) and annealing to 820 K. The LEIS and MEIS
results show, that the Al is incorporated into the first layer, but does not form
an overlayer. The Al content in the first layer was shown to be 50%, while the
second layer contained little or no Al.

The two-dimensional lattice constant of the surface structure can be deter-
mined from the LEED pattern. Fig.5.4(c) shows a schematic arrangement of the
atoms that form the ¢(2x2) structure. The two-dimensional lattice of the Ni(100)
surface is indicated by gray circles. The two-dimensional lattice constant of the
Ni(100) surface is indicated by the solid lines combining the four atoms in the
upper left corner of the schematic. However, the two-dimensional unit cell that
corresponds to the LEED pattern of Fig. 5.4(a) is the one indicated by the dashed
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lines in Fig.5.4(c). A schematic arrangement of the atoms that form the ¢(2x2)
structure in Fig. 5.4(b) is indicated by the black circles in Fig. 5.4(c). The two-
dimensional unit cell of this structure is indicated by the solid lines combining
the black circles. Thus, the two-dimensional lattice constant is the same as that
of bulk Ni, i.e. (3.524 0.1) A. This is very close to the lattice constant of NigAl
(3.565 A) and the difference may stem from a distortion of the NizAl lattice.

The thickness of the film cannot be determined strictly with AES and equation
(3.4), because the NizAl film contains Ni, and thus the AES signal of Ni from the
NizAl layer contributes to the transitions of the Ni substrate. However, an upper
limit can be given from the total amount of deposited Al and the lattice constant
of NizAl. Assuming that the 12 A of Al are completely used to form NizAl, then
the thickness amounts to 35 A. Although this determination is afflicted with a
considerable error, it is likely that aluminum is situated in deeper layers than
the first one (confirmed by [57]), and thus an ultrathin surface alloy in the strict
sense is not formed.

In summary, in this section the formation of NizAl/Ni(100) was investigated.
Deposition and annealing above 700K of a 12 A thick Al film on a Ni(100) sub-
strate leads to interdiffusion and alloying of Al and Ni. The LEED pattern of the
NizAl alloy exhibits a ¢(2x2) structure with respect to the Ni(100) substrate, and
the two-dimensional lattice constant of the quadratic unit cell is (3.5240.1) A,

5.2 Oxidation of Ni;Al(100)/Ni(100) at 300K

In this section the oxidation of NizAl(100)/Ni(100) and annealing of the oxide
that forms is discussed. The oxidation was studied at room temperature. Fig. 5.5
shows the peak-to-peak ratios of Oso3/Nigss and Ose3/Aljz06 taken from AES
spectra.

Both ratios increase strongly up to an oxygen exposure of 200 and above
500 L both ratios clearly reach their saturation level. The saturation value of the
O/Al ratio (= 6.5) is approximately the one that is expected for bulk Al,Oj [33].
According to Cabrera and Mott [106] the growth rate for a metal oxide at low

temperature is given by

LA B, (5.1)

xz

where x is the film thickness, ¢ the time and A and B are constants. The curves
in Fig. 5.5 represent fits with equation (5.1).

Information about the chemical composition of the surface can be gained from
the Auger spectrum itself. The spectrum in the energy range 10—120eV taken
after oxidation is shown in Fig.5.6(a), and only the transitions at 51, 43, and
35eV, which are characteristic for AI**, are observed [33]. This spectrum is com-
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Figure 5.5: Ozygen uptake curve for the NigAl(100)/Ni(100) system at room
temperature. The analyzed transitions are: oxygen 503 eV, nickel 848eV, and
aluminum 1396 eV.

pletely different from spectrum (c¢) of Fig.5.3, where only transitions of metallic
Al and Ni are observed. This proves the oxidation of aluminum. However, it
is important to determine, whether Ni is also involved in the oxidation process.
In an UPS study of the oxidation of NiAl [9], NizAl [13], and FeAl [88] it was
found that only Al atoms are oxidized. This suggests that in our case the same
situation occurs.

Generally, the oxidation of aluminum is thermodynamically favored over the
oxidation of nickel, because the heat of formation of Al;O3 is much larger than
that of NiO (AH;(Al,O3) = —1676kJ/mol, AH;(NiO) = —240kJ/mol). The
oxidation of exclusively one species of an intermetallic alloy is the so-called prefer-
ential segregation oxidation and can be described as follows: adsorption of oxygen
atoms induces the segregation of Al atoms to the surface, where by reaction with
the adsorbed oxygen an aluminum oxide film is formed. This process occurs fre-
quently when intermetallic alloys of aluminum or gallium are concerned [81]. In
principle, it is also possible that oxygen diffuses into the alloy. Then, however, a
mixed oxide Ni, Al and O should form which could in turn be identified by AES
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Figure 5.6: AES spectra of the system NizAl/Ni(100) after ozxidation at room
temperature (a) and after annealing of the oxidized system to 1200 K (b).

and EELS.

Spectrum (b) in Fig.5.6 is taken after annealing of the oxide film to 1200 K.
The only difference compared to Spectrum (a) is the broader line width of the
transition at 51eV. This may originate from a decomposition and desorption of
the alumina film resulting in overlapping of the AI®* transition with the transi-
tion of metallic nickel at 61eV. In Fig.5.6 spectrum (a), taken after oxidation
at room temperature, and spectrum (b), taken after annealing to 1200 K, are
similar, which suggests that the ionicity of the aluminum does not change during
annealing.

An estimate of the thickness of the oxide film can be given from AES data.
Assuming that a pure Al,O3 film is grown on the Ni(100) substrate, the thickness
of the film can be determined from the exponential decrease of the intensity of
the AES transition of Ni at 848¢eV. The relevant formula is equation (3.4), it
was introduced in Chapter 3. The inelastic mean free path of electrons with
energy 848eV in Al,Og is 18 A [35]. The thickness of the Al,Og layer amounts
to d = (11 & 2) A, where the error has been estimated from the background in
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the Auger spectra and the uncertainty of the mean free path. The thickness of
an Al layer is known to increase upon oxidation. For example Chen et al. [107]
observed that the thickness of an aluminum oxide film is nearly the double of
that of the aluminum film. In our case probably some aluminum diffuses into the
bulk of the nickel substrate during the formation of the NizAl alloy, and thus the
film thickness is less than 2 - 12A =24 A,

ALO;
NizAl AlLO;
Ni(100) Ni(100)

Figure 5.7: Schematics of the possible layer composition.

In principle, it should be possible to trace the oxidation of aluminum by the
KLL AES-transition of metallic Al at 1396 eV and the transition of ionic alu-
minum (AI** at 1378eV) [33]. However, these two transitions were not resolved
separately, and only a broadening of the transition is observed during oxidation
due to a coexistence of Al® and AI3*. On the other hand, there is no hint of Al° in
spectrum (a) of Fig. 5.6, and it is thus likely, that no neutral Al atoms are in the
topmost 5 A of the film. It cannot be determined if the unoxidized Al is within
the film or in an interface layer between the Al,O3 and the Ni(100) substrate.
Schematics of the possible layer structure are shown in Fig. 5.7, which suggest
the presence of an interface layer between the oxide layer and the substrate.

The vibrational properties of the Al,O3 film were investigated by EELS. EEL
spectra were recorded for each annealing step after the sample was cooled to
room temperature. EEL spectra obtained after oxidation to saturation at room
temperature (300K) and after annealing to 1000 K and 1200 K are shown in
Fig.5.8. The spectrum taken after the oxidation (bottom) shows three broad
losses at 420, 620, and 860 cm~!. For an amorphous Al,O3 film only two dipole
active modes are characteristic [81], because the AI*T ions occupy exclusively
tetrahedrally coordinated sites [108, 109]. In the present case, where already at
room temperature three losses are observed, both tetrahedrally and octahedrally
coordinated sites of the O?~ sublattice are occupied by the AI** ions. This
means that the alumina film grown at room temperature does not only consist
of an amorphous phase but rather of a mixture of different Al,O3 phases. This is
supported by the information obtained from LEED. The LEED image after the
oxidation is diffuse due to a lack of long-range order.
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Figure 5.8: FEEL spectra taken after oxidation at room temperature and after
annealing to 1000 and 1200 K. After annealing to 1200 K the losses at 620 and
860 cm~t are shifted to 640 and 880 cm™*t, respectively. The spectra were recorded
at room temperature.

Between room temperature and 700 K the EEL spectra do not change sig-
nificantly. At temperatures above 800 K the intensity of the losses and of the
elastic beam increases. This is seen in Fig.5.8 by the decrease of the magnifica-
tion factor from 50 at 300 K to 10 at 1200 K. In the spectra taken after annealing
to 1000 and 1200 K the loss at 420cm ! is at the same position as in the room
temperature spectrum, whereas the other two losses are shifted to slightly higher
frequencies (640 and 880cm™'). Generally, EEL spectra of well-ordered alumina
films (y-, 7/- and 6-Al,O3) on metal and metal alloy surfaces commonly show
three (sometimes four) distinct phonon losses in the frequency regions 380430,
620660, and 850890 cm ! (see Table4.4 in chapter4 as well as Ref.[81] and
references therein). Therefore, it can be concluded that the aluminum oxide that
has formed upon annealing belongs to an ordered Al,O3 phase.

The increase of ordering is also reflected in the emergence of Bragg reflections
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(P) *

Figure 5.9: (a) LEED image of the ozxide after annealing to 1200 K. The primary
energy was 122eV. (b) Schematic representation: substrate spots are indicated by
dots, spots stemming from the ozide are indicated by asterisks.

in the LEED images at 900 K. Further annealing of the oxide layer results in en-
hanced contrast in the LEED images. The LEED image obtained after annealing
to 1200 K is shown in Fig.5.9(a) together with a schematic representation (b).
1200 K seems to be the temperature where the oxide has the best order. In the
LEED pattern a twelvefold ring structure is observed, which can be interpreted
in terms of two domains with hexagonal structure which are rotated by an angle
of n-30° (n odd) with respect to each other. An angle of rotation of 90° appears
reasonable in view of the square lattice (C, symmetry) of the substrate. In order
to determine the structure of the Al,O5 film the EELS data have to be consid-
ered again. In a-Al,O3 the AI** ions occupy only octahedrally coordinated sites
resulting in two IR active modes, and therefore a-Al,O3 exhibits only two losses
in the EEL spectra [67] and not three. Hence, the formation of a-Al,O3 can be
ruled out. Consequently, the hexagonal surface structure has to be explained by
the (111) plane of a cubic phase of Al,O3, that grows with the (111) plane of the
oxide parallel to the (100) plane of the nickel substrate. The lattice constant of
the hexagonal unit cell is apex = (2.874:0.2) A, which agrees well with the distance
of two adjacent O?~ ions in the (111) plane of numerous cubic phases of Al,O3
[110]. The EELS data agree with those obtained by Podgursky et al. [12], who
found phonon losses at 415, 640, and 875cm™" for the Al,O3/NizAl(100) system
that was prepared by oxidation of the NizAl(100) surface at 1100 K. In LEED
investigations Bardi et al. [13] found a hexagonal surface structure with a lattice
constant of ~2.9 A. Podgursky et al. [12] found a hexagonal surface structure



50 The Growth of Al,O;3; on Ni(100)

with a lattice constant of ~3 A and additionally two hexagonal superstructures
with lattice constants of 17.5 and 54 A. Both authors concluded the existence of
the 7/-Al;O3 phase. In the present work also the +-Al;O3 phase is found which
grows with the (111) plane parallel to the Ni(100) substrate.
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Figure 5.10: Peak-to-peak ratio of Osgs/Alize6 during the annealing of the oxide.
The horizontal line is a guide to the eye.

From the half width of the spots in the LEED image the domain size can
be estimated, according to equation (3.19), to be about 30 A. The thickness of
the oxide film, after annealing to 1200 K, amounts to (8 + 2) A. However, it can
not be claimed that the oxide film is grown on the Ni(100) substrate without an
interface layer, since no information can be obtained from the experiments about
the hidden interfaces AlyO3/NizAl and NizAl/Ni(100). However, the NizAl film
is destroyed at around 1200 K, and it is likely that this is also the case after the
annealing of the oxide covered NizAl layer.

Fig.5.10 shows the ratio of the peak-to-peak intensities of Osz03/Alj306 as a
function of the annealing temperature, which does not change with temperature,
and the average value is ~ 6.2. Thus it seems reasonable to assume that no change
in the stoichiometry occurs. From the value of 6.2 for the ratio and the relative
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sensitivity factors of 0.4 for oxygen and 0.09 for aluminum [30] the ratio between
the amount of O and Al ions in the oxide layer is determined to be & 1.4. This
is close to the value of 1.5 for Al,O3, and the difference is readily explained by
the experimental inaccuracy.

Summarizing, the oxidation of the NizAl/Ni(100) system at room temperature
produces an aluminum oxide layer, which consists of amorphous and disordered
phases of Al,O3. Upon annealing, the oxide transforms into +’-Al,O3 which
grows with the (111) plane parallel to the (100) plane of the substrate. The two-
dimensional lattice constant is found to be 2.87 + 0.2 A, which agrees with the
distance between two O? -ions in the (111) plane of fec-oxygen. The thickness
of the ~/-Al,O4 film is 8 + 2 A, which corresponds to approximately twice the
lattice constant of '-Al,03 (a = 3.95A).

