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Abstract

The aim of this study is to explore the fundamental properties of quasicrys-
tals and complex metallic alloys, using various surface science techniques to
investigate both the clean surfaces and the growth of thin films on these
surfaces.

Low-energy electron diffraction (LEED) and scanning tunneling microscopy
(8TM) are used to study the orthorhombic quasicrystal approximant Aly(Cr,
Fe) (Chapter 4). X-ray Photoemission Spectroscopy (XPS) is used simulta-
neously with STM to study the oxidation of the (1 0 0) surface of Aly(Cr,
Fe) (Chapter 5). Data indicates that the initial oxidation is highly ordered.
STM data shows that oxygen preferentially adsorbs onto the surface of ter-
races, and the XPS data shows that only Al is oxidised. The combination of
techniques helps to relate the STM images to the structural model.

The surface oxidation of the Al;(Cr, Fe) approximant is studied in a
detailed quantitative manner, using XPS to measure differences in oxida-
tion rates between different faces of the crystal {Chapter 6). The structural
model reveals layers of high chromium content in the (001) plane, and its
effectiveness as an oxidation barrier is investigated.

The formation of a Bi monolayer deposited on the five-fold surface of i-
AlzoPdg; Mny, has been studied by STM (Chapter 7). The growth of 5 atom
pentagons, with edge length 4.9 + 0.2 A, is observed. The pentagons have a
common orientation leading to a film with five-fold symmetry. By inspection
of images where both the underlying surface and the Bi atoms are resolved,
the pentagonal clusters are found to nucleate on pseudo-Mackay clusters
truncated such that a Mn atom lies centrally in the surface plane. In this
way the nucleation and growth mechanism of a single element quasicrystalline
monolayer are revealed.

The room temperature thin film growth of Fe deposited on the 5-fold
surface of 7-Alz;gPds; Mng has been studied using medium energy ion scatter-
ing (MEIS) (Chapter 8). Previous Auger electron spectroscopy (AES) results
show contradictory results, one study rules out intermixing [1], while another
finds that Fe atoms do intermix with substrate [2]. The MEIS techuique re-
veals both structural information and elemental composition as a function of
depth, allowing the question of intermixing to be answered.
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and grows out at the interface. The atomic rearrangements that occur at
this interface results in the orientational order of the icosahedral phase. This
phase differs from adjoining phases in entropy, and in composition. Melts
with just 10-12 at.% Mn result in many isolated icosahedral grains separated
by crystalline films of fcc Al. The growth of the icosahedral grains results
in Al being rejected to the melt, and eventually the Mn deficiency limits the
icosahedral growth, and results in the usual fcc structure associated with Al
Increasing the composition to 14 at.% Mn gives the ideal mixture to promote
icosahedral growth. Only small amounts of fcc Al. occur at grain boundaries
where icosahedral grains have grown to impingement. This is known as
the icosahedral glass model, and seemed to fit initial diffraction patterns
with relatively wide spots (as growing techniques improved, the pinpoint
spots indicated far greater order than this, suggesting icosahedral symmetry
exceeding the grain size.) Shechtman concludes that the icosahedral phase
is a truly metastable phase which nucleates and grows for a range of cooling
rates which are slow enough to permit its formation, but rapid enough to
prevent crystallisation (e.g. to the stable AlgMn phase). Cooling rates of
10° <> 108K s~! are used.

Despite his diligence, the results were denounced by many. The Nobel
prize winning chemist, Linus Pauling (1901-1994), dismissed his findings as
multiply twinned cubic crystals. However, as the results were successfully
repeated worldwide, and new materials with forbidden symmetries were dis-
covered, the existence of this type of material became indisputable. They
were named ‘quasicrystals’, by Levine and Steinhardt [8], short for quasi
periodic crystals.

In 1992, the International Union of Crystallography redefined a crystal
as “any solid having an essentially discrete diffraction diagram” [4], to in-
clude quasicrystals. This shifted the definition of a crystal from real space to
reciprocal space. Later determination of the structure of quasicrystals also
revealed that the forbidden rotational symmetries are not strictly true in real
space. The lack of translational symmetry, and the random nature of struc-
tural patterns, means that if the lattice is rotated in real space, it will not
overlay the original identically (as is also the case for a Penrose tiling). How-
ever, the majority of lattice points will match up, giving the sharp diffraction
spots. So, in effect, the definition of rotational symmetry is also shifted into
reciprocal space, as these patterns will overlay exactly when rotated.
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1.5 Aperiodic Order

1.5.1 Fibonacci Sequence

The diffraction patterns obtained prove that quasicrystals are highly ordered,
yet their forbidden symmetries mean that they cannot possess periodic order.
Therefore, they must possess aperiodic order. A simple example of aperiodic
order is a 1 dimensional number sequence, called the Fibonacci sequence.
It is named after the great mathematician Leonardo de Pisano Fibonacci
(=~1170-1250), also famous for introducing decimal numbers to Europe in his
book Liber Abaci. It is given by the rule 'the next term is given by the sum
of the previcus two terms’, resulting in following sequence:

0 T LN ==

N
=

Another way of viewing this sequence is to use the terms L and S. If
the same Fibonacci sequence is applied with the additional rules L—LS and
S—L, the result is:

S
L
LS
LSL
LSLLS
LSLLSLSL
LSLLSLSLLSLLS

The reason for this alternative form is that, by assigning the meanings L
= long and S = short, this kind of Fibonacci sequence can be seen in qua-
sicrystals as patterns of inter-planar spacings. The sequence follows a rigid
set of rules and yet extends to infinity without ever repeating. However, any
part of any term can be found in another term, an infinite number of times.
This repetitive quality is also seen in the structural motifs of quasicrystals.
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Chapter 2

Quasicrystal Structure

The first thermodynamically stable quasicrystal to be found was in the Al-
Li-Cu system [13]. Many more stable quasicrystals were found, such as Al-
Cu-Fe [14] and Al-Pd-Mn [15]. Although most of the research focused on
aluminium based systems, quasicrystals are not limited to them. As the
field grew, more systems were found to have quasicrystal phases, such as
the Cd-Mg-RE [16] families (RE=any rare earth element) or Zn-Mg-Dy [17].
Other examples include titanium based quasicrystals such as Ti-Zr-Ni [18],
and vanadium based such as V-Ni-Si [19]. As well as the initial 5-fold icosa-
hedral phase, quasicrystals with 8-fold [19], 10-fold [20], and 12-fold [21] rota-
tional symmetries were also discovered. Until recently, all stable quasicrystals
were found in ternary systems (3 elements), with most binary systems being
metastable. However, thermodynamically stable binary quasicrystals, such
as icosahedral Cd-Ca and Cd-Yb, have now been found [22].
Quasicrystals can be grouped into the following categories:

2.1 3-D (Icosahedral) Quasicrystals

These have icosahedral symmetry and are truly aperiodic in all directions.
The first quasicrystals discovered by Shechtman belong to this class. Other
examples include the icosahedral phase of Al-Mn-Si [23], Al-Cu-Fe [24], and
Al-Pd-Mn [15]. The latter was the first type to be grown to cm? size sin-
gle quasicrystals, by conventional solidification. It is described as a typical
F-type quasicrystal, whose structure can be described in terms of a face-
centered six-dimensional hypercubic lattice [25], or equivalently as a 3-d Pen-
rose tiling. The first suggestion for the structure, given by Shechtman [3],
was the icosahedral glass model (see Section 1.4, page 11 for explanation).
It consisted of icosahedral grains of limited size, surrounded by fcc bound-
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only greater for a quasicrystal structure when the ratio of diameters is within
a narrow range. In the 3 calculations, only at a ratio of 0.798 does the qua-
sicrystal packing fraction exceed that of a crystal; therefore at this ratio a
quasicrystal structure is thermodynamically stable. Ternary quasicrystals
are more complicated, as there are three diameters to consider, and each
combination will give a unique packing fraction.

Table 2.1: Quasicrystal Packing fraction. Data taken from [33].

Ratio of Maximum Packing Fraction
Diameters | Quasicrystal Crystal Disordered
0.888 0.580 0.683 0.572
0.833 0.618 0.658 0.502
0.798 0.648 0.643 0.462

2.2  2-D Quasicrystals

2-D Quasicrystals are periodic stacks of aperiodic layers, hence they are pe-
riodic in one direction and aperiodic in the other two. By altering the com-
position of the melt, intermediate phases, in between perfect icosahedral and
classical crystal, can be observed upon solidification. For example, by in-
creasing the proportion of Mn in Al-Mn to 18-22 at.%, the icosahedral phase
is replaced by another non-crystallographic phase, the decagonal phase [20].
Layers of aperiodic 10-fold rotational symmetry, are stacked periodically on
top of each other. It can be described as a 3-dimensional extension of a 2-D
Penrose tiling. It has long-range orientational order, and one dimensional
translational symmetry. Other decagonal quasicrystals include d-Al-Ni-Co,
and d-Al-Cu-Co. Further types of 2-d quasicrystals are also possible, e.g.
octagonal with 8-fold symmetry [34], and dodecagonal with 12-fold [21].

There are various structural models proposed for 2-D quasicrystals. In
the Penrose tiling model, the atoms are arranged in clusters analogous to
rhombic Penrose tiles. The required matching rules are provided by interac-
tions between clusters. More recently, a different model was proposed, using
a single repeating unit, the ’quasi-unit cell’. Fig. 2.5 shows the model for
decagonal AlzNigCog [35]. The unit cell is a decagonal tile. Rather than
using two unit cells with matching rules to force aperiodicity, the quasi-unit
cell can overlap in 2 ways, which still enforces an aperiodic Penrose tiling.
Fig. 2.6 illustrates this, and shows how by decorating the tiles we still obtain
a Penrose tiling.
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2.4 Approximants

Approximants are complex metallic alloys with large unit cells, having struc-
tures similar to the quasicrystalline phases, but arranged periodically. They
can have similar properties to the quasicrystal, such as physical character-
istics, structural motifs, valence electron conecentration per atom and com-
parable lattice parameters (where comparison to 2-D or 1-D quasicrystals is
possible). The Al-Cr-Fe phases are looked at in more detail in Section 2.5.

2.5 AlCrFe Literature review

2.5.1 AlCrFe

Chapters 4, 5 and 6 are investigations of the decagonal quasicrystal approxi-
mant Aly(Cr, Fe), which is a periodic complex metallic alloy (CMA). CMAs
typically have large unit cells, well-defined atomic clusters, and some inherent
disorder in their ideal structure. It is thought that the cluster sub-structure
may give rise to interesting physical properties resulting from the competi-
tion between the different length-scales of the clusters and the unit cell [39].
There have not been many surface science studies done on periodic CMAs,
as most of the work has focused on quasicrystals [40]. £ ' -Al-Pd-Mn (0 1 0)
is the most researched CMA, where the main interest has been comparison
with the 5-fold icosahedral i-Al-Pd-Mn. In this this AlCrFe is studied as a
model system to understand the structure and properties of a CMA, from a
surface science perspective.

Until recently, very little research has been done into the Al rich corner of
the Al-Cr-Fe ternary system. Some investigations, done before the discovery
of quasicrystals, found that iron could be dissolved in the Al-Cr system, by
replacing up to 25 at.% Cr with Fe in AlCrq [41], and up to 7.7% in aluminium
rich Al};Crs [42]. Similarly, chromium could be dissolved in the Al-Fe system,
up to 2.2% in AlsFe [42], replacing Fe with Cr. In all cases, there were no
ternary intermetallic phases observed. By definition, an alloy is only classed
as a new intermetallic phase when the new structure is different from its
constituents. This means that the structure of the Al-Cr-Fe produced was
identical to the original binary phase before dissolving the third element.
In 1996, there was an attempt to establish a phase diagram for the Al-Cr-
Fe system ( [43]), based on dissolving the 3rd element at 1000°C for 100h,
and quenching in ice brine. The phases determined are presented in Fig.
2.8. Despite finding higher solubility ranges (75 at.% Fe can replace Cr in
AlgCrs, and 6.4 at.% Cr can dissolve into AlgFe) there were still no new
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phases, including hexagonal, monoclinic and orthorhombic systems, which
ave found split into further intermetallic phases with different lattice param-
eters (see caption). Most of these phases are metastable. Quasicrystalline
icosahedral ¢-Al-Cr-Fe exists in a large part of this region, as well as the
decagonal phase d-Al-Cr-Fe. Many of the phases close to the composition of
these are approximants of the of the quasicrystalline phases. An extensive
list of many of the Al-Cr-Fe phases are given in Table 2.2 and 2.3, indicating
the many possibilities, which are too numerous to describe individually in
detail.
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Table 2.2: Al-Cr-Fe Phases, part 1

Phase Structure Lattice pa- | References .
rameters
6-Al;(Cr,Fe) | monoclinic a=252A, | Zoller. Arch. Ang. Wiss.
b =76 A, | U. Techn. 26 (1960)
c =109 A,
g =128°
7)- orthorhombic | a =12.4 A, | Pratt et al J. Inst. Metals
Aly; (Cr,Fe), b=234.6 A, | 80 (1951)
(e) c=20.2A
1~Aly(Cr,Fe) | hexagonal a=21.6A, | Palm. J. All. Comp. 252
c=16.4 A | (1997)
H-AICrFe (v) | hexagonal a=40.7 A, | Sui et al Phil. Mag. Lett.
¢ =124 A | 79 (1999), Mo et al Mat.
Sci. Eng. 294-296 (2000)
O-AlCrFe orthorhombic | a=12.3 A, | Sui et al Phil. Mag Lett.
b=124A, | 71 (1995), Sui et al Acta
¢ =30.7 A | Cryst. B53 (1997)
e-Aly(Cr,Fe) | orthorhombic | a=12.3 A, | Deng et al J.
b =124 A, | Phys.:Condens. Mait-
¢ =30.7 A | ter. 16 (2004)
"- hexagonal a =129 A, | Palm. J. All. Comp. 252,
Alg(Cr,Fe), b =15.6 A | (1997)
M- cubic a = 9.123 | Demange ef af Phil. Mag.
Alg(Cr,Fe), A 85 (2005)
“Yo- rhombohedral | a= 9.051A, | Palm. J. All. Comp. 252
AIB(CI,FG)5 ﬁ = 80.16° (1997)
A monoclinic a=155A, | Palm. J. All. Comp. 252
Aly3(Cr,Fe)s b =280A4A, | (1997)
c=124 A
M-AlCrFe monoclinic a=233.1A, | Liao et ol Phil. Mag. A.
b=12.3A, | 1998 78
c=24.84A,
g =112°
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Table 2.3: Al-Cr-Fe Phases, part 2

Phase

Structure

Lattice pa-
rameters

References .

04-Al-Cr-Fe

orthorhombic

a=2325A4A,
b=12.2A4,
c=236A

Demange et al Mat. Sci.
Eng. 294-296 (2000)

C3)[—A1—CI‘—F8

orthorhombic

a= 32.7 A,
b=125A,
c=12384A

Demange et al Mat. Sci.
Eng. 294-296 (2000)

04-Al-Cr-Fe

orthorhombic

a=232.5A,
b=12.24,
c=236A

Demange et al Appl
Surf. Sci. 173 (2001)

0O 4-Al-Cr-Fe

orthorhombic

a=454A,
b=1244,
c=147 A

Demange et al Phil. Mag,.
86 (2006}

Op-Al-Cr-Fe

orthorhombic

a="705A,
b=124A4A,
c=147A

Demange ef ol Phil. Mag.
86 (2006)

Og-Al-Cr-Fe

orthorhombic

a=125A4,
b=124A4,
c=1434A

Demange et al J. Mat.
Res. 19 (2004)

0 p-Al—Cr-Fe

orthorhombic

a="T7A,
b=124A,
c=237A

Demange et al J. Mat.
Res. 19 (2004)

B-AlCrFe

cubic

= 1824

Demange et al. J. Mat.

Res. 19 (2004)

Og—Al- Cr-Fe

orthorhombic

Demange et al To be pub-
lished

My

monoclinic

Demange et al To be pub-
lished

monoclinic

Demange et al To be pub-
lished
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Chapter 3

Surface Science Techniques

3.1 Quasicrystal Surface Preparation

The growth of high quality centimetre sized quasicrystals, such as icosahedral
+-Al-Pd-Mn and decagonal d-AlCuCo [62], enabled the possibility of surface
studies on them. As growing techniques were perfected many more large
volume quasicrystal samples followed , Fig. 3.1. They could be cut to reveal
any chosen plane, particularly planes of rotational symmetry. This provided
a way to investigate whether bulk terminations had the same quasicrystalline
nature as the bulk structure. This was proved to be true as many quasicrys-
talline surfaces were imaged. Initial research results indicate that the bulk
termination of many of these alloys are effectively perfect, two-dimensional
slices through the bulk structure [10,40].

Surface science is particularly useful in studying quasicrystals. Tech-
niques for studying bulk structure, such as x-ray diffraction, reveal crystal-
lographic information in reciprocal space. Most of the mathematical tech-
niques, developed for extracting real space structural information, only work
for periodic materials. A higher dimensional crystallographic methodology
has now been developed, where periodicity is recovered in 6-dimensional
space, to permit some modelling and comparison to data. However, some
information for aperiodic materials is irretrievably lost in the reciprocal space
approach. Surface science offers a more direct solution, with one of its most
powerful tools, the scanning tunnelling microscope (STM), allowing qua-
sicrystals to be studied in real space for the first time.

The first problem is how to image the surface. The cluster nature of
quasicrystals, means that the bulk termination is very rough. Although
the clusters can be imaged on STM [32], it is too rough to achieve atomic
resolution. To achieve a flat surface which resembles the chosen symmetry
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have lower coordination, and can therefore escape the lattice with less energy.
This allows the ‘melted’ surface to reorder, but the bulk retains its quasicrys-
tal structure. When the quasicrystal is cooled the surface then follows the
pattern of the underlying bulk plane. The process of sputter/annealing is re-
peated several times to achieve a perfect quasicrystalline surface. The actual
anneal temperature and duration is specific to each sample.

The correct preparation conditions are crucial to ensure that the surface is
still quasicrystalline. The main difficulty is that most quasicrystals are made
of three different elements. Lighter elements sputter preferentially due to the
mechanics of energy and momentum transter from the fixed mass projectile,
changing the surface composition [63]. If the surface composition is different
from the bulk it can restructure to a different phase. With Al-Pd-Mn, for
example, Al sputters preferentially, followed by Mn, then Pd, as they have
relative atomic masses of 27, 55, 106 respectively. Different elemental vapour
pressures causes atoms to evaporate away at different rates during annealing.
Using the Al-Pd-Mn example again, at 370°K the Mn concentration decreases
due to thermal desorption; at 620°K Al concentration decreases due to ther-
mal desorption; at 670°K Mn concentration increases due to diffusion from
bulk; at 820°K Al concentration increases due to diffusion from bulk, and/or
Pd concentration decreases due to thermal desorption. Above 860°K a cubic
Al-Pd alloy is formed. Initially the surface appearance is shiny and metallic
after cleaving. It becomes matt after annealing, due to interference effects
as surface terraces grow to sizes comparable with visible light. If the cubic
phase is formed it becomes shiny and metallic again.

The combined effect means that the preparation process itself can actually
destroy the quasicrystalline nature of the surface, as the surface elemental
composition varies from the bulk composition. However, under the right
conditions, the different loss rates coincide, and a true quasicrystalline surface
can be made, with the same composition as the bulk. The ratio of these
elements can be checked using techniques such as Auger electron spectroscopy
(AES), which reveals elemental surface composition.
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scattered electrons pass through the grids and are accelerated towards the
screen. The data can be used in two ways. Firstly, it gives immediate infor-
mation in reciprocal space about the surface order, specifically the surface
symmetry and periodicities, and the quality of the surface {the sharpness of
the spots indicates how well ordered the system is). The second application is
quantitative structure determination, by measuring the diffraction intensities
as a function of the incidence electron energy, and comparing them to multi-
ple scattering calculations for a model system. The model is revised, mostly
using educated guesses, until good agreement is achieved. This latter appli-
cation is less relevant to quasicrystals, because many of the mathematical
techniques developed are for periodic materials. Although, there have been
a number of attempts at LEED structural solutions for quasicrystals [64,65].

3.3 STM

The Scanning Tunnelling Microscope was invented by Binnig and Rohrer
at IBM in 1982. The significance of this invention was so great that they
received the Nobel prize for it in 1986, and it has now become the most impor-
tant tool in surface science and nanoscience. Whereas LEED only allowed a
reciprocal space view of a crystal, the STM allowed a way ‘to see’ the atomic
surface in real space. Its principle of operation is based on quantum me-
chanical tunnelling of electrons between the sample and an atomically sharp
tip. Whereas classically electrons should not conduct across a vacuum, quan-
tum mechanics allows them to tunnel across short distances (=1nm) when
a voltage is applied. The tunnelling current (j) drops exponentially as the
separation increases:

j= Aexp(—¢d) (3.1)

Where is barrier height, A is constant, d is separation.

A small change of 1A can change the current by a factor of 10, allowing
atomic resolution in the z-axis. An atomically sharp tip is moved in the
x-y plane using piezoelectric crystals. These crystals have the ability to
generate mechanical stress, and therefore expand, when a voltage is applied.
The length of the crystal only changes by a small amount, which can be
precisely controlled with the voltage. This allows the tip to be moved about
in controlled steps smaller than atomic separations. An x-y raster is used
to finely control the movement of the tip across the sample. The STM can
be used in two modes. Constant current mode is the most commonly used,
and gives the best resolution. A feedback loop is used to keep the current
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distance, so the surface topography cannot be determined.