5.3 Oxidation of the NizAl(100)/Ni(100) Sys-
tem at 800 K

The oxidation of the NigAl(100) surface at elevated temperatures has been stud-
ied by e.g. Bardi et al. [13] (800K and 1000K), Costina [11] (1100K), and
Podgursky et al. [12] (1100 K). The results found in these works are similar but
not identical to that found by Bardi et al., who observed a LEED pattern with
a twelvefold ring structure similar to the one of Fig.5.9. The oxidation of the
system NizAl/Ni(100) at 1100 K was tried in this work, but was not successful,
because of the decomposition of the NizAl layer, and the diffusion of Al into
the bulk of the substrate proceeded faster than the oxidation process. Thus the
oxidation of NizAl/Ni(100) at a lower temperature, 800 K, was investigated.
Fig.5.11 shows the peak-to-peak ratios of Ozg3/Al1396 and Opg3/Niyz96 for the
oxidation of NizAl(100)/Ni(100) at 800K as a function of oxygen exposure up
to a total amount of 3500 L of oxygen. Saturation is reached at an exposure
of 2500 L, which is substantially higher than that for the room temperature ox-
idation (Fig.5.5). The thickness of the film after the oxidation is ~ 5A. The
saturation value of ~ 4.5 for O/Al is lower than the one expected for bulk Al,O3
(which is 6.2 according to [33]). This can be understood, because the film thick-
ness is less than the mean free path of the electrons of the KLL transition of Al
at 1378eV. Accordingly, neutral Al atoms from the NizAl alloy underneath the
Al, O3 film contribute to the Al signal, which leads to a reduction of the ratio
O/Al A model of this situation is shown on the left side of Fig.5.12. According
to Cabrera and Mott [106] a logarithmic growth law for the thickness of the oxide
film during the oxidation of metals is expected for low temperatures. For high
temperatures a parabolic growth law is expected. In Fig.5.11 the dashed line
represents a fit with a logarithmic growth law and the dotted line represents a fit
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Figure 5.11: Peak-to-peak ratios of Osy3/Nigss and Osgs/Aliz06 during ozidation
at 800 K. Both ratios reach a saturation at 2500 L, and the saturation value is
lower than the one of bulk AlbOs. The O/Al ratio was fitted with a logarithmic
growth law (dashed line) and a parabolic growth law (dotted line).

with a parabolic growth law. The logarithmic growth law seems to be in better
agreement with the data. This was also found by Rose [111] who studied the
oxidation of CoAl(100) at 800 K.

Upon annealing of the film, the ratio O/Al increases for temperatures between
800 and 1100 K, as can be seen in Fig.5.12. In the temperature range 1250
1350 K a saturation level is reached. Since the ratio O/Ni is constant between
800 and 1200 K, the increase of the O/Al ratio between 800 and 1100 K is due to
a decrease of the Al signal. This decrease results from the diffusion of some of the
unoxidized Al, which is present in the NizAl interface layer, into the substrate.
The final value of ~ 9 of the O/Al ratio is higher than the one of bulk Al,Os3,
because the mean free paths of electrons contributing to the Al signal (1378 eV)
and the electrons contributing to the O signal (503 eV) are different: 24 A for the
Al transition and 13 A for the O transition. Thus the volume that contributes to
the Al signal in bulk Al;Oj is larger, which means that the Al signal is stronger
diminished than the O signal when the film thickness is comparable to the mean
free path. Hence, the ratio O/Al is enlarged. The thickness of the oxide film
after annealing is only about 4 A, which corresponds to the lattice constant of
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Figure 5.12: Peak-to-peak ratios of Osgs/Nigss and Osgz /Alizgs during annealing.
The ratio O/Al increases and at 1250 K clearly exceeds the value of bulk Al, O3 of
6.2. The ratio O/Ni is constant up to 1100 K and above 1200 K decreases.

bulk 7'-Al,03 of 3.95A (see table 4.3).

The structural properties of the film are similar to those of the film which was
prepared by room temperature oxidation and subsequent annealing. The EEL
spectrum in Fig.5.13 taken after annealing to 1200 K also shows three losses at
420, 650, and 880 cm™"'. For the room temperature oxidation of the NizAl(100)
system and annealing to 1200 K, shown in Fig. 5.8, the losses are at 420, 620,
and 880 cm~'. Whereas the intensity of the loss at 640 cm™"' is higher than the
intensity of the loss at 420cm ™' in Fig. 5.8, the losses in Fig.5.13 at 650 and
420 cm ! show the same intensity. In addition, in Fig.5.13 the energy gains at
-855, -630, and - 410 cm ™! as well as the multiple and combination losses at 1280
(~ 420 + 880), 1520 (=~ 650 + 880), and 1770 (=~ 880 + 880) cm~' are shown.
The intensities of gains and losses are related by the Boltzmann statistics via
I, = I, - exp(7%), where the index g means gain and the index 1 means loss.
This allows the determination of the sample temperature. If the loss at 880 cm !
is analyzed, the sample temperature is determined to be 278 +15 K, which is in
reasonable agreement with the thermocouple controlled sample temperature of
300 K during the measurement.

After oxidation of the NizAl(100)/Ni(100) surface at 800 K and after annealing
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Figure 5.13: EEL spectrum of the Al O3 film after annealing to 1200 K showing
energy gains (-855, -630, and 410 cm™1 ), energy losses (420, 650, and 880 cm™1),
and double losses (1280, 1580, and 1780 cm™"). The spectrum was measured at
room temperature.

to 1350 K LEED images were recorded. In part (a) of Fig. 5.14 the LEED pattern
of the Ni(100) substrate is shown for better comparison. At 800K the LEED
pattern consists of a weak diffuse ring structure (b). This suggests that the film
grows in hexagonal domains which are randomly oriented with respect to the

Ni(100) substrate. The lattice constant of the hexagonal unit cell amounts to
2.9 4 0.3A.

During annealing of the film to higher temperatures the LEED pattern grad-
ually transforms to the one shown in Fig.5.14(c). This pattern consists of 36
sharp spots that are arranged on a ring. It is again indicative of domains with
a hexagonal unit mesh with a lattice constant of 2.89 & 0.2 A. The pattern can
be interpreted in terms of 6 domains with a hexagonal surface structure that are
rotated by an angle of 15°.

The main results of the interpretation of the LEED pattern taken from the
room temperature oxidation apply: Due to the 3 losses in the EEL spectrum
an Al,Oj phase is formed, which is different from the a- or the amorphous
phase. Since the two-dimensional structure is hexagonal, with a lattice constant
of ~2.9A, we conclude that the cubic 7-Al,Oj is formed, which grows with the
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(111) plane parallel to the substrate surface. The domain size is again estimated
from the half width of the spots to be 35 A.

(a) (b)

Figure 5.14: LEED images of (a) the clean Ni(100) surface, (b) after oxidation
of the NizAl/Ni(100) system at 800K, and (c) after annealing to 1350 K. The
primary energy was 122 eV for all of the images.

For the oxidation of bulk NizAl(100) at 800 K Bardi et al. [13] found a LEED
pattern displaying a twelvefold ring structure. This pattern was explained in
terms of ”a hexagonal overlayer mesh”. This pattern is similar to the one of
Fig.5.9. The LEED pattern of Fig.5.14 observed in this work differs from these
only by the number of domains which are formed.

Resuming, the results of this section are similar to the results of the preceding
section. Upon oxidation of the NizAl/Ni(100) system at 800 K and subsequent
annealing, a film of 7'~Al,Oj3 is formed. The film grows with the (111) plane
parallel to the (100) plane of the substrate, and the thickness of the film after
annealing to 1200K is about 4 A, which corresponds to the lattice constant of
bulk v'-Al,O3 (3.95A). The film grows in 6 domains rotated by 15° with respect
to each other.
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5.4 Deposition and Oxidation of Al on Ni(100)

In the preceding two sections the oxidation of the NizAl/Ni(100) system was
investigated and ordering of the Al,O3 layer was achieved by annealing. For
technological reasons it would be desirable to establish a method to grow ordered
oxide films on the Ni(100) surface without forming an alloy before oxidation. In
this section the deposition and oxidation of Al on Ni(100) is analyzed.

A 12 A thick layer of Al was deposited on the Ni(100) surface and subse-
quently oxidized with oxygen at room temperature until the ratio O/Al showed
a saturation level.
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Figure 5.15: Peak-to-peak ratios of Osez/Nigsg and Osoz/Alize6 for the ozidation
of Al/Ni(100). The saturation value of O/Al is about 3.5.

The peak-to-peak ratios of Oso3/Alj396 and Ozg3/Nigsg during oxidation of the
Al/Ni(100) system at room temperature are shown in Fig.5.15. The O/Al ratio
was fit by a logarithmic growth law of the type of equation (5.1), which is typical
for the oxidation of metals at low temperatures [106]. The saturation is reached
at a total exposure of about 1500 L. The saturation value of ~3.5 for O/Al is
lower than the one expected for bulk Al,O3;. A possible explanation for this is
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that the Al film is not completely oxidized, and unoxidized Al contributes to
the Al signal. Unfortunately, the signals of the AES LMM transition for Al at
1396 eV and for AI** at 1378 eV were not resolved separately. However, further
evidence for the existence of unoxidized Al can be gained from the low energy
range of the AES spectra, and is given in the context of Fig.5.17. This means
that after the oxidation there is a coexistence of unoxidized Al and Al,O3 as
indicated by the schematic in the left side of Fig. 5.16.
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Figure 5.16: Peak to peak ratio of Oso3/Alses (a) and Alises/Nigss (b) during
annealing of the oxidized system Al/Ni(100). The lines are a guide to the eye.

The film is then annealed up to 1200 K in steps of 100 K. Each annealing step
lasted for 2 minutes and the sample was cooled to room temperature before the
measurements were performed. The peak-to-peak ratios of O/Al and Al/Ni are
shown in Fig.5.16 (a) and (b), respectively. Between 500 and 1100 K the ratio
O/Al increases due to the diffusion of Al into the bulk. This diffusion process is
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proved by the formation of an alloy of Al and Ni which was discussed in section
5.1. The decrease of the Al/Ni ratio can also be explained by the diffusion
of metallic Al into the substrate. The ratio O/Ni (not shown) is constant for
annealing temperatures up to 1100 K indicating that only metallic Al is involved
in the diffusion processes. Only after annealing to 1200 K decomposition and
desorption of the oxide film takes place, which is discussed below in the context
of the thickness of the film.

The Auger spectra of Fig. 5.17 give further evidence of the composition of the
film. Spectrum (a) is taken from the clean Ni(100) surface, and it thus exhibits
only the two MNN transitions of Ni at 61 and 102eV [33]. Spectrum (b) is
taken after the deposition of the 12 A thick Al film and, accordingly, only the
LMM transition of metallic Al at 68eV is observed. The transitions of Ni are
not observed, because the thickness of the Al film is large compared to the mean
free path of electrons with energies of 61 and 102eV (A<5A) that correspond
to the MNN transitions of Ni. The crucial spectrum in this figure is (¢), taken
after oxidation, where three transitions at 35, 55, and 65eV are observed. The
transition at 35 eV is clearly due to A1**. The transitions at 55 and 65 eV are most
likely due to the transition of AI3* at 51eV and the transition of Al® at 68eV,
respectively, and are shifted towards each other due to overlapping. Spectrum
(d) is taken after annealing to 1200 K, and only the transitions of AI** at 35, 43,
and 51eV are observed, because the metallic Al atoms diffused into the bulk of
the Ni(100) substrate.

The thickness of the film can be determined from the AES data. The Al film
that is initially deposited on the Ni(100) substrate has a thickness of 12 A, which
is proved by the calibration of the evaporator and is verified by the AES data.
After oxidation the estimation of the thickness of the film cannot be performed
in a straightforward manner, because the Al film is not completely oxidized and
the mean free paths of electrons in unoxidized Al and Al;O3 are different. If
the mean free path of electrons in Al,O3 is used in equation (3.4), the thickness
of the film after oxidation at 300 K amounts to 15.4 + 2 A. After annealing to
1100 K there is most likely no unoxidized Al in the surface region, and thus the
use of the mean free path of electrons in Al3O3 is correct. The thickness is then
11.1 + 2 A. Upon annealing to 1200 K partial desorption of the oxide film sets in
and the residual thickness is only 8 + 2 A.

EEL spectra of the film after oxidation are shown in Fig.5.18. At room
temperature only one very broad loss feature is observed at about 880 cm™'. At
this stage the Al,O3 is probably amorphous and the loss at ~ 635cm™!, that
is also characteristic for amorphous Al,O3 [81] is not resolved. After annealing
to 800K three losses emerge, and are still present after annealing to 1200 K.
These three losses are characteristic Fuchs-Kliewer-Phonons of those phases of
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Figure 5.17: AES spectra taken of the clean Ni(100) surface (a), after deposition
of 12A Al (b), after ozidation to saturation (c), and after annealing to 1200 K

(d).

alumina, where octahedral and tetrahedral sites are occupied by the Al**-ions.
The decrease of the magnification factor in Fig. 5.18 indicates an increase of the
intensity of the spectra for higher annealing temperatures and, accordingly, an
increase of the order of the oxide. However, since no LEED pattern is observed,
a phase of AlyO3; with long range order cannot be identified. A hint of the
lack of ordering can also be obtained from the rather broad elastic peak of the
EEL spectrum after annealing to 1200 K which is shown in Fig.5.18 (FWHM =
105cm™).

As mentioned before, annealing at 1200 K results in desorption of the oxide
film. It has thus been tried to anneal the film at 1100 K for longer times to
achieve a better ordering, but also this method did not result in LEED patterns.
Therefore, it has to be concluded that by deposition and oxidation of Al on
Ni(100) and subsequent annealing of the oxidized film no ordered Al,Oj3 film can
be grown.
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Figure 5.18: EEL spectra after annealing to different temperatures with charac-
teristic losses at 420, 640, and 880 cm™t. The spectra were recorded at room
temperature.