If the surface is prepared correctly, STM can achieve atomic resolution,
giving a real space image of the surface. However, what is imaged is not
actually atoms, but the joint Density Of States (D.0.S.) of the sample and
the tip. Depending on the direction of the bias (voltage between tip and
sample) the current flows in two ways. When the sample is positive relative
to the tip, the current is proportional to the number of electrons leaving
the tip and being accepted into available energy states nearby in the sample
lattice; when negative, it is proportional to the density of electrons at a lattice
position close enough to tunnel to the tip. Both methods can give different
images, due to the difference in the joint D.O.S. between tip and sample at
each bias.

The locations where a high D.O.S. is found, seen as the bright spots in an
STM image, usually infer the position of each atom. This is because normally
the regions of highest D.0.S. are found close to the atomic nuclei. Interaction
between atoms can lead to overlapping wavefunctions which invalidate this
assumption. A high D.0O.S. can exist in-between atoms, giving rogue posi-
tions. Gaps in the D.0O.S. can also exist, for example only every second atom
can be seen on the surface of highly ordered pyrolytic graphite. Multi-atom
samples, such as quasicrystals can be even more complex to interpret. As
well ag unknown overlapping effects, the change in D.O.S. between types of
atoms means a direct height comparison is difficult. Despite the difficulties,
the technique has proved to be the most effective way to obtain real space
images of quasicrystal surfaces.

3.4 XPS

X-ray Photoelectron Spectroscopy (XPS) involves the energy analysis of elec-
trons emitted from a surface after it has been bombarded with X-ray photons.
If an electron is bound to a shell with energy Epg, the incident photon has
sufficient energy hv to ionize the electronic shell if Av is greater than Ex. An
electron is then ejected with kinetic energy Ex. By conservation of energy
this follows Equation 3.2, neglecting the recoil of the atom.

Ex = hv— Eg (3.2)

By using monochromatic incident radiation of known energy, and mea-
suring Ex with an electron energy analyser, the binding energy can be de-
termined. By scanning across the energy range, several peaks can be found.
Figure 5.6 is a good example of of broad range survey scan. Element(s) near
the sample surface can then be identified by comparing the levels observed to
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The width of a photoelectron peak will depend upon the intrinsic width
of the level from which the photoelectron is ejected, the width of the incident
radiation, and the window of the analyser. The width of incident radiation
is the primary factor in our equipment, which has a resolution of 0.8-1.0eV.

The simplest way to compare peaks is to measure the peak heights, from
the highest point to the background level. This method is useful for moni-
toring changes to a clearly defined peak, which is not convoluted with any
other peak. For example, the most prominent oxygen peak is the O 1s peak
between 530-533eV. By monitoring the height of this peak, and a main peak
from an element in the sample, the amount of oxygen contamination can be
gauged by their ratio.

When peaks are convoluted, a more detailed analysis is required to sep-
arate them. For example, the main peak in Aly(Cr,Fe) is Al 2p peak at
~73eV. The Al 2p 3/2 and Al 2p 1/2 peaks are already convoluted and in-
distinguishable at the resolution of the equipment (Fig. 5.7 a). As oxidation
proceeds, electrons are transfered from the Al atoms to form the bonds with
oxygen atoms, leaving AI* ions. This changes the potential for the remaining
electrons, changing the binding energy of the electron energy levels. This is
seen as a peak shift in the XPS data, with the Al 2p peak from the oxidised
aluminium now seen at ~75eV (Fig. 5.7 ¢). Although seperated by ~2eV,
the width of the peaks, seen at the resolution limit of our equipment, means
that they still overlap. Therefore, to measure subtle changes in oxidation
rates, the peaks are separated by modelling their shapes, and refining the
model until a good fit to the data is reached. This was done with the aid
of XPS analysis software called CasaXPS®© [66]. The area of each peak can
then be calculated, which gives a more accurate determination of the count
rate from each peak, than just measuring peak heights.

The choice of lineshape to fit a peak depends on several factors. For
all peaks, the intrinsic life-time broadening of the core level hole state pro-
duces a lineshape assumed to be Lorentzian in nature. However, the peaks in
recorded spectra have lineshapes which deviate from this due to several in-
strumental and physical effects, producing Gaussian and asymmetric effects
on the observed peak shape.

The standard procedure is to use a Shirley background [67] algorithm
to remove the assymmetry of the peak, and therefore removing the extrin-
sic electrons from the data. A non-metal peak can then be fitted with a
Gaussian-Lorentzian product function GL(p) or a Summed Gausian Lorentzian
function SGL(p) (where p is the Lorentzian proportion, from 0 to 100). The
proportion of each is component is altered accordingly, ranging from pure
Gaussian, SGL(0) to pure Lorentzian, SGL(100).

A metal peak has a significant additional assymetric component, due the
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large amount of valence/conduction electrons, from which ejected photoelec-
trons scatter inelastically. These lower energy electrons are visible on the
spectra as an exponentially decreasing tail on the higher binding energy side
of the peak. A Doniach Sunjic Lineshape (DS) [68] is used to account for
this. In CasaXPS© the DS(a,n) line shape is controlled with parameters
a, the asymmetry parameter, and n, the convolution width. In practise, the
best fit for metal peaks is a product of SGL and DS functions. See [69] for a
detailed explanation of Casa XPS peak shapes and formulas.

The exact choice of lineshape for each peak can vary depending on several
factors, such as background position. In metals, the amount of assymmetry
taken out by the Shirley background compared to the DS lineshape can have
a large effect on the measured peak area. Obtaining a best fit is not as
important as producing quantification results that are meaningful for the
particular situation. To compare with historical results, parameters such as
FWHM may be set to be consistent with previous values. However, if the
results are a sequence of experiments from which a trend is monitored, then
a lineshape is chosen to best fit the whole data set.

3.5 Auger electron spectroscopy

The Auger effect was discovered in 1925 by Pierre Victor Auger. The sample
surface is bombarded with low energy electrons, as with LEED, or x-rays.
When an electron is knocked out from a core level of an atom, leaving a va~
cancy, an electron from a higher energy level falls into the vacancy, releasing a
photon with an amount of energy specific to that element. Although released
as a photon, the energy can also be transferred to another electron, which is
ejected from the atom. The energy of this Auger electron is compared with
known values of transitions between energy levels, to identify each element.
The spectra of Auger electrons allows the proportions of each element to be
calculated, enabling surface composition to be determined. Auger was used
throughout the experiments as a tool to check for surface contamination,
such as oxygen or carbon. However, XPPS was used for any detailed analysis
of a sample surface, as it has much greater sensitivity.

3.6 MEIS

The basic principle of ion scattering spectroscopy is to direct a beam of ions,
of a known energy, towards a target material and to record the direction and
energy of ions which recoil from the surface. By using the laws of conservation
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Chapter 4

Surface study of the (1 0 0) and
(0 1 0) faces of the decagonal

quasicrystal approximant
Aly(Cr, Fe)

4.1 Introduction

The decagonal quasicrystal approximant Aly(Cr, Fe) is a periodic complex
metallic alloy (CMA). CMAs typically have large unit cells, well-defined
atomic clusters, and some inherent disorder in their ideal structure. Tt is
thought that the cluster sub-structure may give rise to interesting physical
properties resulting from the competition between the different length-scales
of the clusters and the unit cell [39]. There have not been many surface
science studies done on periodic CMA'’s, as most of the work has focused on
quasicrystals [40]. ¢-Al-Pd-Mn (0 1 0) is the most researched CMA, where
the main interest has been comparison with the 5-fold icosahedral i-Al-Pd-
Mn.

A structural model for orthorhombic Aly(Cr,Fe) was proposed [47,48] by
comparing high resolution electron microscopy images with the well-known
structure of p-AlyMn [72]. It has since been the subject of an x-ray diffraction
study by Deng et al. [46], as discussed in more detail in Section 2.5.2. The
structure of the unit cell showing the (1 0 0), (0 0 1) and (0 1 0) facets
is shown in Fig. 2.12. This model was refined using the x-ray diffraction
data [46]. The unit cell dimensions are a=12.5006 nm, b=12.6172 nm and
¢=30.6518 nm.

Two samples, large enough for surface science experiments, were pro-
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vided by Brigitta Bauer and Peter Gille, of the department fiir Geo- und
Umweltwissen-schaften, Sektion Kristallographie, Ludwig-Maximilians Uni-
versitét Miinchen. They were cut to reveal the 6-fold face (1 0 0), and the
10-fold face (0 1 0). The work published by Deng et al. [46] on the bulk
structure had shown that, if the faces had bulk terminations as many qua-
sicrystals do, the (1 0 0) face would have a pseudo 6-fold surface structure,
and the (0 1 0) face would be pseudo 10-fold (see the FFTs of corresponding
unit cell faces, Section 2.5.2, Fig. 2.15). The (0 1 0) face seemed particularly
exciting as it could potentially show some interesting 10-fold surface struc-
tures using STM. The main aim of these experiments was to determine the
preparation conditions required to achieve atomically flat surfaces, essential
for UHV STM study, and to link the structure of the (1 0 0) and (0 1 0) faces
to the structural model determined by x-ray diffraction {46]. However, these
surfaces proved difficult to prepare for STM.

4.2 Experimental methods

The Aly(Cr,Fe) single crystals were grown by the Czochralski technique from
Al-rich off-stoichiometric melts (Alg;CrrFeg to AlggCryFey) at about 1050
°C. To minimize melt surface oxidation the growth chamber was fully metal-
sealed and filled with Ar at ambient pressure. Use was made of native seeds
prepared from previous Czochralski experiments. The temperature of the
melt is progressively decreased to maintain near-equilibrium growth condi-
tions. The pulling rates were as low as 0.05 to 0.25 mm/h for kinetic and
mass transport reasons. Precisely oriented slices were cut from the grown
single crystals using a wire saw.

Two samples, with (1 0 0) and (0 1 0) faces, were then provided for UHV
preparation. They were polished with 6 pm, 1 pm and 0.25 pm diamond
paste to obtain a mirror-like surface, then cleaned in an ultra~sonic bath,
before inserting into the UHV chamber. The typical base pressure of the
system was 2x 101 mbar, The samples were then sputtered and annealed
under UHV. Several different preparation cycles were tried, in an effort to
achieve atomic resolution with STM. LEED was used to determine the surface
order.

4.3 Results and discussion

The samples proved to be very difficult to prepare. The {1 0 0) surface
did eventually yield some STM data, after an extremely long set of sputter-
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4.3.2 Al (Cr,Fe)(0 1 0)

Several different preparation procedures were attempted for this surface. Fol-
lowing the most successful (1 0 0) experiments, the starting point was 8 cycles
of 500 eV Ar ion sputtering followed by 5 hours annealing at 650 °C. This
did not yield any successful STM results, but did give some unusual LEED
patterns. The spots moved in opposite directions when the beam energy was
changed, evidence of microfaceting. After several attempts on the variable
temperature scanning tunnelling microscope (VT-STM), which had many
other experiments running successfully, this experiment was moved onto our
second chamber, the RT-STM (room temperure), for further study. This
was upgraded with a Nanonis electronic control system which, as part of
the procedure to help get resolution, had a line scan monitor which could
compensate for the tilt of the surface. When scanning was done on a small
area, of about 20 nm x 20 nm, the tilt required was in the range of 40-50°.
These narrow steep planes were further evidence of microfaceting, although
no atomic resolution or cluster resolution was achieved.

Similar results were found in the annealing temperature range of 460-
700°C. However, there was a change seen when the temperature was lowered
to 450°C; the spots on the LEED pattern stopped moving in opposite di-
rections, suggesting microfaceting ceased. Well defined LEED patterns with
sharp spots could now be seen, Fig. 4.5. The pseudo-decagonal symmetry
is clearly manifested in the ten-fold rings observable in the figure, and the
large unit cell is evidenced by the dense two-fold mesh. The reciprocal space
vectors for these features on the LEED patterns match the real space dimen-
sions of the corresponding features on the model from the x-ray structure
solution [46].

Despite many repeated cycles no surface preparation procedure that was
tried resulted in a step/terrace morphology suitable for study by STM. The
microfaceted surfaces were too rough in the 460-700°C annealing temperature
range. Even though there was no microfaceting in the 350-450°C temperature
range, it proved to be too cool to produce a surface flat enough for STM.

4.4 Conclusions

A surface flat enough for atomic resolution was not achieved for either sam-
ple, even during experimental runs where atomic resolution was achieved on
other quasicrystals. Some successful STM results, showing cluster resolution,
were achieved on the (1 0 0) face. Even though STM was not very successful,
the LEED results reveal that both surfaces were highly ordered; the diffrac-
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The (1 0 0) surface of the orthorhombic phase of Aly(Cr,Fe) has been
studied using LEED and STM. A suitable surface preparation was found to
be with repeated cycles (=8) of Ar™ ion sputtering (45 minutes at 500eV)
and annealing (5 hours at 650°C). This yields a high quality surface, with
terraces large enough for STM study. This has revealed a cluster based
structure, with two rings of atoms per unit cell being visible on the STM
data. The most likely location of these has been identified on the model. The
close match suggests the surface structure is very close to a bulk structure
termination. At lower resolution the rings appear as spots. The unit cell has
two terminations at the surface, which appear to be equally favoured. The
step height is roughly half the unit cell height, 5.8 &+ 0.2 A from the STM
data. LEED and STM results are consistent with the model proposed by
Deng et al. [46].

Although the preparation of the {0 1 0) surface did not result in a surface
suitable for STM, high-quality diffraction patterns were obtained when an-
nealed to 450°C. The well defined LEED patterns indicate good long range
order. Both the pseudo decagonal symmetry and the two fold structure of
the unit cell are seen in the LEED patterns, and the dimensions match struc-
tural features of the model. This suggests that, although direct STM evidence
could not be seen, the surface structure bears a very close resemblance to a
bulk termination of the unit cell. Annealing to higher temperatures, from
460-700°C, produced rough surfaces with evidence of microfacetting observed
in the LEED patterns and the STM calibration attempts.
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Chapter 5

STM and XPS investigation of
the Oxidation of the (1 0 0)

surface of Al;(Cr, Fe)
quasicrystal approximant

5.1 Introduction

Quasicrystals and approximants possess useful properties such as low fric-
tion, low adhesion, high hardness and good corrosion resistance (see [73] and
references therein). These properties are surface and interface phenomena.
The reasons for properties such as low friction are not well understood. Many
detailed STM images of their clean surfaces have been published, showing
their unusual symmetries and aperiodic order. However, application in the
real world rarely involves direct contact with this idealized surface as surface
oxidation occurs. It is this oxide film which interacts with other surfaces,
and hence dominates friction, adhesion and wear. Previous XPS studies on
similar samples, such as Al-Cr-Fe, Al-Cu-Fe, Al-Cu-Fe-Cr, and Al-Pd-Mn
(see [74] and references therein), have shown that oxidation results in a pas-
sivating layer of pure, or nearly pure, aluminium oxide. The aim of this work
is to characterise the initial oxidation of the (1 0 0) surface of Aly(Cr, Fe)
quasicrystal approximant, using STM to see the structural changes, and XPS
to see the chemical changes to each element.
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5.2 Experimental methods

The sample used for this experiment was the pseudo-6-fold (1 0 0) surface
of the orthorhombic Aly(Cr,Fe) approximant to the decagonal Al-Cr-Fe qua-
sicrystal. This CMA has a large unit cell, 306.4 atoms/unit cell, and bulk
composition Alyg7CrisaFese. It is discussed in more detail in Section 2.5.2.
Sample production was also discussed in Section 4.2. It was prepared for
UHV by polishing with diamond paste and cleaning in an ultrasonic bath.
New UHV preparation cycles were then attempted, in an effort to shorten
the previous 40 hour preparation cycle. Eventually, the UHV cleaning was
reduced to just 2 hours sputtering and 8 hours annealing at 650 °C. The main
difference from before was that each consecutive cycle was reduced in length.
The full procedure began with a 1.5 hour 2.5 KeV sputter and 4 hour an-
neal, then a 30 minute sputter and 2 hour anneal, followed by a lower energy
1 KeV sputter for 20 minutes and a 2 hour anneal. The logic behind this
method was that the shorter sputter cycles would be just enough to remove
any contaminants built up during annealing, but remove much less material
from the surface. This keeps more of the benefit from one anneal cycle to
the next, allowing large flat terraces to form much quicker upon the next
annealing cycle. Thus an STM ready clean surface was prepared in about 10
hours.

During the experimenting with preparation cycles it was also found that
a couple of short high temperature cycles, involving a 15 minute 3 KeV
sputter and a 720°C flash anneal, could produce a high quality surface with
an excellent LEED pattern. Cluster resolution was occasionally achieved with
STM, but the resolution was quickly lost and replaced with noise. The surface
was very rough, and the terraces too small for good STM imaging. Overall,
despite producing a highly ordered surface, it was not suitable for this STM
experiment, which required consistent STM data for the duration of the
whole oxidation period. Annealing for longer times at this high temperature
destroyed the surface order.

The clean surface was imaged using an Omicron RT-STM1 with Matrix
control software, and determined to be clean and oxygen free using XPS
with Dual anode Al K, source, and a resolution of 0.8-1.0eV. For all results,
the XPS was set to the following parameters: HV = 10KV, 12.4mA, ipy
= 2.53A, Emis = 10mA, multiplier = 1.68. When the STM was producing
consistent good quality images, oxidation commenced. High purity Oxygen
was admitted to the chamber, with the rate being adjusted to maintain a
dynamic equilibrium pressure, initially of 3.5 x 10 %mbar, later increased to
1.3 x 10~® mbar. A mass spectrometer was used to check the purity of the
gas. Thus oxygen was continually dosed while scanning with the STM. The

69



STM images were time logged, allowing the oxygen dose to be calculated for
each. This dose is measured in units of Langmuir, found by multiplying the
pressure of the gas by the time of exposure (Equation 5.1). Thus, at constant
temperature it is proportional to the total oxygen flux hitting the surface.

1Langmuir = 15107 5T orr forlsecond = 1210 8torr for100seconds (6.1)

XPS data could not be taken simultaneously with STM data, so the
sample was moved to the adjacent chamber and the experiment repeated
as closely as possible. The oxidised sample was cleaned by sputtering and
annealing, until a clean surface was determined with XPS, by taking survey
scans until no contaminents like carbon or oxygen were seen. XPS parameters
were set to a pass energy of 50eV, dwell time of 0.3s and a step size of 1eV for
the survey scans. The energy range for each scan was then chosen to focus on
the most prominent peak identified for each element. The XPS parameters
were then changed to produce more detail, using a pass energy of 10eV, dwell
time of 0.2s and a step size of 0.05¢V. Oxidation was then repeated in stages,
measuring the pressure and duration to calculate each oxygen dose. After
each oxygen exposure the chamber was pumped down to avoid damaging the
anode while XPS data was taken.

XPS scans were taken at several intervals in the 0 to 30 Langmuir oxi-
dation range. As only minimal changes were seen after these small increases
in oxygen dose, only the 0 and 30 Langmuir data sets are presented, cor-
responding to the initial and final stages shown in the STM results. The
sample was later exposed to air at 1072 mbar, for =~ 30 minutes. This is a
significantly higher oxidation level, equivalent to = 10° Langmuir. XPS data
was then taken to see how this much higher dose affects the oxidation.
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type and shape to use for the fitting of this data was altered and refined over
the course of several different experiments, on two different machines. Only
then was a formula found that would fit all data, where only the FWHM had
to be altered in order to fit data from different machines. The main factor
influencing the peak shape for metals is due to the conduction electrons in a
metal. Core electrons emitted at the energy of the main peak lose energy as
they pass through the material, caused by interaction with the free electrons
in the conduction band, to which energy can be dissipated in a non-quantised
manner. This results in a decreasing exponential tail visible on the higher
binding energy side of the peak. A Doniac-Sunjic (DS) line shape is used
to account for this. However, this shape is altered by the Gaussian and
Lorentzian components introduced by the equipment. To account for this,
the DS line shape formula is multiplied by a summed Gaussian Lorentzian
(SGL) component.

The Al 2p peak was fitted using the Casa XPS line shape formula
DS(0.047,125)SGL(60). The position of the Al 2p peak found here is 72.5
eV, is very close to the literature value for the pure metal 72.7 eV. The 2p; s
and 2ps/; contributions are unresolved. Al shows a shoulder on the higher
binding energy side of 2p peak. The peak at 74.7eV, shifted by 2.2eV, which
grows as oxidation proceeds, is identified as an aluminium oxide. Oxides
are normally found on the higher B.E. side of the main peak when oxidising
pure aluminium. Typical values are 73.7-74.1 €V for various forms of Al
O3, and 74.2-74.3 for hydroxy-oxides (74, 76]. Larger peak shifts, of 2.6 [77]
to 2.8eV [78], are seen in the initial stages of oxidation of the the Al(1 1 1)
surface. The oxidised Al peak has a different shape to the metallic peak.
Aluminium oxide is not metallic and forms on the surface, so the electrons
emitted are not inelastically scattered to the same extent as in a metal.
Therefore it can be fitted by using only an SGL component. The Casa XPS
line shape formula is SGL(30). Although not clearly resolved here, a third
smaller peak is also present, convoluted with the two main peaks. It is lo-
cated around 74eV. This has previously been identified as a second oxide
peak, caused by Al ions located at the metal/oxide interface, on pure Al [79)],
and on AlCrFe [80]. However, the Cr 3s peak is also found at 74.4eV [81].
In this case the peak is a combination of both. As these cannot be resolved
individually, one peak is used to account for them both, with an SGL(30)
line shape.

The Cr 2pg; peak is fitted with the Casa XPS formula
DS(0.049,35)SGL(50). It is found at 573.7¢V, shifted down by 0.5eV from
the position found in the pure metal of 574.2eV [82]. Oxidised states show a
peak shift in the opposite direction, with Cr(III) found at 575.1-579.6eV, and
Cr(IV) found at 579.5eV. As a peak shift to a higher binding energy is due
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to the atom losing an electron upon oxidation, leaving it positively charged,
the shift to a lower binding energy indicates the opposite, that the Cr atoms
in the approximant are negatively charged. As oxidation proceeds, the peak
shapes and positions remain constant, and only the signal intensity reduces
in amplitude. This shows that Cr is not oxidised.