5.5 Deposition of Al on Ni(100) in Oxygen At-
mosphere

It turned out in the previous section that the oxidation of the 12 A Al/Ni(100)
system at 300 K did not result in a completely oxidized Al film, although during
oxidation the peak-to-peak ratios of O/Ni and O/Al showed a saturation level. In
principle, it is possible to deposit a very thin layer of Al which may be completely
oxidized. Thicker layers of Al,O3 are then achieved by multiple repetitions of
deposition and oxidation. However, a more convenient method to grow an Al,O3
film has been tried: The deposition of Al in an oxygen atmosphere. Here, the
adjustment of the partial pressure of oxygen is crucial. On the one hand, the
pressure must be high enough to form stoichiometric Al,Oj for a given deposition
rate. On the other hand, the pressure should not be too high, because at high
pressures the mean free path of the deposited particles is diminished. First, there
is no reason, that an Al,Oj film prepared in this a way gets a better ordering,
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but it turns out, that the film can be annealed to higher temperatures resulting
in ordering.
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Figure 5.19: Oso3 /Ali396 peak-to-peak ratio during deposition in Po,= 5-10~8 mbar
(E1) and po,=1-10" " mbar (E2).

Two different experiments are discussed in this section. In the first one, the de-
position has been performed at a partial pressure of oxygen (po,) of 5- 10~8 mbar
with a deposition rate of 0.48 A /min. For simplicity this experiment will be de-
noted as E1. In the second experiment the deposition rate was not changed, but
po, was 1 - 10~ "mbar and it will be denoted as E2. In both experiments the
film was then further oxidized up to a total exposure of 2500 L. of oxygen und
subsequently annealed in steps of 100 K from room temperature to 1400 K. In the
case of the lower partial pressure during deposition (E1) the film was completely
desorbed after annealing to 1300 K, but in the case of the higher partial pressure
(E2) the film could be annealed to 1400 K without being desorbed.

Fig.5.19 shows the Ojzg3/Alj396 peak-to-peak ratio (O: KLL-transition at
503 eV, Al: KLL-transition at 1396 eV) of the AES spectra taken during deposi-
tion. For E2 (po,= 5 - 10"®mbar) the ratio is constant within the experimental
error and the average value is 2.5 and thus lower than the one expected for bulk
AlyOj [33]. Therefore it is likely that the Al is not completely oxidized.

For E2 (po,= 110" mbar) the experimental error is quite large, however, the
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average value of O/Al ratio (5.8) corresponds closely to the value of bulk Al,Os.
In principle it is possible to form stoichiometric Al,O3 with the deposition rate
of 0.48 A /min and a partial pressure of 1-10~7" mbar, as follows from the kinetic
gas theory. The atomic radius of Al is 1.43 A and hence the diameter of an Al
atom is 2.86 A, which means that the thickness of 2.86 A roughly corresponds to
one monolayer of fcc Al. From the deposition rate of 0.48 A/min then follows,
that one monolayer of fcc Al is deposited in 358s. In the following the growth of
a fcc Al layer is assumed, that grows with the (100) plane parallel to the (100)
plane of the substrate. From the lattice constant of 4.05 A for fec Al it follows
that the Al layer contains 1.22 - 10 atoms/cm?. Thus, during the deposition of
1 ML of aluminum 1.22 - 10*® atoms must be oxidized, if stoichiometric Al,Oj is
formed.

The number of particles that hit a surface per square centimeter and second
for a given temperature and pressure is given by [112]

, ] .22 plmbar]
o [cm%] = 2.63-10 NaBIA (5.2)

The number of oxygen atoms that hit the surface during deposition of one mono-
layer is therefore given by n = 358s - 2 - ng, where the factor of two enters due
to the dissociation of the Os-molecules. Here, the assumption is made that the
sticking coefficient is one. The results for the different pressures are (T = 300K,
M, = 32 for oxygen):

® po,=5-10¥mbar = n=518-10"°
e po,=1-10""mbar = n=1.03-10"

Thus, under these assumptions, for both of the partial pressures the number
of oxygen atoms incident on the surface in 358 s exceeds the number of Al atoms
incident on the surface in the same time by more than a factor of 1.5. Thus, both
of the partial pressures are sufficient to form stoichiometric Al,O3. However, the
assumption of a sticking coefficient of one may not be valid. Also it is neglected
that some Al atoms react with oxygen before reaching the substrate surface. The
probability for an Al atom to hit an oxygen molecule in a partial pressure of po,=
1-10~" mbar and for a distance of evaporator and substrate of 0.1 m is about 1%.
Hence, the reaction of Al with oxygen in the gas phase can be neglected.

For the film prepared by deposition in an oxygen atmosphere of po,= 5 -
1078 mbar, further oxidation results in a clear increase of the O/Al ratio, as can
be seen in Fig.5.20(a). The saturation is reached at an exposure of about 1000 L,
which is lower than the exposure of 1500 L needed in the preceding section for the
oxidation of a pure Al film. During deposition the film is exposed to a nominal
exposure of oxygen of 57L. However the real amount is larger, because at the
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Figure 5.20: Peak-to-peak ratio of Osos/Alsgs for E1 (po,= 5 - 108 mbar) (a)
and E2 (po,=1-10"" mbar) (b).

end of the deposition time the shutter of the evaporator was closed first and then
the gas inlet was disconnected from the chamber. The saturation value of about
6.2 corresponds to the value for bulk Al,O3, but it has been argued before, that
for thicknesses of alumina films smaller than the mean free path of the electrons
of the Al KLL transition at 1396 eV, which is 24 A, the ratio O/Al is expected
to be larger than for bulk Al;O3. Thus it is still possible, that the film is not
completely oxidized.

For E2 (deposition in po,= 1 - 107"mbar) the ratio O/Al is shown in
Fig.5.20(b). The experimental error is again quite large and there is only a
slight increase. The value after oxidation is about 7.6, which is larger than 6.2
for bulk AlyO3. An explanation for the ratio of a thin film of alumina being larger
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Figure 5.21: Peak-to-peak ratio of Oso3/Alzes as a function of the annealing
temperature for E1 (deposition in po,= 5-10~% mbar).

than the one for bulk alumina is based on the different mean free path A, i.e. the
different escape depths, of electrons of the AES transition of Al at 1396eV and
O at 503eV. Since A(1396)eV < A(503)eV, the AES signal of Al is stronger
diminished than the AES signal of O for a thin film of AlyO3 with respect to
bulk Al,Oz. This leads to an increase of the O/Al ratio for thin alumina films
compared to bulk alumina films.

As in the preceding section the ratio of O/Al has also been analyzed during
the annealing of the oxidized film, which is shown in Fig.5.21 for E1 (deposition
in po,=5- 10~®mbar). The annealing proceeded in steps of 100 K, and the tem-
perature is maintained for two minutes for each step. For annealing temperatures
above 900 K the ratio is clearly increased in comparison to temperatures below
600 K. This is most likely a consequence of the diffusion of unoxidized Al atoms
just as for the annealing of the oxidized pure Al film in the preceding section
(Fig.5.16). The value of the O/Al ratio at annealing temperatures of 1000 K and
above is about 7.

For E2 (deposition in po,= 1-10""mbar) the ratio O/Al during annealing is
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Figure 5.22: Oso3/Alize6 peak-to-peak ratio as a function of the annealing tem-
perature for E2 (deposition in po,= 1 10~ 7 mbar).

shown in Fig.5.22. Within the experimental error the ratio is constant and the
average value is about 7.2. It is most likely that in this case the Al is completely
oxidized after the oxidation process. Thus, no metallic Al is present in the film
and, accordingly, no diffusion takes place.

Fig. 5.23 shows Auger spectra taken during the E2 process (deposition in po,=
1-10 " mbar). Spectrum (a) is taken from the clean Ni(100) surface and thus the
two characteristic transitions of Ni at 61 and 102 eV are observed. Spectrum (b) is
taken after the deposition of Al in an oxygen atmosphere with a partial pressure of
oxygen of po,= 1-107" mbar and only the transitions of AI’* at 35 and 51 eV are
observed. Tt is thus likely that the film is completely oxidized. (In principle, AES
is not sensitive enough to rule out the existence of Al’, because the detection limit
of AES is about 1% of a monolayer [31].) After further oxidation of the system up
to 2500 L at room temperature the spectrum (c¢) does not change significantly and
only exhibits the characteristic transitions of AI**. The spectrum of Fig. 5.23(d)
is taken after annealing to 1400 K, and the characteristic transitions of AI*T are
still observed. In addition, the transition of Ni at 61 eV reemerges, which is due
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Figure 5.23: AES spectra in the energy range 10—120eV for E2. (a) clean
Ni(100) surface, (b) after deposition of Al in po,=1-10"" mbar, (c) after further
ozidation to 2500 L O, and (d) after annealing the oxide film to 1400 K.

to desorption of the Al,O3 film.

It is interesting to compare the thicknesses of the films that are prepared
with different methods. At annealing temperatures as high as 1200 K and above
it appears reasonable to assume that there is no metallic Al in the film, and
that there is a sharp interface between the Ni(100) substrate and the Al,O3 film.
Under this assumption the thickness of the films can be estimated by use of
equation (3.4). The results are:

e Oxidation of a pure Al film at 300K followed by annealing to 1200 K:
d, =8+2A

¢ El (po,= 5-10" % mbar) after annealing to 1200K: d, = 11.5 +2A
e E2 (po,= 1-10 "mbar) after annealing to 1200 K: d3 = 25.1 +2A

e E2 after annealing to 1300 K: dy = 23.94+2A
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e E2 after annealing to 1400 K: d5 = 17.24+2A

The error is again estimated from the background of the AES signals and
the inaccuracy of the mean free path. The volume of an Al film is known to
double upon oxidation [107]. Thus, the thickness d3 appears to be reasonable
in comparison to the thickness of the nominally deposited Al layer of 12 A, in
this case the whole deposited Al was oxidized. The decrease after annealing to
1400 K (ds) is due to desorption and diffusion. In comparison to each other the
thicknesses appear also reasonable (d; <dy <d3), because for the oxidation of a
pure Al layer under condition E1 (deposition of Al in po,= 510" mbar) the Al
is not completely oxidized, and some Al is lost due to diffusion into the bulk.
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Figure 5.24: EEL spectra (deposition in po,=5- 1078 mbar) at different annealing
temperatures. The spectra were recorded at room temperature.

In the following the ordering of the oxide is discussed on the basis of EELS
and LEED data. Fig.5.24 shows EEL spectra during annealing of the oxide in
E1 (deposition in po,= 5-10"®mbar). The spectra at room temperature (not
shown) and at 800K resemble closely those of Fig.5.18 for the oxidation of a
pure Al film. The three losses are characteristic for phases of Al;O3, where the
Al*T-ions occupy octahedral and tetrahedral positions in an oxygen sublattice.
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Upon annealing to temperatures above 800 K the intensity of the loss at 420 cm ™!

decreases, but is still observed after annealing to 1200 K. The loss at 880 cm™!,
after annealing to 800 K, shifts to 910 cm™" after further annealing to 1200 K. The
intensity of the spectrum after annealing to 1000 K is lower than the intensity of
the spectrum after annealing to 800 K. This is due to structural changes of the
Al O3 film. After annealing to 1200 K the intensity of the losses and of the elastic
peak is drastically increased in comparison to all spectra taken after annealing
to lower temperatures. The three dipole active modes at 420, 640, and 910 cm ™!
are, as in the previous section, characteristic for Al,Os, where the Al**-ions
occupy tetrahedral and octahedral sites in a sublattice of O? -ions. Annealing
for longer than 2 minutes at 1200 K or annealing at higher temperatures results
in the desorption of the oxide, and no LEED pattern is formed. Thus in this
experiment an ordered phase of AlyOs is not formed, but after annealing to
1200 K the AI**-ions occupy tetrahedral and octahedral sites.
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Figure 5.25: EEL spectra from E2 (deposition in po,=1- 10~ " mbar) at annealing
temperatures of 1200, 1300, and 1400 K. After annealing to 1400 K three loss
features are observed at 400, 640, and 900cm™"'. The spectra were recorded at
room, temperature.

Fig.5.25 shows EEL spectra during annealing of the oxide film in E2 (depo-
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sition in po,= 1 - 10 "mbar). Between room temperature and 1000 K only one
very broad loss feature at about 880 c¢cm™" is observed (not shown). The spectra
resemble the room temperature spectrum of Fig. 5.18 and the Al,Oj3 is probably
amorphous. No significant change of the spectra is observed until annealing to
1100 K. After annealing to 1200 K three loss features are observed at 400, 640,
and 890 cm~!. As for annealing temperatures above 900 K in Fig. 5.24 (E1, depo-
sition in po,= 5 - 107® mbar) the intensity of the loss feature at 400 cm™" is very
low. After annealing to 1300 K the intensity of the losses is increased as indi-
cated by the decrease of the magnification factor, and the positions of the losses
remain the same. The loss at 890 cm ™! is shifted to 900 cm ™! upon annealing to
1400 K, and the intensity of the all loss features is decreased in comparison to the
intensity of the spectrum recorded after annealing to 1300 K. This is most likely
due to desorption and maybe decomposition of the Al,O3 film. The decrease of
the thickness of the film after annealing to 1400 K has been discussed above.
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Figure 5.26: LEED image of the ozide film after annealing to 1400K (a). The
primary energy was 122eV. (b) schematic representation of the pattern in (a).
Spots of the substrate are indicated by solid circles, spots of the ozxide are indicated
by asterisks.

Fig.5.26 shows a LEED image of the oxide film after annealing to 1400 K (a)
and a schematic representation of the image (b). The primary energy was 122 eV
and thus the pattern can be compared to the one of the clean Ni(100) surface
in Fig.5.4(a). The pattern is already observed after annealing to 1300 K, but
the background intensity is reduced after annealing to 1400 K. The twelvefold
ring structure is similar to the one obtained by room temperature oxidation and
annealing of the NigAl/Ni(100) system, and suggests that the oxide grows in two
domains with hexagonal surface structure. These are rotated by an angle of 90°
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with respect to each other, because of the square lattice (C; symmetry) of the
substrate. The lattice constant of the hexagonal unit cell amounts to 2.9+ 0.2 A,
which corresponds to the distance of the O?~-ions in a close packed oxygen lattice
[110].

There are, in principle, two possibilities for the origin of the hexagonal struc-
ture of the oxide. It is possible that the oxygen ions form a cubic (fcc) lattice, of
which the (111) plane is parallel to the (100) plane of the Ni substrate. This was
observed for Al,O3 films obtained by oxidation of NizAl [13, 113]. Tt is also pos-
sible that the oxygen ions form a hcp sublattice as for a-Al,O3 , and the (0001)
plane is parallel to the (100) plane of the Ni(100) substrate. However, a-Al,O;
is known to exhibit only two dipole active modes in EELS and IR (see [67] and
Tab. 4.4 in chapter 4). Since in the EEL spectrum after annealing to 1400 K in
Fig.5.25, which corresponds to the LEED pattern in Fig. 5.26, three dipole ac-
tive modes are observed, the existence of a-AlyO3 has to be ruled out. As for
the oxidation of the NizAl/Ni(100) system in sections 5.2 and 5.3 the existence
of the 7/-Al,O3 phase is concluded.

In this chapter different methods to grow thin alumina films on Ni(100)
were discussed. It was shown, that by oxidation and annealing of the system
NizAl/Ni(100) a well ordered film of +'-Al,O3 can be grown. However, during
annealing of the initially deposited Al layer to form the NizAl layer some Al is
lost, that diffuses into the bulk of the Ni(100) substrate. A second way to grow a
well ordered alumina film on Ni(100) is to deposit Al in an oxygen atmosphere.
The partial pressure of oxygen has to be adjusted according to the deposition
rate of Al. Here the thickness of the alumina layer is approximately double of
that of the nominally deposited Al layer, and thus a desired film thickness can
be realized. Annealing of the oxide leads to the formation of 7'-Al,O3, which is
stable for annealing temperatures up to ~ 1350 K.

In the next chapter the growth of cobalt on Al,Oj is investigated. The growth
of metals on oxides is also important for various fields and especially for the
fabrication of M'TJs.



Chapter 6

Growth of Cobalt on
Al,O3/Ni(100)

In aiming at single crystalline TMR junctions, not only the growth of well or-
dered oxide films on ferromagnetic metals is important, but also the growth of
ferromagnetic metals on well ordered oxides has to be studied. For MgO as a
barrier epitaxial magnetic tunnel junctions were recently prepared by Bowen et
al. [114] and by Wulfhekel et al. [115].

The growth of metal particles on oxides is also interesting for other fields of
research, such as heterogeneous catalysis. Here, usually oxides like alumina or
silica serve as substrates and a catalytically active material, e.g., a transition
metal, is deposited on it.

The structure, morphology, electronic structure, and adsorption behavior of
metal deposits on well ordered oxide (AlyO3) films have been reviewed by Béumer
and Freund [47], covering rhodium, palladium, cobalt, platinum, and vanadium
deposits. More recent studies deal with cobalt on 7'-Al,O3 [116], rhodium on
7-Al,O3 and on a-Al,O3 [117], silver on well ordered alumina [118], copper and
vanadium on Al,O3/NizAl(111) [119], and copper and palladium on a-Al,Oj
[120]. Cobalt is known to grow crystalline on well ordered GayOj films at room
temperature. In this way Jeliazova [22] prepared a crystalline TMR junction
consisting of Co/GayO3/Ni(100). This system is thermally stable up to 1000 K.

The study in this section is similar to that of Costina [11] and Podgursky et
al. [116]. In these studies a bulk NizAl(100) single crystal was oxidized at 1100 K
and Co was deposited at room temperature on the grown alumina film. It was
observed that Co grows in clusters, and after deposition of a nominal thickness
of 30 A the diameter distribution of the clusters has a maximum at ~85A, and
the clusters show a roughness of ~10A.

In this work the Al,Oj film was grown via the NizAl(100)/Ni(100) system.
This system was prepared by depositing a 12 A thick aluminum layer on the
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Figure 6.1: AES peak-to-peak intensities of the oxygen transition at 503 eV, the
cobalt transition at 656 eV, and the nickel transition at 848eV.

Ni(100) substrate and annealing to 900 K for four minutes. The film was then
oxidized at 800 K to saturation and afterwards annealed to 1300 K. In such a way
a 7'-Al,O3 film was prepared on Ni(100).

On this Al; O3 film cobalt was deposited by thermal evaporation from a cobalt
rod with a deposition rate of 0.24 A/min. The peak-to-peak intensities of the oxy-
gen KLL transition at 503 eV, the cobalt LMM transition at 656 eV, and the nickel
LMM transition at 848 eV are shown in Fig.6.1 as a function of the deposition
time. Since the cobalt LMM transition at 716eV overlaps with the Ni LMM
transition at 716 eV, and the cobalt LMM transition at 775eV overlaps with the
Ni LMM transition at 783 eV, the non overlapping transitions shown in Fig. 6.1
are analyzed. The cobalt signal increases and after 60 minutes a saturation is not
reached, because the thickness of the layer (14.4 A) is comparable to the mean free
path of the electrons (~ 14 A). The thickness of 14.4 A results from the deposition
rate of 0.24 A/min and the deposition time of 60 min, and is thus the nominal
thickness. The effective thickness, which is determined from the attenuation of
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the AES signal of oxygen at 503 eV, amounts to ~ 14.1 A. Although for this Co
coverage the agreement is good, for lower coverages considerable deviations occur:
For a deposition time of 6 min the nominal thickness is dpom, (6 min) = 1.44 A and
the effective thickness is deg(6 min) ~ 0.82 A. For a deposition time of 15 min one
obtains dpom(15min) = 3.6 A and deg(15min) ~ 2.74 A. The differences can be
explained by the growth mode of Co on Al;O3. Costina [11] found in STM stud-
ies that Co grows on Al;O3 in three-dimensional clusters (Volmer-Weber growth
mode) and not layer by layer. Thus the assumption of a layer by layer growth
that is made in the determination of the film thickness from the attenuation of
the AES signal is not valid, and the nominal thicknesses are considered in the
following.
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Figure 6.2: EEL spectra for different nominal thicknesses of the Co layer deposited
on alumina.

The vibrational properties of the oxide film during Co deposition were investi-
gated by EELS. Fig. 6.2 shows EEL spectra of the system Co/Al,O3/Ni(100) as a
function of the nominal thickness of the cobalt film. The spectrum of the uncov-
ered oxide film is shown in the bottom and closely resembles the one in Fig. 5.13
with losses at 420, 630, and 880 cm !, which are the characteristic Fuchs-Kliewer
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phonons of Al;O3. The film was in section 5.3 identified as v/ Al,O3. For a nom-
inal Co coverage of 1.44 A (deg ~ 0.82 A) all three losses are still observed, but
with a reduced intensity. At a Co coverage of nominally 3.6 A (deg ~ 2.74 A) two
losses are resolved, which means that even at this coverage the dipole moments of
the oxide are not completely screened. This is in accordance with the findings of
Costina [11], that cobalt undergoes a cluster-like growth on alumina, because for
a layer-by-layer growth mode the coverage of 3.6 A corresponds to more than one
monolayer of fcc Co. At a coverage of 14.4 A (deg =~ 14.1 A) no losses are observed,
which means that the dipole moments of the oxide are completely screened due
to the metallic behavior of the cobalt film.
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Figure 6.3: AES peak-to-peak intensities of the corresponding transitions to
Fig. 6.1 as a function of the annealing temperature.

The AES peak-to-peak intensities of the oxygen KLL transition at 503eV,
the Co LMM transition at 656 eV, and the LMM transition of Ni at 848eV
are shown in Fig.6.3 as a function of the annealing temperature. The cobalt
signal is approximately constant up to 1000 K. At temperatures above 1000 K
the Co signal decreases, which is due to diffusion of Co through the oxide into
the substrate. A migration of metals into oxides in the temperature range 500 —
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900 K was reported by Heemeier et al. [121]. Costina [11] observed that Co grows
on alumina in three-dimensional clusters at room temperature. Upon annealing
to 700 K a coalescence of the clusters is observed, and the diffusion of Co through
the oxide into the substrate sets in.
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Figure 6.4: EFEL spectra for different annealing temperatures of the system
Co/Al O3 /Ni(100). After annealing to 1200 K three loss features at 420, 630,
and 880 cm™' are observed. The spectra were recorded at room temperature.

In Fig.6.4 EEL spectra taken during annealing of the system
Co/Al,O3/Ni(100) are shown. After annealing to 700K a very broad loss
at 900cm™! is observed. This means that at this temperature the dipole
moments of the oxide are not completely screened by the cobalt film anymore.
At 900K the losses at 630 and 880 cm ™! are clearly resolved. This suggests that
areas free of Co are present at the surface. This is in agreement with the increase
of the AES signal of oxygen between 300 and 900K in Fig.6.3. Since the Co
signal does not change significantly in the temperature range 3001000 K, it
appears likely that the areas free of Co on the surface are a consequence of a
coalescence of Co clusters. Only for the temperature range 1000 - 1250 K the Co
signal decreases, due to diffusion of Co through the oxide into the substrate.
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This is also evidenced by the increase of the Ni signal in the temperature range
10001250 K.

After annealing at 1100 K all three losses in the EEL spectrum in Fig.6.4
reappeared, however, with slightly different relative intensities compared to the
spectra before the cobalt deposition. After deposition and annealing of the Co
the intensity of the elastic beam is reduced compared to that of the oxide film
before the cobalt deposition. Maybe the oxide film is not so well-ordered and
smooth as before, and therefore the intensity of the elastic beam is reduced. The
FWHM, however, is not changed significantly: 77.7cm~! before deposition and
75.8cm™! after annealing of the Co/Al,O3/Ni(100) system to 1200 K.

In the previous chapter the oxide film was shown in the previous chapter to
be stable up to 1200 K. Above 1200 K the oxygen signal is strongly diminished,
which is due to decomposition and desorption of the oxide film from the Ni(100)
substrate. In the case of Co/AlyO3/Ni(100) it seems that the oxide decomposes
at a somewhat lower temperature.

A LEED pattern of the cobalt film is not observed at any annealing tem-
perature and, hence, no crystalline film of cobalt is grown on the alumina
film. This is at variance to GayO3/Ni(100), where crystalline TMR junctions
of Co/Gag03/Ni(100) were achieved by Jeliazova [22].

Figure 6.5: LEED images of the Al O3 film after annealing to 1300 K (a), and of
the system Co/Al,O3/Ni(100) after annealing 1000 K (b). The primary energy
was 122 eV for both of the images.

After annealing to 1300 K the alumina film prepared by oxidation of the
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NizAl/Ni(100) system at 800 K produces the LEED pattern which is shown in
Fig.6.5(a). This LEED pattern was discussed in section 5.3 and interpreted
in terms of a y'~Al,Oj film, which grows in 6 domains with hexagonal surface
structure. After deposition of 14.4 A Co and annealing the system to 1000 K the
LEED pattern shown in Fig. 6.5(b) is observed. This pattern consists of a twelve-
fold ring structure with very weak intensity as observed previously in sections 5.2
and 5.5. It is evidenced from EELS data that areas free of Co are present at the
surface. Thus it is likely that the LEED pattern stems from Co free areas, this
means oxide surfaces, a result which was suggested by the EELS measurements.
Since, except with respect to the number of domains, the LEED pattern has not
changed, and also the loss features in the EEL spectra are only changed in inten-
sity with respect to the oxide film before deposition of Co, the Al,O3 film is still
in the +'-phase.



Chapter 7

The Growth of AlyO3 on
Co(0001)

In the preceding chapter the growth of cobalt on a thin alumina film was inves-
tigated. In contrast to the growth of Co on well ordered GayOj3 [22] the growth
of Co on Al,Oj3 did not exhibit a crystalline structure. The growth of Al;O3 on
a crystalline cobalt substrate is also interesting, because cobalt is often used as
electrode in TMR devices [122, 123, 124]. Other areas of interest for thin metal
oxide films are, e.g., catalysis [75, 76] and microelectronics [77, 78].

Whereas the phase diagram of the Ni-Al alloys is very well known for a long
time (see chapter 4), the phase diagram of the Co-Al alloys is still subject to
research [125]. No study of the alloying of Al deposited on a Co single crystal
seems to be available. About intermixing of Al deposited on a cobalt film was
reported by Egelhoff et al. [126]. Shivaparan et al. [127] found intermixing of Co
and Al during the deposition of Co on Al(001) and Al(110) at room temperature.
The formation of CoAl and CoyAl; by mechanical alloying and leaching was
investigated by Golubkova et al. [128].

For intermetallic alloys containing nickel and aluminum numerous studies of
the oxidation at room temperature as well as at elevated temperatures exist and
were cited in chapter 5. For alloys containing cobalt and aluminum only the room
temperature oxidation of the CoAl(100) surface was studied [87]. Upon oxidation
of the CoAl(100) surface at room temperature, oxygen is chemisorbed for oxygen
exposures < 0.2 L. At higher exposures a thin film of amorphous Al;O3 is formed.

In this chapter the growth of thin films of Al;O3 on the Co(0001) surface
is discussed. Cobalt crystallizes in the hexagonally close packed structure with
lattice constants of a = 2.51 A and b = 4.07 A. Although no examples of ordered
alumina films grown on Co-Al alloys exist, alloying of Al and Co was inves-
tigated by deposition and annealing of an Al film on the Co(0001) substrate.
This experiment is presented and discussed in section 7.1. The alloy that forms



7.1 Alloying of Al on Co(0001) 79

has a hexagonal surface structure and does not correspond to one of the known
bulk alloys of CoAl. It will thus be referred to as Co,Al,. The oxidation of
the Co,Al,/Co(0001) system at room temperature is presented in section 7.2.
In section 7.3 the deposition and subsequent oxidation of an aluminum film on
Co(0001) is discussed. The result is an ordered alumina film. Section 7.4 deals
with the deposition of Al on Co(0001) in oxygen atmosphere at room tempera-
ture. By annealing the oxide is ordered and no evidence for intermixing of Al
and Co is found.