The TFe 2ps; peak is fitted with the Casa XPS formula
DS(0.07,100)SGL(91), and found at 706.7eV. A recently published result
gives the pure metallic F'e2pg/, peak as 706.6eV, Fe(II) as 708.2eV and Fe(III)
as 710.4eV [83]. This indicates that the Fe in this approximant is in the same
chemical state as in the pure metal. As with Cr, the peak shape and position
remain constant, with only the amplitude reducing upon oxidation. There-
fore Fe is not oxidised. As only Al is oxidised, the reduction of the Cr and
Fe peak amplitude can be attributed to the signal attenuation through the
aluminium oxide layer.

5.3.3 (iii) XPS Comparative Results

XPS scans within the range of the STM experiment, are compared in Fig.
5.8. The data from the 30 Langmuir oxygen exposed surface is overlayed onto
the clean surface data. The data sets are normalised at the position shown,
chosen to match the background levels on the lower binding energy side of
the peak. The other side of the peak cannot be used as this varies when
the peak amplitude changes, due to the metallic exponential tail described
in Section 5.3.2.

The Al 2p Peak has changed, although not considerably. The metallic
2p3s2 peak has reduced slightly, and a shoulder is growing on the higher
binding energy side of the peak. This is the first indication of the oxidised Al
2p peak. As it is so small, the exact shape and position cannot be determined
from this data alone. Both Cr and Fe overlay almost identically, with only a
slight reduction in amplitude, showing that neither element has been oxidised
at this exposure level.

The clean surface data is then compared to the heavily oxidised surface,
after exposure to air for = 10% Langmuir (Fig. 5.9). Even after this long
exposure, there is still no change in peak shape or position for Cr and Fe,
showing that neither element is oxidised. The amplitude of these peaks is now
significantly reduced, due to signal attenuation through a thicker aluminium
oxide layer than before. However, Al shows a significant change. Whereas
the Cr and Fe peaks are reduced to roughly half the original peak height,
the Al peak is reduced to about a quarter. Much of the surface Al is now
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in an oxidised state. The peak on the higher binding energy side is now
clearly distinguishable, and is approximately the same size as the metallic
Al 2p peak. The position of this Al oxide peak can now be located more
accurately. It is found to be 74.7eV.

5.4 Discussion

The improved 10 hour preparation cycle has been successful. The most likely
reason for this difference is the shorter sputter cycles towards the end. The
surface flattens out during annealing as the terraces grow, but, due to the high
anneal temperature, the trace elements in the vacuum react with the sample
after a couple of hours. The initial sputter cycles must be long because more
contaminants rise from the bulk to begin with, but the sputter duration can
be reduced after each cycle. A shorter sputter cycle removes less material
from the surface. By using the XPS to monitor changes, the duration can be
tailored so that only enough layers to remove the contaminants are sputtered
away. This was possible due to the high sensitivity of XPS, when compared
to our relatively insensitive Auger electron spectroscopy (AES) results. This
leaves a sputtered surface that has less structural damage from the Art
ions. Therefore, the terraces can reorder upon annealing much quicker than
a heavily sputtered surface. The high temperature flash anneal gives the
required activation energy to reorder the rough surface into terraces, and the
short time minimises the effect this higher temperature has on the ratio of
elements, due to the different vapour pressures of each constituent element.
However, annealing at 720°C for too long destroys the clean surface as the
higher temperature increases the reaction rate with the residual gas in the
chamber. The longer annealing times at 650°C allow time for the terraces
to grow and flatten out, while the lower temperature minimises selective
evaporation and oxidation.

By combining the XPS and STM results, a clearer picture can be ex-
tracted from the previous STM data 4.2. The surface model shown in Fig.
4.3, Section 4.3.1, shows the likely locations of the centre of clusters, visible
as rings on the clean surface STM data. The rings are not identical, as two
types of alternate rows are seen. One row has rings that are touching, the
other row has slightly smaller rings that are clearly separated. As the XPS
data has shown that only Al is oxidised, and it is these rings that are oxi-
dised, it seems likely that these are rings of Al. Therefore, the exact position
of the rings can be inferred. Fig. 5.10 shows the surface model with the rings
identified. The STM data has shown that the rows forming upon oxidation
are seperated by 3 nm. This means that only one of the two ring clusers form
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the visible rows. As they are already connected, it can be suggested that it
is the orange rings that become oxidised, forming rows of Al oxide across the
surface.

The formation of an aluminium oxide, favoured above chromium or iron
oxide, is consistent with what is expected from the enthalpies of formation, as
the energy released by forming aluminium oxide is significantly higher. The
published values, at room temperature, are ~-1675 KJ/mol for Al,Og, -1140
KJ/mol for CraOs, and -824.2 KJ/mol for FepOg [84]. This means that if any
isolated Fe or Cr atom were to oxidise, it would be energetically favourable
for the oxygen to then bond with the adjacent Al atom.

stm100cluster

5.5 Conclusion

The STM data indicates that the initial oxidation is highly ordered. Oxygen
preferentially adsorbs onto the surface of terraces, and step edges remain
intact. The STM images show ordered rows of atoms after oxidation. By
comparison of adjacent terraces, these rows reveal the inversion symmetry
expected from previous work [46,75]. The XPS data shows that only Al
is oxidized, with at least 2 oxidation states needed for fitting. The Cr and
Fe peaks remain unchanged. The oxidation of Al, rather than Cr or Fe, is
consistent with the enthalpies of formation for each oxide. Peak shapes and
positions have been identified for each constituent element. The rows visible
on the STM images are determined to be aluminium oxide from the XPS
data. The exact position of this peak does not match any published data
for a particular form of aluminium oxide, suggesting the oxide grown on this
approximant has a different structure to normal aluminium oxides, or is a
combination of several stoichiometries. By combining XPS and STM results,
the position of the cluster rings, visible on the clean surface STM data, can
now been inferred. New preparation cycles have also been identified. A
high quality surface, suitable for STM can be prepared in 10 hours, by using
sputter cycles with diminishing lengths. A very short cycle, where the sample
is flash-annealed to 720°C, produces a high quality surface with an excellent
LEED pattern, but not suitable for STM.
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Chapter 6

Oxide film thickness on the (1 0
0), (01 0) and (0 0 1) faces of
Aly(Cr, Fe) quasicrystal

approximant determined by
XPS

6.1 Introduction

As an extension to the XPS results in Chapter 5, an oxidation experiment was
performed on the same Aly(Cr, Fe) approximant, using XPS to compare the
oxidation rates of the 3 major surfaces, (1 0 0), (0 1 0) and (0 0 1), to see how
surface structure affects oxidation. Preliminary results had indicated that the
(0 0 1) surface had significantly higher oxidation resistance. Examination of
the structural model indicated that layers of high Cr density may be the
reason for this (discussed further in Section 6.2). This warrented further
investigation, as it offered the possibility of gaining the corrosion resistance
of a high Cr content material, without the cost of a high overall Cr content.

Aluminium is remarkable for its low density and ability to resist corro-
sion due to the phenomenon of passivation. Passivation is the spontaneous
formation of a hard non-reactive surface filim that inhibits further corrosion.
Metallic Al is very reactive with atmospheric oxygen, and a thin passivation
layer of aluminium oxide (4 nm thickness) forms in about 100 picoseconds
(at 1 ATM) on any exposed Al surface [85], effectively preventing further
oxidation. This corrosion resistance is also often greatly reduced when many
aqueous salts are present, particularly in the presence of dissimilar metals.
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Aluminium may be protected further by anodizing, an electrolytic process
used to increase the thickness of the natural oxide layer on the surface. The
alumina generated by anodising is typically amorphous.

Aluminium oxide, Al;Os, is polymorphic, but occurs naturally as corun-
dum (e-aluminium oxide). Its hardness makes it suitable for use as an abra-
sive and as a component in cutting tools. As a gemstone, sapphire, its hard-
ness is only exceeded by diamond, boron nitride and silicon carbide. It is
almost insoluble in water. Aluminium oxide is an electrical insulator but has
a relatively high thermal conductivity (40 Wm'K?®) for a ceramic material.
Alumina also exists in other phases, namely 7, x, v, ¢ and # aluminas [86].
Each has a unique crystal structure and properties.

A major factor explaining the high oxidation resistance of Al based ma-
terials is the mass density of the passivating layer. AlxO3 has a density of
3.95-4.1 gem ™2, 20% higher than the AlCrFe approximant, 3.43 gem™2, So
the dense Al,O3 film acts as a physical barrier to incoming oxygen atoms.
This can be quantised further by looking at the definition of a passivat-
ing layer. In 1923 Pilling and Bedworth [87] suggested that metals can be
classed into two categories: those which form protective oxides, and those
which cannot. They ascribed the protectiveness of the oxide to the volume
which the oxide takes in comparison to the volume of the metal which is used
to produce this oxide in a corrosion process in dry air. The Pilling-Bedworth
ratio (P-B ratio) is the ratio of the volume of the elementary cell of a metal
oxide to the volume of the elementary cell of the corresponding metal (from
which the oxide is created). On the basis of the P-B ratio, it can be judged
if the metal is likely to passivate in dry air by creation of a protective oxide
layer. The oxide layer would be unprotective if the ratio is less than unity
because the film that forms on the metal surface is porous and/or cracked.
Conversely, the metals with the ratio higher than 1 tend to be protective
because they form an effective barrier that prevents the gas from further ox-
idizing the metal [88]. The P-B ratio is defined in Equation 6.1, where Rpp
is the Pilling-Bedworth ratio, M the atomic or molecular mass, n the number
of atoms of metal per one molecule of the oxide, density, and V the molar
volume. From this equation, the Rpg for AlOs on this Al-Cr-Fe approxi-
mant is 2.71, even higher that that of Al (Rpg = 2.54). This is calculated
using the bulk properties determined by Deng [46].

RPB - I/o:cide/ Vmetal = MomideMmetal/ anetalpozz:ide (61)

Chromating is the application of a Cr based conversion coating, applied
to passivate metals such as Al [89]. The process uses various toxic Cr com-
pounds which may include hexavalent Cr [90]. The industry is developing
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The structural model was carefully examined to look for an explanation
as to why this oxidation resistance would occur. The unit cell is 30.7 A deep
(looking into the (0 0 1) surface), so initial oxide thicknesss of 2,6 and 10
A correspond to a fraction of a unit cell. Although our sample doesnt have
particularly high chromium content (=~ 15%), by removing layers from the
model, certain terminations are reached were the density of Cr and Fe are
exceptionally high. The surface shown in Fig.6.1 has double the Cr/Fe con-
tent compared to the bulk. A recent study of Al-Cr-Fe alloys [74] has found
that the oxidation resistance is enhanced by increasing the Cr content. It is
therefore possible that the high Cr/Fe content layer acts as a ‘barrier’, limit-
ing/preventing oxygen diffusion into the bulk and/or Al diffusion out of bulk.
The effectiveness of the barrier comes from the low enthalpies of formation
for Cr and Fe oxide. Also, when Al;Ojz is formed on the surface, this leaves
the sub-surface region Al deficient, further increasing the Cr concentration
at the hypothetical ‘barrier’.