7.1 Alloying of Al on Co(0001)

In this study a nominal amount of 6 A Al is deposited on a Co(0001) surface.
However, the effective thickness of the Al layer determined from the attenuation
of the Co AES signal after deposition is deg = 7.8 A. The deposition proceeds
by evaporation of Al from a pestled crystal of NiAl as described in chapter 2.
The film is then annealed to 1000 K in steps of 100 K. Each annealing step lasted
for two minutes and the sample is cooled to room temperature before measure-
ments are performed. AES spectra in the energy range 20-120eV are shown
in Fig.7.1. Spectrum (a) is for the clean Co(0001) surface and accordingly the
MNN transitions of Co at 53 and 95eV are observed [33]. After deposition of
7.8 A of aluminum spectrum (b) shows only the LMM transition of aluminum at
68 eV. No hints of cobalt are present in this spectrum, because of the small mean
free path of electrons in the aluminum film in this energy range (Aa(50eV) =
3.2 A and A\yi(100eV) = 4.2 A [34]). The Al film on Co(0001) was then annealed
and spectrum (c) is taken after annealing to 800 K. The intensity of the Al LMM
transition at 68eV is slightly diminished and at 53eV the Co MNN transition
reemerged.

The AES transitions in the energy range 20 -120eV of Fig. 7.1 are only sensi-
tive to the topmost layers of the film. To gain information about the interdiffusion
of cobalt and aluminum transitions of higher energy must be regarded. In Fig. 7.2
the ratio of the peak-to-peak intensities of the Al KLL transition at 1396 eV and
the Co LMM transition at 656 eV is shown. Within the experimental error the
ratio decreases over the complete temperature range. This is due to intermix-
ing of Al and Co. Since a LEED pattern is observed after annealing to 400 K
(Fig. 7.3(b)) intermixing of Al and Co takes place at temperatures slightly above
room temperature and maybe at room temperature as found by Shivaparan et
al. [127]. At annealing temperatures above 1000 K the Al signal is close to zero
due to complete diffusion of the Al into the bulk of the substrate.

For the CoAl alloy that has formed a determination of its thickness from the
attenuation of the AES signal of the Co(0001) substrate is not possible, because
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Figure 7.1: AES spectra of the clean Co(0001) surface (a), after deposition of 6 A
Al (b), and after annealing the system Al/Co(0001) to 800 K.

the Co AES signal of the Co,Al, film contributes to the Co AES signal of the Co
substrate.

After annealing to 800 K the ratio of the peak-to-peak intensities of the AES
signals is Aly396/Cogs6 ~ 0.6. Using the relative AES sensitivity factors of Al and
of Co (sa1=0.085, sc, =0.25 [30]) results in a ratio of Al/Co = 1.76. However,
this determination is inaccurate, because the AES signal of the Co substrate
contributes to the Co AES signal of the alloy.

To investigate the structural properties of the film LEED studies were per-
formed. Fig.7.3 (a) shows a LEED image of the clean Co(0001) surface display-
ing a hexagonal structure. After deposition of the 7.8 A thick Al film at room
temperature, the LEED image is diffuse. After annealing the film to 400 K for 2
minutes, however, a LEED pattern with low intensity is observed, which is shown
in Fig. 7.3 (b). This suggests that interdiffusion and alloying takes place already
at this temperature, which supports the conclusion drawn from the AES data of
Fig.7.2. The structure itself has a hexagonal unit cell with a two-dimensional
lattice constant of 5.02 & 0.15A. The hexagonal LEED pattern with a lattice
constant of 5.02 A can be explained by a p(2x2) structure with respect to the
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Figure 7.2: AES peak-to-peak ratio of Alize6/Cogss during annealing of the system
Al/Co(0001). The schematic on the left and on the right show the film before and

after annealing, respectively.

Co(0001) surface.

Two explanations are possible for the hexagonal surface structure. The surface
structure could be the (0001) plane of an alloy that displays a hexagonal close
packing. The only alloy of CoAl that displays hexagonal close packing in its bulk
phase is Co,Al;. However, the lattice constants of CosAl; are a = 7.67 A and b =
7.61 A. The difference to the two-dimensional lattice constant of a = 5.024+0.15 A
determined from the LEED pattern is large and hence the formation of CosAlj
must be ruled out.

The hexagonal surface structure could also be explained in terms of the (111)
plane of a cubic Co—Al alloy. The only cubic alloy is CoAl with a lattice constant
of 2.86 A. The lattice constant of the (111) plane of CoAl thus amounts to 4.04 A
which also does not match the two-dimensional lattice constant of 5.02+0.15 A
of the alloy that has formed. Thus, none of the bulk Co—Al alloys that are listed
in Table 4.2 is formed. The alloy that is formed is therefore referred to as Co,Al,.

After annealing to 800 K the LEED image in Fig. 7.3(c) shows additional spots
of the p(2x2) structure. Also, the intensity of the spots is increased in comparison
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Figure 7.3: LEED images of (a) the clean Co(0001) surface, (b) the system
Al/Co(0001) annealed to 400K, and (c) the system Al/Co(0001) annealed to
800 K. The primary energy was 96 eV for all images.

to those of Fig. 7.3(b).

The EEL spectrum of the clean CoAl(100) surface exhibits a loss at
~230cm ™!, which can be assigned to a quasi-transverse optical mode arising
from the vibration of Al atoms perpendicular to the surface. This observation
was made by Rose et al. [87] and interpreted as a hint for Al atoms in the topmost
layer. No such loss was observed in the EEL spectrum of the Co,Al, alloy, but
since no further data upon the composition of the topmost layer are available,
the presence of Al in that layer remains unclear.

Summarizing, upon deposition and annealing of a 7.8 A thick Al film on
Co(0001), the alloy Co,Al, is formed. Alloying starts at 400K and, after an-
nealing to 800 K a coexistence of areas covered by the Co,Al, alloy and areas of
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clean Co is observed. After annealing to 1100 K the alloy is decomposed, and the
Al is diffused into the substrate or desorbed from the surface.

7.2 Oxidation of the Co,Al,/Co(0001) system

In aiming at a thin ordered aluminum oxide film on the Co(0001) surface, the
system Co,Al,/Co(0001) system was oxidized with O3 at room temperature.
The Co,Al,/Co(0001) system was prepared by deposition and annealing of 7.8 A
Al on Co(0001) as described in the previous section.
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Figure 7.4: Peak-to-peak ratio of Oso3/Alzgs during room temperature ozidation
of the Co,Al, / Co(0001) system.

Fig. 7.4 shows the peak-to-peak ratio of Os93/Alj39¢ during the oxidation pro-
cess. The ratio increases up to an exposure of 1500 L, and above 2500 L a satura-
tion level is reached. The saturation value of the O/Al ratio is ~ 4.8, and is thus
lower than the value of 6.2 expected for bulk Al,O3 [33]. The ratio was fitted with
the logarithmic growth law of equation (5.1). This growth law is characteristic
for the low temperature oxidation of metals [106].
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Figure 7.5: AES spectra after ozidation of the Co,Al,/Co(0001) system to 3500 L
at room temperature (a) and after annealing of the oxidized system to 1100 K (b).

An AES spectrum of the oxidized film is shown in Fig. 7.5(a). In this spectrum
transitions at 35 and 51 eV are observed, which are the LMM transitions of AI3T.
Accordingly, upon oxidation of the Co,Al,/Co(0001) system the Al atoms react
with oxygen to form Al,O3. Whereas for the oxidation of NiAl [9], NizAl [13],
and FeAl [88] UPS investigations show that only Al atoms are involved in the
oxidation process, no such data are available for the oxidation of alloys of CoAl.
If there is less than 1% of a monolayer of CoO or Coz0; it cannot be detected
by AES [31]. However, the heat of formation favors the oxidation of Al atoms
over the oxidation of Co atoms: The heats of formation are AH;=-1676 kJ/mol
for Al,O3, AH;=-238kJ/mol for CoO, and AH;=-891kJ/mol for Coz04 [129].
Spectrum (b) of Fig.7.5 was recorded after annealing the film to 1100 K. The
LMM transitions of AI’* at 35, 43, and 51eV are observed. The transition of
AIPT at 51 eV overlaps with the MNN transition of Co at 53 eV. Hence, it is likely
that Co is present in the topmost layers of the film.

Under the assumption that a pure Al,O3 film is grown on the Co(0001) surface
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Figure 7.6: Peak-to-peak ratios of Oso3/Alizgs and Alizes/Cogse as a function of
the annealing temperature for the ozidized CoyAl,/Co(0001) system.

without an interface layer, the thickness of the layer can be estimated from the
attenuation of the AES signal of the cobalt substrate by equation (3.4). This
results in a thickness after oxidation of (11.542) A. The thickness is much larger
than that found by Rose et al. [87] for the room temperature oxidation of the
CoAl1(100) surface (7.1A). For the case of the oxidation of NizAl/Ni(100) it was
also found that the room temperature oxidation of this system generates a thicker
oxide layer (1142 A) than the oxidation of the bulk NizAl(100) surface (Costina
[11] found a thickness of about 5A). From the available data no reason for this
behavior can be given. Upon oxidation of a pure Al film the thickness of the film
is known to double [107]. Thus it seems that some of the deposited Al (7.8 A)
is not oxidized. Maybe some Al is lost due to diffusion into the substrate or
desorption from the surface.

The oxidation of exclusively aluminum proceeds by the process of preferential
segregation oxidation: adsorption of oxygen induces the segregation of Al atoms
to the surface, where by the reaction of the Al atoms with the adsorbed oxygen
an aluminum oxide film is formed [81]. If there was a diffusion of oxygen into
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the film, a mixed oxide CoAlO, would be formed. It can be speculated that the
mobility of the Al atoms is larger in the surface alloys than in bulk alloys and
therefore thicker oxide films can be grown for the surface alloys, but no reliable
evidence for this claim can be extracted from the presented data.

The oxidized system Co,Al,/Co(0001) is then annealed to 1200 K in steps of
100K and afterwards to 1250 K. Again, each annealing step lasted two minutes
and the sample was cooled to room temperature before performing measurements.
The peak-to-peak ratio of Aljz96/Cogs6 is shown in Fig. 7.6 and is constant upon
annealing to 1000 K. Only for annealing temperatures above 1000 K the ratio
decreases. This is the temperature region where the Co,Al, alloy is decomposed.
Thus a diffusion of Al into the cobalt substrate is likely at temperatures of 1100 K
and above. The ratio Oso3/Alj306 shown in Fig. 7.6 is, within the experimental
error, also constant up to 1000K, and only for 1100 and 1200 K the ratio is
increased. Under the assumption that a pure alumina layer is formed on Co(0001)
the thicknesses of the layer are:

e between 300 and 1000 K: dsgox = (11.5+2) A
e after annealing to 1100 K: dyyp0x = (9.6 £2) A
e after annealing to 1200 K: dypox = (6.6 £ 2) A
e after annealing to 1250 K: dyos0x = (4.6 +2) A

Between room temperature (300K) and 1000K the film thickness does not
change. At annealing temperatures above 1000 K the thickness is strongly di-
minished. This is due to decomposition and desorption of the oxide layer.

The structural properties of the alumina film were investigated by EELS and
LEED. EEL spectra of the oxide film for different annealing temperatures are
shown in Fig.7.7. After the room temperature oxidation the spectrum shows
broad losses around 600 and 830cm™!. Since the LEED image is diffuse it is
likely that at this stage the oxide is amorphous. The formation of an amorphous
alumina layer upon room temperature oxidation is a common feature of many
alloys of NiAl [81] and CoAl(100) [87]. After annealing to 500 K three losses at
430, 620, and 850 cm~! are observed which are characteristic for phases of Al,Os
where the AI*T-ions occupy octahedral and tetrahedral positions. For CoO grown
on Co(0001) a loss at ~ 565 cm ™! is characteristic [130], which is not observed in
the spectra of Fig. 7.7. Upon annealing to temperatures above 500 K the intensity
of the losses increases, which is reflected in the decrease of the magnification factor
for the spectrum after annealing to 800 K. Also, the frequency of the losses is
slightly shifted: The loss at 430 cm ™ shifts to 420 cm ™! and the loss at 850 cm ™t
shifts to 890cm™!. However, these shifts have no significance concerning the
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Figure 7.7: EEL spectra of the oxidized Co,Al,/Co(0001) system for different
annealing temperatures. The spectra were recorded at room temperature.

phase of the Al,O3 that has formed. For the determination of the phase that has
formed, LEED data have to be considered.

Fig. 7.8 shows a LEED image of the clean sample (a) in comparison to a LEED
image of the oxide film after annealing to 1200 K (b). In Fig.7.8(c¢) a schematic
representation of the pattern in (b) is shown. The spots that are also observed
for the clean Co(0001) surface are represented by dots, spots that arise from the
alloy ontop of the cobalt substrate are indicated by crosses. These spots are also
observed for the Co,iAl, alloy in Fig. 7.3. The asterisks mark those spots that are
due to the oxide. A hexagonal surface structure is observed and the unit mesh
is indicated in the schematic representation in Fig.7.8. The lattice constant is
5.0240.15 A and is thus the same as that of the CozAl, alloy. The existence
of the a-Al;O3 phase, which has a hcp sublattice of oxygen ions and a lattice
constant of a = 4.76 A, can be ruled out, because it is known to exhibit two
losses in EELS and not three. It is thus likely that the Co,Al, is oxidized and
that upon annealing the Al,Oj3 film is ordered and adopts the surface structure
of the Co,Al, alloy. It cannot be determined, whether there is an interface layer
between the Al,Oj3 film and the Co(0001) substrate or areas of unoxidized Co,Al,.
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Figure 7.8: LEED images (a) of the clean Co(0001) surface and (b) the oxidized
Co, Al,/Co(0001) system annealed to 1200 K. The primary energy was 70eV. A
schematic representation of the image in (b) is shown in (c).

7.3 Deposition and Oxidation of Al on Co(0001)

As for the Ni(100) substrate the deposition and oxidation of an aluminum film
on the Co(0001) substrate at room temperature was studied. It is particularly
interesting to study the structural properties of the oxide film, because of the
structural differences of the Ni(100)and the Co(0001) substrate.

An Al film with an effective thickness of 14.6 A determined from the attenu-
ation of the AES signal of Co was deposited on the Co(0001) substrate at room
temperature. AES spectra of the clean Co(0001) surface and the Al/Co(0001)
system are shown in Fig. 7.9 (a) and (b), respectively. In spectrum (a) transitions
at 53 and 95eV are observed, which are the MNN transitions of cobalt [33]. After
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Figure 7.9: AES spectra in the energy range between 20 and 120eV of the clean
Co(0001) surface (a), after deposition of 14.6 A Al (b), and after ozidation of the
Al film to saturation at 300K (c).

deposition of 14.6 A of Al only the LMM transition of Al at 68€eV is observed
[33]. After the Al deposition on Co(0001) the LEED image is diffuse.

The system Al/Co(0001) is then oxidized at room temperature up to a total
exposure of 3000 L. In spectrum (c) of Fig. 7.9, taken after the oxidation, only the
LMM transitions of AI** at 35, 43, and 51eV are observed. The peak-to-peak
ratio of the AES signal of oxygen at 503eV (KLL transition) and of aluminum
at 1396 eV (KLL transition) is shown in Fig.7.10. After a steep increase of the
Os03/Aly396 ratio for exposures below 200 L saturation is reached for exposures
above 500 L. This is in contrast to the oxidation of the 12 A Al/Ni(100) system
at room temperature, where only for exposures above 1500 L a saturation was
reached. Possible reasons for this difference are the different Al film thicknesses
and maybe a structural difference of the Al film, but no conclusions can be drawn
from the available data, because the LEED image of the Al film is diffuse and
no STM data exist. Also for the oxidation of the Co,Al,/Co(0001) system a
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Figure 7.10: Oso3/Ali306 peak-to-peak ratio during ozidation of the 14.64 thick
Al film on Co(0001) at room temperature.

larger oxygen exposure (2500L) was needed to reach the saturation level. The
saturation value of the Ozg3/Al;396 ratio is ~ 3.8 and thus in fair agreement with
the value of 3.5 obtained for the oxidation of the Al/Ni(100) system at 300 K.
The divergence of this value from the value of bulk Al,O3 (6.2 from ref. [33])
can again be explained in terms of a coexistence of oxidized and unoxidized Al,
which both contribute to the Al signal. The O/Al ratio in Fig. 7.10 was fitted by a
logarithmic growth law after Cabrera and Mott [106], which is in good agreement
with the data. This shows that the low temperature limit that is assumed for
this growth law is fulfilled. The transition of Al° at 1396 eV and the transition of
AIPT were not separately, but a broadening of the transition during oxidation is
observed. An EEL spectrum recorded after oxidation of the Al1/Co(0001) system
to saturation at 300 K is shown in Fig.7.12. Two broad losses at about 640 and
880cm™" are observed. The observation of two losses in EELS is characteristic
for amorphous Al;Oj3 or for a-Al,O3. Since the LEED image is diffuse, it is likely
that the Al,O3 layer is amorphous.
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Figure 7.11: Peak-to-peak ratio of Oso3/Alises and Alises/Cogse for the oxidized
Al/Co(0001) system as a function of the annealing temperature. The lines are a
guide to the eye.

The oxygen saturated Al/Co(0001) system is then annealed in steps of 100 K
from room temperature to up 1100 K. In each annealing step the temperature was
retained for two minutes and the sample was cooled to room temperature before
performing measurements. Annealing to 1200 K results in complete desorption
of the film. In Fig.7.11 the ratios Oso3/Al1396 and Aljz6/Cogss are shown as a
function of the annealing temperature. After oxidation the Co AES signal at
656 eV is below the background level and reemerges after annealing to 800 K.
The ratio Osp3/Alj306 is constant at ~ 4 until annealing to 700 K and for higher
temperatures it is slightly increased to ~ 5.5. The ratio Aly39/Cogs6 decreases for
temperatures above 800 K due to an increasing of the Co signal. This indicates
interdiffusion of unoxidized Al and Co.

EEL spectra of the oxide film for different annealing temperatures are shown
in Fig.7.12(a). The spectrum taken after oxidation at 300 K exhibits two losses
at about 640 and 880 cm™!, which are characteristic for amorphous and a-Al,Os.
After oxidation the LEED image is amorphous and the oxide film is probably
amorphous. After annealing to 600 K three losses are observed at 400, 650 and
880 cm !. These losses are characteristic for Al,O3 phases, where the AI** ions
occupy octahedral and tetrahedral positions in the oxygen sublattice. After an-
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Figure 7.12: EEL spectra of the oxidized Al/Co(0001) system for different an-
nealing temperatures (a) and the spectrum after annealing to 1000 K showing
also energy gains and multiple and combination losses(b). The positions of the
L vy =640em™t, and v3 = 905¢em ™t
were recorded at room temperature.

energy losses are v1 = 430 cm™ . The spectra

nealing to 1000 K the intensity of the losses is increased, which is reflected in
the decrease of the magnification factor. The frequency of the losses is shifted:
400 — 420, 640 — 650 and 880 —905cm~'. The spectrum after annealing to
1000 K is repeated in Fig.7.12(b) in the middle section, and additionally energy
gains as well as multiple and combination losses are shown. The spectrum taken
after annealing to 1100 K, which is shown in Fig.7.12(a), shows three losses at
420, 650 and 905 cm !, with a reduced intensity compared to the spectrum taken
after annealing to 1000 K. This is due to partial decomposition and desorption of
the oxide film.

Bragg reflections forming a LEED pattern are observed the first time observed
after annealing to 1000 K, for lower temperatures the LEED image is diffuse. A
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Figure 7.13: LEED images of (a) the clean Co(0001) surface and (b) the ozidized
Al/Co(0001) system after annealing to 1100 K, both at a primary energy of 60eV.

LEED image of the film after annealing to 1100 K is shown in Fig.7.13(b), and
Fig.7.13(a) shows a LEED pattern of the clean Co(0001) surface for comparison.
The pattern of the Co(0001) substrate is not observed in Fig.7.13(b) and thus
it is likely that no areas of clean Co are present on the surface. The observed
pattern corresponds to a hexagonal surface structure with a two-dimensional
lattice constant of 5.02+0.15A. The existence of the a-Al,O; , which exhibits
hexagonal close packing of the oxygen sublattice and has a lattice constant of
4.76 A, is ruled out, because two losses in the EEL spectra are expected, but
three losses are observed in Fig.7.12(a). The surface structure is the same that
was found for the oxidation of the Co,Al,/Co(0001) system which was presented
in Fig. 7.8. It is therefore likely that the film is not completely oxidized and that
intermixing of Al and Co takes place. This is in accordance with the decrease
of the Al/Co ratio and the increase of the O/Al ratio in Fig.7.11. Thereby the
alloy Co,Al, is formed, and it is likely that the Al,O3 film adopts the structure
of the Co,Al, alloy. After annealing to 1100 K there are probably oxide covered
areas at the surface and also areas of the Co,Al, alloy that are free of oxide. This
situation is indicated by the schematic in Fig.7.8.
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Finally the thickness of the film is addressed. By applying equation (3.4),
where a mean free path of 14 A for the electrons of the Co LMM transition
at 656eV in Al,O3 [35] is used, the thicknesses of the oxide films for different
annealing temperatures are

L] d900K ~ 18.1 A
[ ] leUOK ~ 167A
[ ] dllOOK ~ 6.8 A

The determination of these thicknesses is based on the assumption that an
Al O3 film is formed on the cobalt substrate without an interface layer. A more
accurate determination of the thickness is not possible with the available data. As
in section 7.2 a substantial decrease of the thickness for annealing temperatures
above 1000 K is observed.

Summarizing, deposition of 14.6 A Al on Co(0001) and subsequent oxidation
to saturation at room temperature leads to an incomplete oxidation of the Al
film. The Al,O3 layer is amorphous. Upon annealing to 1000 K interdiffusion
of Al and Co takes place resulting in the formation of the Co,zAl, alloy, which
exhibits a hexagonal surface structure with a two-dimensional lattice constant
of 5.02+0.15A. The Al,O; film adopts the structure of the Co,Al, alloy. For
annealing temperatures above 1100 K the oxide film is decomposed and desorbed
from the surface and also the Co,Al, alloy is decomposed.

7.4 Deposition of Al on Co(0001) in Oxygen At-
mosphere

In the foregoing sections of this chapter the room temperature oxidation of the
systems Co,Al,/Co(0001) and Al/Co(0001) were studied. Upon annealing, the
oxide films adopted the structure of the Co,Al, alloy, which was shown in sec-
tion 7.1 to exhibit a hexagonal surface structure with a two-dimensional lattice
constant of 5.02 £0.15 A.

From the experiments on the Ni(100) substrate it is known that, if aluminum
is deposited with a rate of 0.48 A/min in an oxygen atmosphere of po,= 1 -
10~"mbar, an Al,O3 film develops which contains no unoxidized aluminum. In
this section the corresponding experiment on the Co(0001) substrate is described.

The peak-to-peak amplitudes of the oxygen KLL transition at 503eV, the
cobalt LMM transition at 656 eV, and the Al KLL transition at 1396 eV are shown
in Fig. 7.14(a) for the deposition of Al with a deposition rate of r = 0.48 A /min
in an oxygen atmosphere of po,= 1 - 10~ "mbar at room temperature. For the
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Figure 7.14: Peak-to-peak amplitudes of the AES signals O at 503eV, Co at
656 eV, and Al at 1396 eV (a), and the ratio Oso3/Aliz06 as a function of the
deposition time (b). The schematic indicates the different escape depths of the
electrons contributing to the Alisgs and Osp3 Signals.

discussion of Fig.7.14(a) the different mean free paths of electrons in Al,O3 are
important: Ao = 13A, Ago = 14 A, and Ay = 28 A [35]. The thickness of the
aluminum oxide layer can be determined from the AES signal of the Co LMM
transition at 656 eV by using equation (3.4). The thickness amounts to 10.6 42 A
after a deposition time of 450 s and 25.5 4 2 A after 900s. After a deposition time
of 1050 s the Co AES signal is below the background level and a determination
of the film thickness is not possible. The oxygen signal has reached a saturation
at about the same deposition time, because the mean free paths of electrons are
similar for oxygen and cobalt. The aluminum signal, for which the electrons have
a much larger mean free path (28 A), i.e., a larger escape depth, does not reach
a saturation level.
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Figure 7.15: Schematic of Al,Os films of different thickness. Due to the large
mean free path electrons of the Al AES transition at 15396 eV escape from the
whole volume of the Al O3 films, whereas electron of the O AES transition at
503 eV escape only from the gray shaded volume.

It is also interesting to regard the ratio Oso3/Aly396 in Fig.7.14(b). Except
for the first point at 150s the ratio decreases as a function of the deposition
time and, finally, approximates the value of bulk Al,O3 [33], which is indicated
by the dashed line. The reason for the decrease is the different mean free path
of electrons of the O signal at 503 eV compared to electrons of the Al signal at
1396 eV. This leads to a smaller volume of the film contributing to the O signal.
This is indicated in the schematics of Fig.7.15: In Fig.7.15(a) the thickness of
the Al,O3 film is comparable to the mean free path of the electrons of the Al AES
transition at 1396 eV, which is 28 A. Thus the complete volume of the Al,Oj film
contributes to the Al AES transition. However, electrons of the O AES transition
at 503 eV have a mean free path of only 13 A and can thus escape only from the
gray shaded part of the Al,Oj film. In this case the ratio of O/Al corresponds
to the value of bulk Al;O3. In Fig.7.15(b) again the gray shaded part of the
Al, O3 film contributes to the O AES signal. However, the film is thinner than
the escape depth of the electrons of the Al AES transition, thus the Al AES signal
is diminished in comparison to the film in Fig.7.15(a). Since the O AES signal
is the same for both of the films, the ratio O/Al is enhanced. This explains the
decrease of the O/Al ratio with increasing film thickness in Fig.7.14(b).

In Fig.7.16 AES spectra in the energy region between 20 and 120eV are
shown of the clean Co(0001) substrate, after deposition in po,= 1-10" " mbar at
room temperature (b), and after oxidation of the film with 1500L O, at room
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Figure 7.16: AES spectra of the clean Co(0001) surface (a), after the deposition
of nominally 124 Al in Po,= 1- 10~" mbar (b), and after further ozidation at
300 K with 1500 L of oxygen (c).

temperature (c¢). Spectrum (a) shows the Co MNN transitions at 53 and 95eV
[33]. After the deposition of nominally 12 A Al in O, atmosphere the AES spec-
trum (b) exhibits only the LMM transitions of A>T at 35, 43, and 51eV. The
thickness of the Al;O3 film cannot be determined, because the AES signal of the
Co(0001) substrate is below the background level after deposition. After further
oxidation of the film with 1500 L. Oy neither the position nor the lineshape of the
observed transitions is changed. Additionally, in Fig. 7.17 the ratio of the oxygen
transition at 503 eV and the aluminum transition at 1396 eV is shown. Within
the experimental error the ratio does not change, indicating that the amount of
oxygen does not change upon oxidation of the film. It is thus very likely that
deposition of Al with a deposition rate of 0.48 A /min in an oxygen atmosphere
of po,=1- 10~ " mbar generates a completely oxidized Al,Os film.