6.2 Preliminary investigation

The results from preliminary investigations are discussed in this section. Al-
though the data is not used as part of the main experiment, its explanation
is helpful to understand the development of the experimental procedure.

Analysis of the preliminary data allowed a succesful method for quanti-
tive analysis of XPS data to be determined. As these results were taken on
different chambers and at different incidence angles, the peaks on the XPS
data could not be directly compared. The XPS data from each was therefore
analysed in a quantitative manner, in order to extract the oxide film thick-
ness from each. The oxidation rates of each surface could then be directly
compared.

Two different methods were identified to calculate the layer thickness.
The (0 0 1) data was used to work out the most suitable way. The first
method uses the Beer-Lambert attenuation law (Eq. 6.2), which can be
rearranged to give the thickness (z) at each stage of oxidation (Eq. 6.3). ig
is the Al 2p metallic (73eV) peak area before any oxidation, i, is the Al 2p
metallic (73eV) peak area at the particular stage of oxidation, after being
attenuated through an over-layer of thickness z, with inelastic mean free path
A, measured at an angle # from surface normal. As the mean free path of
the photoelectrons (few nm) is much smaller than that of the incident x-rays
(several pm), the effect of the latter can be ignored in this approximation.

iy = dge” (6.2)
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z = —In(iz/i0)ACosh (6.3)

Based on the results it is deduced that the oxidation is forming an over-
layer of Aluminium oxide. Therefore A is chosen as the literature value for
Al,Og. At the electron energy for the Al 2p peak, 1414eV (Source Energy
1486.6eV - Peak Energy 73eV), the NIST Database give 2 values. According
to Akkerman et al. A = 26.85 A, whereas Chen et al. calculate it to be A
= 28.23 A. For this thickness calculation an average value was used, making
A\ = 27.54 A. For Cr 2p photoelectrons A = 19.61 A (average of Akkerman,
18.97 A, and Chen, 20.25 A), and for Fe 2p photoelectrons it is A = 17.40 A
(average of Akkerman, 16.75 A, and Chen, 18.04 A)

The second method proposed by Strohmeier [94], allows the thickness of
the oxide to be calculated from the ratio of the Al 2p metallic peak (73eV)
and Al 2p oxidised peak (75eV). In the paper, the angle is defined as the
electron take-off angle, so this formula is rearranged to match our definition
of # in Equation 6.4.

z = AoCost In((1mAmio/M0oNotm) + 1) (6.4)

Again, z is the oxide layer thickness in A. \g and ), are the inelastic mean
free paths of the oxidic (75eV) and metallic (73eV) Al 2p photoelectrons,
through the Al,Og over-layer. A, = 27.54 A, as with the Beer-Lambert
method. A\ = 27.50 A, an average of Akkerman et al. (26.81 A) and Chen
et al. {28.19 ). There is negligible difference between the two, as the peaks
are so close together. 8 is the detector angle from sample surface normal. n,,
and ng are the atomic densities 9f aluminium in the metal and the oxide. n,,
is calculated to be 0.0505 at./A2, using the unit cell density calculated by
Deng [46], and correcting for the Al composition found in this surface region
( 86%). Ny is taken as 0.043 at./A3, the literature value for v-Alg03 [74]. in,
and iy are the areas of the metallic (73eV) and oxidic (75eV) Al 2p peaks.

The results from the thickness calculation exercise are shown in Fig. 6.2.
It is important to note that these preliminary results are only discussed as
their analysis is useful for the main experiment. However there is a mistake
identified in the data so the absolute thickness values should be ignored. The
negligable thickness observed initially, followed by the large step increase in
thickness at 5400L, was initially thought to be a property of the (0 0 1)
surface. However, repeat experiments proved that below 5400L the oxygen
was not hitting the sample, then it suddenly had a large oxygen dose, causing
the apparent step. The experiment was of course repeated, but not scanned
in this much detail, hence the reason for this discussion. This issue does not
affect the ratio of Al, Cr and Fe peak areas, so the data analysis is still useful.
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The Strohmeier method proved to be much simpler to use. The results
(Fig. 6.2) show an excellent fit with no fluctuations in calculated thickness
after each additional oxygen dose, as was seen when using the Beer-Lambert
method. The Strohmeier method removes any errors due to random equip-
ment fluctuations. However, it does introduce another error. The oxidised Al
2p was fitted using a Gaussian-Lorentzian (SGL) peak (non-metallic), which
just includes the visible peak. The metallic Al 2p was fitted using a DS peak,
which includes an exponential tail off from inelastic scattering. The area of
this tail is added to the area of the visible peak to get the total Al 2p metallic
peak arca. This means that by using a large DS tail off, the area of the tail
can be larger than the visible peak, or by using a small tail, it can be insignif-
icant compared to the main peak. As the actual XPS data has 3 main Al
2p Peaks (metallic, oxidised, and interface) which are convoluted, it becomes
possible to use a large variety of lineshapes and still achieve a reasonable fit.
Hence, while the shape of the thickness curve using the Strohmeier formula
is far more accurate across the range, the absolute value is less accurate. The
DS lineshape was chosen by best fit to the data, not calculated. However, the
close proximity of the Strohmeier curve to the average Beer-lambeth curve
suggests that the Strohmeier thickness calculation is fairly accurate, and
therefore the DS lineshape is correct. The Strohmeier method was therefore
chosen as the preferred method to determine thickness. The data needed for
the Beer-Lambert method was no longer required, reducing the total data
collection and analysis time for the main experiment.

6.3 Experimental methods

The sample is an orthorhombic approximant to the decagonal phase qua-
sicrystal, with bulk composition Al 7Cris.4Feqg, grown using the Czochral-
ski method [95]. It has a giant unit cell of 306.44 atoms with dimensions 30.5
Ax125Ax12.5 A, and density 3.432 gem—2 [46]. The samples are cut to ex-
pose the pseudo-4-fold (0 0 1) surface, the pseudo-6-fold (1 0 0) surface, and
the pseudo-10-fold (0 1 0) surface. The corresponding unit cell terminations
are shown in Iig. 6.3. A 3-D model of this unit cell is also shown in Fig. 6.4.
It is built from Deng’s xray diffraction data [46], using VESTA (Visualization
for Electronic and STructural Analysis) 3-D modelling software [96].

The experiment was carried out in an Omicron multi-technique UHV
chamber, with base pressure of 2 x 1079 mbar. The x-ray source is Al
Ka, with a photon energy 1486.6eV. For the main experiment, all samples
were studied on the same chamber, minimising any errors and differences
between the data sets. Each sample was polished using diamond paste up
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Chapter 7

Nucleation and growth of a
quasicrystalline Bi monolayer

on 5-fold i-Al-gPdy;Mng

7.1 Introduction

Quasicrystal surfaces have been studied extensively over the past decades,
and flat surfaces can be prepared under UHV conditions with a step/terrace
morphology. Several experimental and theoretical investigations have led
to a consensus that apart from a small degree of relaxation, the surfaces
represent bulk terminations [40,97]. As these surfaces are therefore two di-
mensional aperiodic structures, they provide interesting templates for the in-
vestigation of epitaxial growth. Several experiments of this nature have been
done on various quasicrystals, both icosahedral and decagonal, and various
adsorbates [40,97-99], finding single element clusters and monolayers. Ex-
periments on i-Al-Pd-Mn, using low energy electron diffraction (LEED) and
helium atom scattering (HAS), have shown that both Sb and Bi form ordered
quasicrystalline monolayers [100]. It has also been shown with STM, that Si
deposited on i-Al-Pd-Mn is ordered quasiperiodically at sub-monolayer cov-
erages, and found to centre around truncated pseudo-Mackay clusters [101].
Another STM investigation has shown that Pb deposited on i-Al-Pd-Mn ini-
tially forms pentagonal clusters, with edge length 4.9 A {102], at submono-
layer coverage. The nucleation sites were not revealed. Further deposition
leads to self-assembly of a complete quasicrystalline monolayer, through an
interconnected network of these pentagons.

Theoretical calculations have also been published for Bi on Al-Pd-Mn.
These could not be performed on a true model of the icosahedral surface,
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which has an infinite unit cell, and would therefore require an infinite cal-
culation time. Therefore, an approximant surface is chosen as a close repre-
sentation to the surface structure, but with a finite calculation time. Krajéi
and Hafner have performed ab initio DF'T calculations of adsorption site en-
ergetics [103], and the adsorption of Bi onto these positions [103,104], using
approximants to the i-Al-Pd-Mn quasicrystal. The 2/1, 3/2 and 5/3 ap-
proximants were simulated; periodic crystals containing 544, 2292 and 9700
atoms per unit cell respectively, and local structures similar to that of the
quasicrystal. A Penrose P1 tiling of edge-length 7.76 A was overlaid on the
surface of the model as a guide to interpreting the model structure. This
tiling consists of pentagons, rhombi, stars and boats [105] (Fig. 1.15). The
binding energies for Bi atoms on specific adsorption sites on the surface were
calculated and then used for the initial positions of Bi atoms to investigate
the stability of a full Bi monolayer. The most favourable adsorption sites, in
order of decreasing binding energy, were found to be at the centres of surface
vacancies (-4.9eV) (which are contained within a subset of one orientation
of the Penrose tiles, labelled ‘bottom’); atop Mn atoms (-4.58¢V) (again in
the centres of a subset of the pentagonal tiles, labelled ‘top’); the vertices of
the P1 tiling (-4.37—-4.32 eV) and the mid-edge positions of the tiling (-3.92
eV). The number of swrface vacancies and of Mn atoms was considered to
be too small for the formation of a quasiperiodic framework, and therefore
it was proposed that the vertices and mid-edge positions of the tiling form
the skeleton of a possible stable quasiperiodic monolayer. Additional atoms
form smaller pentagons inside both orientations of pentagonal tiles. By al-
lowing relaxation of the atomic forces the stability of the proposed monolayer
structure was tested and predicted to have ‘pseudodecagonal symmetry’.

The aims of this experiment were to first prepare an atomically flat i-Al-
Pd-Mn quasicrystal surface, and achieve atomic resolution, then to deposit Bi
on this surface and study the growth mode using STM, to gain an insight into
the growth mechanism for quasicrystalline monolayers. A crucial objective
was to achieve atomic resolution on the quasicrystalline monolayer and the
Bi adsorbate simultaneously.

7.2 Experimental methods

The sample, icosahedral quasicrystalline i-AlyyPdo;Mng, was produced by
the Ames group using the Bridgman method and cut to reveal the 5-fold
surface. It is prepared by polishing with 6 pm, 1 pm and then 1/4 pm
diamond paste. It is cleaned in an ultrasonic bath before insertion into the
Omicron VI-STM UHV chamber, with base pressure 1x107% mbar. Then
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up to 5 UHV preparation cycles, consisting of 45 minute sputtering with 3
KeV Ar' ions, and 4 hours annealing at 950°K using electron-beam heating,
were required to achieve atomic resolution on the clean surface. Deposition
was achieved by evaporating Bi from a Mo crucible, heated using an Omicron
EFM-3 electron-beam evaporator, onto the sample at room temperature. The
deposition rate was kept constant with a flux monitor reading of 120 nA,
giving a deposition rate of approximately 1.8 ML per hour. Typical settings:
filament current = 1.82A, high voltage = 362V, and emission current =
6.3mA. Coverage was estimated from STM images. The chamber pressure
did not exceed 2.5x 1071 mbar during evaporation. STM data was taken at
room temperature.

7.3 Results

After achieving atomic resolution, a clean surface with large terraces and a 5-
fold quasicrystalline bulk surface termination was revealed on the STM data.
Selected data showing the growth of the Bi layer is presented in Fig. 7.1. The
initial growth begins with the formation of complete and incomplete pentag-
onal clusters, seen as the white protrusions in Fig. 7.1 {(a). These pentagonal
clusters all have the same orientation. The clusters were determined to be
Bi by monitoring the surface by STM after each deposition. The Bi coverage
here is calculated to be 0.13 ML (monolayer). One monolayer is equivalent
to a complete single layer of atoms covering the surface. Once complete clus-
ters were formed they did not change, indicating that they are stable. The
distance between Bi atoms in each pentagon is measured by STM to be 4.9
+ 0.2 A. The closest distance between the centres of Bi pentagons is 12.0
+ 0.2 A. The underlying i-Al;gPdg; Mng surface is also well resolved, show-
ing surface motifs such as dark stars and white flowers. This simultaneous
resolution of both the Bi pentagons and the surface allows further analysis,
discussed in Section 7.4. These features can be seen clearly in the colour
enhanced image Fig. 7.2.

Upon further Bi deposition, growth continues via nucleation of these pen-
tagonal clusters. Fig. 7.1 (b) shows the surface after 0.38 ML. Some reso-
lution is lost, particularly from the underlying surface, due to the increased
roughness at this higher coverage. However, the majority of the clusters
can be identified complete and incomplete pentagons. This kind of growth
is described as being in the pure nucleation regime [106], where additional
deposition results in the formation of new nuclei and the island size does not
change.

Above half a monolayer there is a change observed in the growth mode.
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due to variation in magnetic state [108]. Some of the ‘bottom’ pentagons
contain ‘dark stars’, though not all. Many include extra atoms above the
central hollow, so a ‘dark star’ is not visible. These are from the first shell in
the Mackay cluster, surrounding the central Mn atom (see Section 2.1, Fig.
2.1).

A small patch of our STM data which closely matches this chosen section,
is presented in Fig. 7.4(c). It shows a 40 A x 35 A region of a clean surface
STM image, with the same Penrose P1 tiling superimposed. Although there
is some variation in detail, there is still a close correlation between many
of the features in the real and simulated STM data. The Mn atoms at the
centre of ‘top’ pentagons are seen as bright spots. ‘Dark stars’, with varying
clarity, are always contained within ‘bottom’ pentagons.

Using this approach, the nucleation site can be identified. An STM image
from a low Bi coverage is used, where both the deposited Bi and the under-
lying substrate is resolved. The same Penrose P1 tiling is then constructed
over the image, using the resolved swrface features to position the known
‘top’ and ‘bottom’ tiles, and the tile matching rules to continue the tiling
in between. The results of this exercise are shown in Fig. 7.5. The loca-
tions identified as ‘dark stars’ are highlighted with a star motif and becoimne
‘bottom’ tiles. These are easily positioned as they are clearly visible in the
STM data. When the tiling is completed over a large area, all of the bright
pentagonal Bi clusters are then found in ‘top’ tiles. Many are full pentagons,
shown by the 5 dark spots drawn on to identify each atom. Some clusters
are only partially grown, but the atom locations are in the same position
within each tile. These partial clusters are the initial stages of pentagonal
cluster formation. Additional Bi atoms would be able to fill in the absent
positions, leading to the formation of complete pentagonal clusters with the
same orientation. Only a few adatoms are found on other tiles. The minimal
amount suggests that these are not preferred locations.

The relative frequencies of the pentagon, rhombus, star and boat tiles in
the infinite Penrose P1 tiling are shown in Eq. 7.1 [110].

1 2r—1 1

"rd Br5 TS

This corresponds to percentage occurrences of 72.4:14.6:4.0:9.0 respec-
tively. In the tiling patch in Fig. 7.5, the corresponding percentage occur-
rences are 72.6:14.5:0.9:12.0. The close match in these relative frequencies
indicates that this tiling patch is large enough to be representative of the sur-
face structure. The number density of ‘top’ pentagons in an infinite Penrose
tiling is ~36% [110]. This provides a enough nucleation sites to produce a
quasiperiodic framework of pentagonal Bi clusters, leading to a quasiperiodic

(7.1)
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‘Most surprisingly we did not find any Bi at low coverage in the location
predicted to have the highest adsorption probability, above the ‘dark stars’
(-4.9eV). Indeed, none of the locations predicted were nucleation sites. The
first reason for this discrepancy is that the DFT calculations only involve
single Bi atoms sitting at locations. This neglects the additional stabiliz-
ing effect from the interatomic interactions between the Bi atoms within
the pentagonal cluster. Secondly, the DFT calculations were performed at
0°K, whereas our experiment was at room temperature. Therefore the static
atoms were not allowed enough energy to reorganise themselves, neglecting
any possible reconstruction effects. A third reason could also be that the
calculations were only performed on a small section of a 2/1 approximant. It
may be that using a larger slab of a closer approximant, 3/2 or 5/3, would
give a better prediction, though the large number of atoms would make the
calculation time prohibitive.

The formation of pentagons rather than single atoms, and the high fre-
quency of nucleation sites allows a quasiperiodic framework to grow. Based
on the number of ‘top’ tiles, 36% of the surface can be covered in Bi pen-
tagonal clusters with the same orientation. The low number of alternative
nucleation sites observed in the STM data suggest that this happens close
to 0.36 ML. Once this quasiperiodic framework of pentagonal Bi clusters is
completed, additional Bi adatoms complete the monolayer by filling the gaps
in between pentagons, at less energetically favourable sites, but the growing
film keeps their symmetry. This leads to a quasiperiodic single monolayer,
with predominantly 5-fold symmetry, in agreement with the LEED and HAS
observations of Franke et al. for the full monolayer coverage [100]. Again,
this is in disagreement with the DFT predictions for pseudodecagonal sym-
metry [103,104].

The stability of the Bi pentagons is a crucial factor in the formation
of this quasiperiodic monolayer. Studies involving Al deposited on Al-Cu-
Fe [111], and Cgp on Al-Pd-Mn [112], have found that single atoms/molecules
nucleate at the ‘dark star’ positions. As predicted the number density of sites
is too low to form a quasiperiodic framework. Si on Al-Pd-Mn is found to
nucleate on ‘top’ tiles [101], but only single atoms rather than pentagons
nucleate. Again, the number of sites is insufficient to induce the formation
of a quasiperiodic monolayer.

7.6 Conclusion

The formation of a Bi monolayer deposited on the five-fold surface of 4-
AlzpPdy; Mng, has been studied by STM (and since published [113]). Using
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the model of an approximant structure to analyse the real STM data from
the icosahedral quasicrystalline surface has proved a successful method. The
finite unit cell size of approximants allows predictive structural calculations
to be made, which would not be possible for infinite quasicrystalline struc-
tures. However their surfaces are sufficiently similar to have the same surface
structures and properties. The identical surface motifs are particularly help-
ful as they are easily identified in STM images. A deeper understanding of
the structure is gained by understanding the model, which can then be ap-
plied to understanding the structure of the quasicrystal in the surface region.
In this way the Bi nucleation site has been identified.

Upon deposition of low sub-monolayer coverage, the epitaxial growth of
5 atom pentagonal clusters of Bi atoms with edge length 4.9 & 0.3 A is
observed. The pentagons are self-assembled nanostructures. They have a
common orientation leading to a film with five-fold symmetry. By inspection
of images where both the underlying surface and the Bi atoms are resolved,
the pentagonal clusters are found to nucleate on pseudo-Mackay clusters
truncated such that a Mn atom lies centrally in the surface plane, identified
as ‘top’ tiles. This position is the centre of the ‘white flower’ motif. The
initial nucleation site is different to that proposed on the basis of recent
density functional theory calculations [104]. The Bi film grows in the pure
nucleation regime until the saturation island density is reached at ~ 0.36ML.
The density of these sites is sufficient to form a quasiperiodic framework. The
remaining gaps in the over-layer are filled with individual Bi atoms, at less
energetically favourable sites. The islands (pentagons) begin to coalesce and
the film growth enters a pure growth regime, leading to the completion of a
predominantly 5-fold quasiperiodic monolayer. The complete Bi monolayer
cannot be resolved by STM.
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Chapter 8

The structure and composition
of Fe thin films deposited on
the surface of 5-fold
1-Al7gPdo1Mng studied by
Medium Energy Ion Scattering

8.1 Introduction

The growth of thin films on quasicrystalline substrates is an area of consider-
able interest to researchers in this field. One example is the deposition of Fe
onto i-AlyPde;Mng. Previous studies show contradictory results. Weisskopf
et al. used a combination of Auger eleciron spectroscopy (AES), low energy
electron diffraction (LEED) and secondary-electron imaging (SEI) indicates
that Fe-Al alloy formation occurs at the surface due to inter-diffusion. In ad-
dition, magneto-optical Kerr effect (MOKE) measurements show magnetic
ordering in the grown film [2]. However, a more recent study by Wearing et
al. using LEED, AES and scanning tunnelling microscopy (STM) indicated
layer-by-layer growth of Fe and ruled out alloy formation [1]. Both studies
indicate that a bee-like structure occurs in the film. The aim of this study is
to determine whether intermixing is taking place. Medium energy ion scat-
tering (MEIS) is an ideal technique for further investigation of this system
because of its unique ability to provide information simultaneously on the
composition and structure as a function of depth.
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8.2 Experimental methods

The sample was produced at Ames laboratory, using the Bridgman method
[114], and was cut (spark-etched) perpendicular to a five-fold axis. It was
then polished using 6, 1 and 0.25 pm diamond paste. Atomically flat surfaces
with large flat terraces were obtained through cyeles of 3 KeV Ar™ sputtering
(for 0.75 h) at room temperature followed by annealing for 4 h at a tempera-
ture of 905°K, for a total of 20 hours, at a base pressure of 1.5 x 10-10 mbar.
The annealing temperature was monitored using an infrared pyrometer. Re-
search grade high purity Fe (Goodfellow, Ermine Business Park Huntington,
Cambridgeshire PE29 6WR, England) was sequentially deposited from a rod
source using an Omicron EFM-3 electron beam evaporator with the sample
at room temperature. Fe was deposited at a constant flux of 66nA, with typ-
ical settings: filament current = 2.15A, high voltage = 800V, and emission
current = 10.7mA. Coverage was estimated from previous experiments, then
calculated from the MEIS data.