The Aly03/Co(0001) system is then annealed in steps of 100 K until 1300 K

and then to 1350 K. Each step of annealing lasted for two minutes. In the pre-
ceding section, where Al was deposited on Co(0001) and then oxidized, the ratio
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Figure 7.17: Peak-to-peak ratio of Oso3/Alize6 as a function of the orygen expo-
sure.

O/Al increased upon annealing. The reason for this increase was the diffusion
of unoxidized Al into the bulk of the substrate. For the deposition of Al in
O, atmosphere the ratio Osp3/Alj39¢ during annealing is shown in Fig. 7.18 (left
axis). Up to 1300 K the ratio is constant, and thus the existence of unoxidized
Al is very unlikely. A discussion based on the kinetic gas theory was given in
the preceding chapter for the corresponding experiment on the Ni(100) substrate.
It applies here as well, because both the deposition rate and the oxygen partial
pressure are the same. The result of this discussion was, that there is in principle
sufficient oxygen to form stoichiometric Al,O3. The average value of the O/Al
ratio is ~ 7.5, which is slightly higher than the value of bulk Al,O3 (~ 6.2 [33]).
This originates from the film thickness, which is most probably comparable to
the mean free path of Al (28 A [35]). A determination of the film thickness using
equation (3.4) is only possible after annealing to 1200 K and higher temperatures,
because the AES signal of Co is above the background level due to the partial
desorption of the Al,O4 film. The thicknesses resulting from 14 A for the mean
free path of electrons of the Co transition at 656 eV are:
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Figure 7.18: Peak-to-peak ratio of Osos/Alizes (left axis) and peak-to-peak am-
plitude of the Co transition at 656 A (right azis) as a function of the annealing
temperature.
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The thickness of the film after annealing to 1200 K appears quite large in view
of the nominally deposited 12 A of aluminum. Although desorption of the alu-
mina film sets in at 1200 K the oxide seems to be stable at higher annealing
temperatures than the alumina films prepared by oxidizing the Al/Co(0001) and
Co,Al,/Co(0001) systems. This also supports the conclusion that there is no in-
terface layer between the alumina film and the substrate, that tends to destabilize
the alumina film.

The structural properties of the Al,O3 film are revealed by the EELS data in
combination with the LEED data. After oxidation at room temperature the EEL
spectrum shows only very broad losses around 540 and 880cm™! (not shown).



100 The Growth of A1,O; on Co(0001)

—f Py

5 | 630 ‘PJI F ‘Hﬁ.&L

N el A

Y g LY

ar | f“{’; ;uj“lf'“lr\/” Y :

St { LA L 1100K
- 7 ) Tl &7 ’,n.”\."._ o A

LT ; \-JVH'W"J"A" % ,p\.-.ﬂp\‘j\- -N

T

i
E o f A k10, HIFT JW‘“ ‘w’*& 800 K

N
200 0 200 400 600 800 1000 1200
Loss Energy [cm ]

Figure 7.19: EEL spectra after annealing to different temperatures. After anneal-
ing to 1300 K the spectrum exhibits three losses at 420, 630, and 900 cm™*, that
are characteristic for v'-AlbO3. The spectra were recorded at room temperature.

The LEED image after oxidation is diffuse, and thus the Al,Oj3 film is probably
amorphous. Between room temperature and 700 K no significant change in the
spectra occurs. At 800K the frequency of the two losses is shifted to 550 and
890 cm ! as can be seen in Fig.7.19. After annealing to 1100 K three losses are
observed at 370, 620 and 910cm !. After annealing to 1300 K the frequencies
of the losses are shifted to 420, 630, and 900 cm~'. The intensity of the loss at
420 cm™! is decreased in comparison to the losses at 420 cm™" of the Al,O3 film
prepared by oxidation of the Co,Al,/Co(0001) and Al/Co(0001) systems. The
three dipole active modes rule out the existence of amorphous- and a-Al,Oj3 [81].

The LEED pattern in Fig.7.20(b) has a very low intensity. It shows one
domain with a hexagonal surface structure and a two-dimensional lattice constant
of (2.8140.2) A. A scheme of the pattern is shown next to Fig.7.20. The lattice
constant corresponds to the distance of the O* -ions in a close packed oxygen
lattice [110]. Since the existence of a-AlyOj is ruled out from the EELS data, the
existence of the 7'-Al,O3 phase is concluded, which has a fcc sublattice of oxygen
ions. It grows with the (111) plane parallel to the (0001) plane of the substrate.
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In contrast to the oxide films discussed in sections 7.2 and 7.3, the oxide film in
Fig. 7.20(b) is not rotated with respect to the substrate.

Co(0001)

Al,O5
Co(0001)

Figure 7.20: LEED images of (a) the clean Co(0001) surface, and (b) the oxide
after annealing to 1200 K, the primary energy was 70 eV in both of the images,
and the ozide film has a thickness of (24.4%2)A. Also shown is a schematic
reproduction of the image in (b).

Further annealing of the film at 1350 K and above results in desorption of
the Al,Oj film, and the LEED pattern of the Co(0001) surface reemerges (not
shown).

In summary, in this section it was shown that a thin film of +'-Al,O3 can
be grown on the Co(0001) substrate by deposition of aluminum on Co(0001),
with a deposition rate of 0.48 A/min at room temperature in an atmosphere of
molecular oxygen of 1-10~7 mbar and subsequent oxidation and annealing. The
7'-AlyO3 film is identified by the three Fuchs-Kliewer phonons in the EEL spectra
at 420, 630, and 900cm !, and by a hexagonal structure of the LEED pattern,
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from which the lattice constant is determined to be (2.81 + 0.2) A.

In this chapter the growth of Al,Oj films on Co(0001) was studied. Upon de-
position and annealing of Al on Co(0001) the ordered alloy Co,Al, is formed.
Oxidation and annealing of the Co,Al,/Co(0001) system leads to the formation
of an Al,Oj film that adopts the structure of the Co,Al, alloy. Deposition of Al
on Co(0001) and direct oxidation of the Al film leads to a not completely oxi-
dized film. Upon annealing, alloying of unoxidized Al and Co takes place and the
CozAl, alloy is formed. The Al,O3 film adopts the structure of the Co,Al, alloy.
For the deposition of Al in an O, atmosphere of 1 - 107" mbar and subsequent
oxidation with 1500 L of oxygen at 300 K no unoxidized Al remains. Annealing
of the Al,Oj3 film leads to ordering, and a 7'-Al,Oj film is grown.

This chapter concludes the structural characterization of Al,Oj3 films on fer-
romagnetic substrates and of metal deposits on the Al;O3 films.



Chapter 8

Electronic Transport
Measurements

In chapters 5 and 7 the growth of thin Al,Oj3 films on Ni(100) and Co(0001) were
studied, respectively. In these chapters only the structural characterization was
performed. However, for use in microelectronics the electronic properties of thin
oxide films are also important. Therefore, this chapter will deal with electronic
transport measurements.

The electronic transport measurements were performed by scanning tunneling
spectroscopy (STS), which was described in section 3.4. It basically consists of
ramping the bias voltage of the STM tip and measuring the tunneling current,
while the distance between tip and sample is kept constant. In this way I(V)-
curves are obtained from well defined points of the surface. The derivative of these
I(V)-curves can be normalized, so that it is proportional to the local density of
states (LDOS) of the surface [46, 51].

An example of STS measurements of the (2x1) reconstructed Si(111) surface
was discussed in section 3.4. The STS measurements performed by Stroscio et
al. [b4] and by Feenstra et al. [52] on the (2x1) reconstruction of the Si(111)
surface are in accordance with work function measurements [131], optical ab-
sorption [132], polarization dependence of the absorption [133], angle resolved
photoemission [134, 135, 136], and inverse photoemission [137]. Comparison of
these experimental data with theoretical predictions [138, 139] confirmed the so-
called m-bonded chain model for the (2x1) reconstructed Si(111) surface. This
example shows, that there is considerable interplay between structural and elec-
tronic properties of a surface.

The Si(111)-(7x7) surface is well known [140, 141, 142, 143, 144, 145]. In
the present work measurements on the Si(111)-(7x7) surface were performed in
order to verify the functioning of the STS technique. In this work the (7x7)
reconstruction of the Si(111) surface was obtained by annealing to 1500 K for
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15-30s.

The main purpose of this chapter consists of electronic transport measure-
ments of thin oxide films. As a sample the [-GayO3/CoGa(100) system was
chosen, because the structural properties of the CoGa(100) substrate as well as
the structural properties of 5-GayO3 are well established (see section 4.3.2). For
use as tunnel barriers one has to be sure, however, that the thin oxide films are
isolators. This is the reason for the importance of the electronic characterization
of thin oxide films. The electronic transitions of 5-GasO3 have been measured
with EELS by Gassmann [23], and the band gapE, was determined to be 4.5V,
which is in accordance with the value of bulk Ga;O3 . However, metal induced
gap states (MIGS) were also found. The value for the band gap was confirmed by
Rose for amorphous and well ordered Ga;O3 on CoGa(100). For Al,O3, however,
Costina [98] found a band gap of 3.2eV for a thin film of amorphous Al,O3 and
4.3eV for a thin film of well ordered Al;O3. This differs from the band gap of
bulk 7-Al,O3 which amounts to 8.7V [146] and is an example of the interplay of
structural and electronic properties of thin oxide films. Since the phase of Al,O3
changes upon annealing, the electronic properties might also change.

The measurement of the DOS of thin oxide films yields also a better under-
standing of topographic STM images. As discussed in section 3.4, during STM
measurements tunneling can proceed between tip and oxide, if the tip voltage
exceeds E,/2, otherwise the tunneling proceeds between substrate and tip. If the
DOS of substrate and oxide film are known, especially concerning states in the
band gap, a better understanding of the topography of STM images is obtained.

This chapter is organized as follows: In section 8.1 STS measurements of the
(7x7)-reconstruction of the Si(111) surface are presented and compared to exist-
ing data in the literature. This serves basically to establish the STS method. In
section 8.2 first the structural properties of the CoGa(100) surface are reviewed.
Then the I(V)-curves and normalized I(V)-curves are measured and discussed.
In section 8.3 the structural properties of the $-GayO3/CoGa(100) system are
summarized, and the I(V)-curves are presented and discussed. These measure-
ments are compared to those of the clean CoGa(100) surface and examined with
respect to the existence of a band gap.

8.1 The Si(111)-(7x7) surface

The (7x7) reconstruction of the Si(111) surface is very well known. It was for
the first time studied by STM by Binnig and Rohrer [147]. Cleaving a Si crystal
at room temperature yields a (2x1) reconstruction of the Si(111) surface, which
has been found to have a m-bonded chain structure [31]. Annealing the (2x1)
reconstructed surface to temperatures above 550 K (250°C) transforms the sur-
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face irreversibly to the (7x7) reconstruction [148]. At 1100K (830°C) the (7x7)
pattern is reversibly replaced by a (1x1) pattern [31]. In this work the Si(111)-
(7x7) surface was prepared by annealing the crystal to 1500 K for 15-30s, while
the pressure remained in the 107'®mbar range. The (7x7) reconstruction was
explained by Takayanagi et al. [149] in terms of the dimer-adatom-stacking-fault
(DAS) model on the basis of transmission electron diffraction. This model gained
further support by experiments [150, 151], and it was revealed by ab initio cal-
culations [152, 153] that the (7x7) reconstruction has the lowest energy of all
reconstructions that are compatible with the DAS model. The surface unit cell
contains 12 Si adatoms, 6 rest atoms, 9 dimers, and one corner hole. An STM
image with a scanned area of 400x400 A? is shown in Fig. 8.1, and several unit
cells are observed.

Figure 8.1: STM image of the (7x7) reconstruction of the Si(111) surface. The
area is 400x 400 A% (Up = 2V, Iy = 0.3nA).
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Figure 8.2: DOS of the (7x7) reconstruction of the Si(111) surface reproduced
from Layet et al. [140].

A schematic distribution of occupied and empty states of the Si(111)-(7x7)
surface, based on different experimental techniques, is shown in Fig.8.2. The
figure was first published by Layet et al. [140], and here it is reproduced from
the book of Liith [31]. The curves are based on different experimental data
[154, 155, 156, 157, 158]. Maxima are observed at about -2, -1, and -0.45eV and
at 0.5 and 1.6eV. In Fig.8.3 a normalized I(V)-curve measured in the present
work is shown. The maxima of the normalized I(V)-curve are at -2, -0.8, -0.4,
0.5 and 1.9V which shows that the positions are approximately the same as in
Fig.8.2. Thus it is clear that the STS measurements yield reliable results. The
intensities in Fig. 8.2 and Fig. 8.3 are different. However, it has been discussed in
section 3.4 that the ratio (dI/dV')/(I/V') agrees with the DOS only with respect
to the position of the peaks and not with respect to the intensity.

8.2 The CoGa(100) Surface

The intermetallic alloy CoGa is known to crystallize in the CsCl (B2) structure.
The lattice constant of CoGa is 2.878 A [159], the melting point is 1207° C (for
comparison: Ty, (Co) = 1495° C and T,,(Ga) = 30° C).

In view of the crystal structure of bulk CoGa the (100) surface should have a
quadratic unit cell displaying a C, symmetry. However, it was observed by LEED
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Figure 8.3: Normalized I(V)-curve of the (7x7) reconstructed Si(111) surface.

and thermal energy atom scattering (TEAS) [160, 161] and by LEED and STM
[23], that the surface is reconstructed. The particular reconstruction depends on
the cleaning procedure in the UHV that the CoGa single crystal is subjected to.
This was observed by Gassmann [23] and more thoroughly studied by Kovacs
[161]. It was found with AES, that for elevated temperatures (T > 850K [160])
an enrichment of Ga on the surface occurs. Thermal desorption spectroscopy
(TDS) revealed, that at 950 K desorption of Ga sets in, and at 1090 K Co begins
to desorb. (This is the principle of the solid state evaporator that was discussed in
section 2.3). It was also found, that the speed of cooling after thermal treatment
is crucial for the reconstruction [161].

The CoGa(100) surface exhibits the c(4x2) and the (v/5 x v/5)R26.6° re-
constructions. Which of the reconstructions dominates depends on the cleaning
procedure. In the present work the CoGa(100) surface was prepared to exhibit
mainly the ¢(4x2) reconstruction.

The step edges of the (100) surface are formed by (110)- and (111)-micro-
facets. The fact that the atomic structure of the step edges can be resolved
by STM is remarkable, because for metallic surfaces there is usually too much
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Figure 8.4: (a) LEED image of the clean CoGa(100)surface with a primary en-
ergy of 87eV and schematic representation of the image. (b)STM image of the
CoGa(100) surface with a scanned area of 200nmx 200nm (Uy = -1.5V, I, =
1nA). The squares indicate points where the I(V)-curves were measured.

diffusion at room temperature. An example of fluctuations of the step edges is
copper (Cu(110) [162] and vicinal Cu surfaces [163]). In contrast to Cu the step
edges of the CoGa(100) surface are immobile at room temperature.

A LEED image of the CoGa(100) surface displaying a pattern of two domains
with a ¢(4x2) reconstruction is shown in Fig.8.4(a). In the schematic represen-
tation the (1x1) structure is indicated by solid circles, and the additional spots
of the ¢(4x2) reconstruction are represented by open squares for one domain and
by open circles for the other domain. The domains are oriented perpendicular to
each other. The primary energy was 87eV. A STM image of the surface with a
scanned area of 200 nm x 200 nm is shown in Fig.8.4(b). Four different terraces
are observed, and I(V)-curves were measured on two terraces at the indicated
locations.

I(V)-curves of the CoGa(100) surface are shown in Fig.8.5. Fig.8.5(a) shows
an average of seven I(V)-curves that were measured in different locations of the
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Figure 8.5: I(V)-curves (a, ¢) and corresponding normalized I(V)-curves (b, d)
of the clean (4x2) reconstructed CoGa(100) surface.

same terrace as displayed in Fig.8.4(b). The locations of the measurements are
marked with squares numbered 1 to 7. The corresponding normalized I(V)-curve
that reflects the density of states [50, 53] is shown in Fig. 8.5(b). Fig. 8.5(c) shows
an average of five single I(V)-curves measured on a different terrace. The locations
of the measurements of these curves are marked by squares numbered 8 to 12.
The corresponding normalized I(V)-curve is shown in Fig. 8.5(d). The normalized
I(V) curves (b) and (d) both display maxima at about -3.5, +1.0 and +2.2 V. The
increase for small voltages (-0.2...0.2V) clearly indicates a conducting behavior
of the CoGa(100) surface.
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8.3 The [-Ga;03;/CoGa(100) system

The CoGa(100) surface that was discussed in the previous section is a suitable
candidate for a substrate to grow (-GasQOj films. [-GasO3 is monoclinic with
the lattice constants a = 3.04A, b = 5.80A, ¢ = 12.23A, and 3 = 103.7°
[72, 164], while for thin films of 3-GayO3 on CoGa(100) the two-dimensional
lattice constants amount to ¢ = 2.9A and b = 5.80A [23, 26]. The lattice
mismatch of the S-GayO3 oxide with respect to the CoGa(100) surface is thus
0.7% in one direction (acoca = 2.88 A, ap.gayo, = 2.9A) and 0.7% in the other
direction (bg.cay,0, = 5.80 A and 2acoqa = 5.76 A).

The heat of formation of GayOs3 is -1080 kJ/mol [129] and is thus larger than
the heat of formation of Co30,4 (-845kJ/mol [129]). Hence, upon oxidation of the
CoGa(100) surface GagOj is formed. If the oxidation proceeds at room tempera-
ture, an amorphous GayQOj is formed as evidenced from two characteristic loss fea-
tures in the EEL spectra (400 and 690 cm™!) and a diffuse LEED image [23, 73].
After annealing the Gay,Oj3 film to 700 K the well ordered [-GayOj3 is formed,
which is identified by a (2x1) LEED pattern with respect to the CoGa(100) sur-
face, and exhibits four losses in the EEL spectra (305, 455, 645, and 785 cm™").
[-Gay O3 is isomorphic to 6-Al;O3 , and the frequencies of the losses in EELS are
shifted: 305 — 420, 455 — 605, 645 — 720, and 785 — 900cm . These shifts
are due to the different masses of Ga and Al atoms [23]

STM images of the 8-GayO3 surface (partially oxidized) [23, 25, 24, 26] re-
veal that the oxide forms rectangular islands. The step edges are oriented along
the [100]- and [010]-directions of the substrate. [-GayOz grows epitaxially on
CoGa(100), and for this system a structural growth model was proposed by
Gassmann [23] and Schmitz et al. [25]. It exhibits the so-called Bain orientation
relationship between parallel oriented fcc (sublattice of O?~-ions in GayO3) and
bee (CoGa) structures:

[100]bcc lattice
[110]gec tattice | { [010]

bcece lattice

[-GayO3 can also be prepared by oxidation of the CoGa(100) surface at tem-
peratures between 550 K and 930 K [28, 29]. The oxide desorbs from the surface
at temperatures above 1070 K [23].

The bulk band gap of crystalline Ga,O3 is 4.4eV [165]. For thin films of
[-Gay0O3 Gassmann [23] found a band gap of 4.5 eV and additional states within
the band gap centered at 3.3eV. Rose [111] found a band gap of 4.7eV for thin
amorphous GayO3 as well as for 5-GayOs3.

A LEED image of the $-GayO3/CoGa(100) system with a primary energy
of 87eV is shown in Fig.8.6. It displays a (2x1) pattern which is typical for (-
GayO3. A STM image of the -GayOj surface is shown in Fig. 8.6(b) and different
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Figure 8.6: (a) LEED image of the 3-Gay O3 /CoGa(100) system with a primary
energy of 87eV, and (b) STM image of the B-Gay O3 surface with a scanned area
of 115nm x 250nm (Uy = 8V, I, = 1nA).

terraces are observed. The white cross and the asterisk mark the locations, where
the I(V)-curves were measured, that are displayed in Fig.8.7. The points were
chosen on different terraces but not at step edges.

An I(V)-curve of the S-GayOj surface is shown in Fig.8.7(a) and the corre-
sponding normalized I(V)-curve is shown in Fig.8.7(b). The curve was measured
at the location that is marked with a white cross in Fig. 8.6(b). The normalized
I(V)-curve and hence the density of states remains zero for voltages smaller than
2V. This evidences the insulating behavior of the $-GayOj3 film. The normal-
ized I(V)-curve displays maxima at 2.2, 2.7, 3.4, 3.9 and 4.6 eV. The normalized
I(V)-curve in Fig.8.7(c) was measured on a different terrace (This might not be
visible in Fig. 8.6(b)). The location is marked with an asterisk in Fig. 8.6(b). The



112 Electronic Transport Measurements

density of states remains also zero for voltages smaller than 2V and thus confirms
the insulating behavior of the 3-GayO3 film. The maxima of this curve are at 2.5,
3.0, 3.8, 4.3 and 4.8 V. The positions of the maxima differ from those of Fig. 8.7(b)
by 0.2-0.3V. However, the insulating properties of the film are not affected by
these shifts. Due to the similarity of the two normalized I(V)-curves, that were
measured at different terraces, it is likely that the density of states is similar for
points on different terraces. Hagendorf et al. [166] prepared ultrathin CoO films
on Ag(001) and found a maximum at 2.2V in the normalized I(V)-curve of the

CoO/Ag(001) system.
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Figure 8.7: (a) I(V)-curve of B-GayOs (solid line) measured at the location
marked with a white cross in Fig. 8.6(b) and I(V)-curve of the CoGa(100) surface
(dashed line) reproduced from Fig.8.5. (b) normalized I(V)-curve obtained from
normalization of the I(V)-curve of B-GayOs in (a). (c) normalized I(V)-curve
measured at the location marked with the asterisk in Fig. 8.6(b).

The fact that the thin -GayO3 film has the properties of an insulator confirms
the results of Gassmann [23] and Rose [111], who found that thin £-GayOj films
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have a band gap of 4.5 and 4.7eV, respectively. The maxima with the highest
intensity in Fig.8.7(b) is located at ~3.4V and in Fig.8.7(c) it is located at
3.8eV. Thus these maxima do not match exactly the band gap found by Rose
[111] and Gassmann [23].



Chapter 9

Summary

The aim of this work is the preparation and characterization of thin well-ordered
aluminum oxide films on the ferromagnetic substrates Ni(100) and Co(0001), as
well as electronic transport measurements of the system [-GayOs/CoGa(100).
The structural characterization was performed by Auger electron spectroscopy
(AES), low energy electron diffraction (LEED), electron energy loss spectroscopy
(EELS), and scanning tunneling microscopy (STM). The electronic transport
measurements were achieved by scanning tunneling spectroscopy (STS).

It is known that oxygen adsorption on NigAl(100) at room temperature (RT)
leads to the formation of a thin amorphous aluminum oxide layer. On the other
hand it is known that deposition of aluminum on Ni(100) and annealing leads
to the formation of a surface alloy of NizAl on Ni(100). These two steps were
combined in this work to grow an Al,Oj3 film on Ni(100).

Growth of Al;O3 on Ni(100)

A 12 A thick Al layer was deposited on the Ni(100) surface at room temperature
(RT) and subsequently annealed to 1150 K resulting in a thin film of NizAl, which
grows with the (100) plane parallel to the (100) plane of the substrate. Oxidation
of NizAl/Ni(100) until saturation at RT leads to the growth of an Al,O5 layer
consisting of different alumina phases. Upon annealing to 1000 K a well-ordered
film of 7'-Al;O3 is formed, which grows in two domains, that are rotated by 90°
with respect to each other. The ~4/-Al,O3 grows with the (111) plane parallel
to the Ni(100) surface. The thickness of the film amounts to 8 4+2 A, which
corresponds to twice the lattice constant of 4'-Al,O3. Oxidation of the system
NizAl/Ni(100) at 800K to saturation and subsequent annealing to 1350 K leads
also to the formation of the 7/-Al,O3. However, the oxide film grows in 6 domains,
which are rotated by an angle of 15° with respect to each other.



115

Deposition of 12 A Al on Ni(100) and oxidation of the Al/Ni(100) system to
saturation at RT leads to incomplete oxidation of the Al film. During annealing
of the oxidized Al/Ni(100) system unoxidized Al diffuses into the bulk of the
substrate. A phase of Al,O3 with long range order cannot be identified during
annealing.

Deposition of Al on Ni(100) with a rate of 0.48 A /min in an oxygen atmosphere
of 1-10~"mbar at RT leads to the formation of an amorphous Al,O3 film. No
hints of unoxidized Al are found. Annealing of the Al;Oj3 film up to 1400 K results
in the formation of a well ordered 7'-Al,O3 film, that grows with the (111) plane
parallel to the (100) plane of the substrate. The thickness of the film amounts to
172+ 2A.

Growth of Co on Al,O3/Ni(100)

14.4 A of Co were deposited on Al,05/Ni(100) at RT. The observation of Fuchs-
Kliewer phonons of Al,O3 for Co coverages of more than one monolayer is in
agreement with the Volmer-Weber growth mode of Co on Al;O3. Annealing of
the system Co/Al,O3/Ni(100) shows, that the Co film is stable up to about 700 K.
Above 700K Co diffuses into and through the oxide film.

Growth of Al,O3; on Co(0001)

A 7.8A thick Al film was deposited on Co(0001) at RT. Annealing of the
Al/Co(0001) system to 400K results in alloying of Al and Co. The alloy ex-
hibits a hexagonal surface structure with a two-dimensional lattice constant of
5.0240.15 A. None of the known bulk CoAl alloys is formed, and the alloy is re-
ferred to as Co,Al,. Oxidation of the Co,Al,/Co(0001) system to saturation at
RT leads to the formation of an amorphous Al,O3 layer. Upon annealing of the
oxide layer up to 1200 K, the oxide film is well ordered and adopts the structure
of the Co,Al, alloy.

A 14.6 A thick Al film was deposited on Co(0001). The system Al/Co(0001)
was oxidized until saturation at RT, which results in the formation of an amor-
phous Al,O3 layer. During annealing unoxidized Al diffuses into the Co(0001)
substrate and forms the CozAl, alloy. The Al,O3 film adopts the structure of
this alloy.

Deposition of Al on Co(0001) with a rate of 0.48 A /min in an oxygen atmo-
sphere of 1-10~" mbar at RT results in an amorphous Al,O4 film. Upon annealing
no evidence for diffusion of unoxidized Al is found, and no alloying of Al and Co
takes place. Annealing to 1200 K results in ordering of the oxide film, and the
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7'-Al; O3 phase is formed, which grows with the (111) plane parallel to the (0001)
plane of the substrate. The thickness of the film amounts to 24.4+2A.

Electronic Transport measurements

The normalized I(V)-curve (dI/dV)/(I/V) of the Si(111)-(7x7) surface is shown
to reflect the density of states of the surface. This confirms the functioning of
the STS technique. The normalized I(V)-curve of CoGa(100) increases for small
voltages (-0.2V...0.2 V), which reveals a metallic behavior of the surface. For the
well ordered -Gay03/CoGa(100) system the normalized I(V)-curve is constant
in the voltage region -1.5V...1.5V, and, thus, exhibits an insulating behavior.
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