The experiment was conducted at the MEIS facility at Daresbury Lab-
oratory, which can accelerate helium or hydrogen ions from 50 KeV to 250
KeV. For this experiment a 100 KeV Het ion beam was used. The angle
and energy of the scattered ions are determined using a toroidal electrostatic
energy analyser with position-sensitive detector. The raw data is a 2D array
of intensity as a function of energy and angle. The variation of backscattered
ion intensity over the angular and energy range is shown by a false color map
using the visible spectrum from violet to red to indicate increasing intensity.

The 2D data can be sectioned to produce a 1D angle spectrum (blocking
pattern) or a 1D energy spectrum. The energy spectra are used to calcu-
late compositional depth profiles. The 2D data can also be processed to
‘gate’ a range of energies that vary with angle, so that the signal from a
specific element and/or layer can be isolated from other elements or layers.
The blocking dips seen in these spectra can be attributed to known crys-
tallographic orientations within the samples. The ratio of the intensity in
blocking and non-blocking geometries (amplitude of the blocking dip) can be
used as a relative measure of the degree of crystallinity in each layer [71].

The experimental station comprises four different chambers; for prepara-
tion, storage, analysis and fast entry, which are kept at ultra high vacuum.
MEIS spectra were taken of the Al-Pd-Mn clean surface, after deposition of
thin coverage of Fe, a thick coverage of Fe, and then after annealing the thick
coverage to 300°C for 10 minutes. The 2D data was analysed using Midas.
1D energy spectra from these scans were then fitted using SIMNRA version
6.04, to enable compositional depth profiling. The thickness of these films
was calculated, using the 1d energy spectra, to be 2.1ML (thin) and 10.3ML
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8.3(c), the Pd signal is shifted down in energy consistent with a continuous
film above it, although there is still considerable roughness. The composition
of this film indicates an AlFey alloy; this composition is consistent with mag-
netic ordering. The SIMNRA analysis gives a film thickness of 10 MLE. The
annealed thick Fe coverage is shown in Fig. 8.3(d). The underlying ¢-Al-Pd-
Mn surface is unchanged between (c) and (d). However, the Al-Fe film does
show a shift in Fe towards the surface. Whereas (¢) suggests a continuous
AlFe; alloy, the annealed film (d) has a ratio in the outer layers of AlFe,
and the underlying layers of the film are closer to AlFe;. Annealing removes
the Pd component in the bottom layer of the filin, suggesting either Pd has
diffused out, or the rough interface region has been smoothed out. However,
(b),(c) and (d) all still indicate that there is some Al throughout the film,
inconsistent with the pure Fe outer layers suggested by Wearing et al. [1]. A
visual representation of the layers used in the model is shown in Fig. 8.4.
No layers of pure Fe were found on any of the films studied, as introducing
them to the model always reduced the goodness of fit to the data.

Taking an average through the surface layers and not including the Fe film
layers, the Pd component in the quasicrystal surface region is 3.9%, 4.4%,
then 8.3%, going from clean quasicrystal, to thin Fe coverage, then thick Fe.
Similarly, the Mn increases from 12.6%, to 15.1%, then 18.4%. This shows
that as Al diffuses into the film, it leaves Pd and Mn rich regions below the
surface.

8.3.2 Angle Data

Angular data from the thin (2ML) film (Fig. 8.5) has no blocking dips, in-
dicating that there is no long range order. Structural analysis of the MEIS
angular data from the thick film indicates a 5-fold domain structure con-
‘sistent with previous work. LEED results by both Wearing et al. [1] and
Weisskopf et al. [2] show the initial loss of order upon deposition, followed
by the appearance of a LEED pattern characteristic of 5 domains of (110)
bee Fe rotated 72° apart. STM data also revealed islands with a (110) bee
structure [1], rotated by 72° from each other, suggesting a strong influence
of the 5-fold substrate in their alignment.

Fig. 8.6 shows a 1D slice of data from the thick (10ML) Fe film, specific
to the Fe surface region. This is compared to a Vegas simulation of the film
structure, using a model with five domains in equal amounts and 72° apart, of
bee-like structure at the interface, which is oriented with (110) type planes
parallel to the five-fold quasicrystal surface. The structure is compressed
vertically by 5.5%, from the typical lattice parameter of 2.97 A. Although
the amplitude of the blocking dips are not exactly the same, the position of
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Table 8.1: Atomic Composition of layers, calculated using SIMNRA.

Layer | Al% Pd% Mn% Fe% Thickness Thickness A
10*® atoms/cm?
(a) Clean Surface i-Al-Pd-Mn
1 779 159 6.1 0 5.5 6.4
2 86.2 5.9 7.9 0 186 215
3 83.1 3.4 13.5 0 1000 1160
(b) Thin Fe Coating (2ML)
1 349 152 0 498 3.7 4.3
2 81.0 111 7.9 0 5.3 6.1
3 80.5 4.3 15.2 0 1000 1160
(¢) Thick Fe coating (10ML)
1 25.7 0 0 743 15.8 18.4
2 25.2 2.8 0 720 2.3 2.6
3 782 16.2 5.6 0 6.7 7.8
4 73.2 8.3 18.5 0 1000 1160
(d) Annealed Thick Fe coating (10ML)
1 21.6 0 0 784 14.8 17.2
2 34.4 0 0 656 3.2 3.7
3 78.0 16.1 5.9 0 7.6 8.8
4 73.2 8.3 18.5 0 1000 1160
[Bulk | 70 21 9 0] 1 |

the dips are similar. This indicates that although the film structure is similar
to the ideal case, the real film is more disordered.

Fig. 8.7 shows a 1D slice of data from the thick (10ML) Fe film, specific
to the Fe sub-surface region. This is compared to a Vegas simulation using a
model with five domains in equal amounts and 72° apart, of bee-like structure
at the interface, which is oriented with (110) type planes parallel to the five-
fold quasicrystal surface. However, the lattice parameter has been expanded
by 2% to 3.03 A, and the structure is much less ordered (40% disorder).

8.4 Discussion
The main objective of this MEIS study was to clarify the question of inter-

mixing when iron is deposited on Al-Pd-Mn. This data shows that there is
intermixing at both low and high coverage, agreeing with the work by Weis-

115















evidence does not support any long range order. This surface alloy would be
AlssFeqaMngPdys, if it is a uniform alloy, and it is assumed that some of the
Fe signal is actually Mn, and that the ratio of Mn to Pd is the same as in
the clean surface.

Hence the thin film, which has a disordered LEED pattern, could indeed
be an Al-Mn-Pd-Fe alloy, with a composition approximating the Al-Pd-Mn
quasicrystal. LEED results by both Wearing et al. [1] and Weisskopf et al. [2]
show the initial loss of order upon deposition, followed by the appearance of
a LEED pattern above 3ML, characteristic of 5 domains of (1 1 0) bce Fe
rotated 72° apart. They deduce the formation of multilayer islands from
this. This is further confirmed by the Vegas comparison (Fig. 8.6, and Fig.
8.7). The simulation used to get a similar blocking pattern to the data uses
5 domains of (1 1 0) bee Fe rotated 72° apart. This shows that the Al-Fe
alloy is influenced by the 5-fold symmetry of the underlying substrate. This
suggests that the alloy in the first layers isn’t completely disordered, and may
have some of the quasiperiodic symmetry from the bulk. The disorder seen
in the LEED pattern may be due to increased roughness, suggesting the Al-
Mn-Pd-Fe growth is not a smooth layer by layer process. This disorder may
be further increased by many nucleations of small Al-Fe bcce islands mixed in
with an Al-Mn-Pd-Fe alloy, which is probably retaining some 5 fold symmetry
in local clusters. This type of pseudomorphic growth has been observed on
similar systems. Co adsorbed on the ten-fold surface of d-Al-Ni-Co and
the five-fold surface of i-Al-Pd-Mn, forms rows which are quasiperiodically
ordered, but within the rows crystalline Co is observed [118]. Cu adsorption
on 3-Al-Pd-Mn exhibits similar pseudomorphic growth [119-121].

The data also shows that Fe deposition leads to an increase in Pd and
Mn in the subsurface layers (table 8.1), as Al diffuses into the film. This
can be seen in even the deepest layers. For the thick film, the underlying
layers had doubled in Pd content; the Mn concentration had also increased
by 50%. This reopens the case for Al-Fe island formation upon a partially
exposed Al-Pd-Mn surface, for the thin Fe coverage. The increase in Pd
concentration at the quasicrystal surface could be the reason why the Pd
signal in the surface film is so high. If the Pd concentration doubles in the
surface layer of the quasicrystal, then the proportions of atoms is consistent
with Fe covering half the surface, and half the underlying surface exposed.
There may also be some selective nucleation of non-Pd sites, leaving more
Pd exposed.
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8.5 Conclusion

The film structure for the thin Fe case could be one of several possibilities:
separated Al-Fe islands upon exposed Pd rich quasicrystal, an AlgsFesoPds
alloy with no Mn, or an AlzsFeyuMngPdys alloy (with an estimated quantity
of Mn). We cannot distinguish between these possibilities from the available
data. The real surface is likely to be a complicated mix of many different
structures, but the angle data indicates no long range order. Whilst this
is inconclusive, it does rule out the possibility of the initial layer by layer
growth of pure Fe; so this result is in disagreement with Wearing et al. [1].
However, this is in agreement with Weisskopf et al. [2], who find that, for low
coverages, Fe diffuses into the bulk and destroys the quasicrystalline atomic
order in the surface layers. While all studies agree on the thick film structure
of 5 (110) bee domains rotated by 72°, we find that the composition of AlFe;
matches the findings of Weisskopf et al. Even in the thick film, we could not
find any layers of pure Fe, as suggested by Wearing et al. Structural analysis
of the angle data for the thick film indicates it is compressed vertically by
5.5% in the surface region, and expanded by 2% in the much less ordered
sub-surface region.
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Chapter 9

Summary and future directions

STM and LEED studies of Aly(Cr,Fe) have shown that the clean surface
structure of an approximant is very close to a bulk structure termination,
as is the case for icosahedral quasicrystals. The surface is highly ordered,
and the cluster based structure is revealed as rings of atoms on the STM
data. X-ray diffraction data has proved a useful tool to help understand
the surface STM data. By comparison of adjacent terraces, the inversion
symmetry expected from the x-ray diffraction data, has been demonstrated.
New preparation cycles have also been identified, reducing the preparation
time by using sputter cycles with diminishing lengths.

STM and XPS has been used to study the oxidation of this approximant.
The STM data indicates that the initial oxidation is highly ordered, forming
rows of AloO3. Oxygen preferentially adsorbs onto the surface of terraces,
and step edges remain intact. The XPS data has shown that only Al is
oxidized, while Cr and Fe remain unchanged.

Quantitative analysis of XPS data has shown the Strohmeier method to be
a fast and accurate way of determining AlyO3 film thickness. Investigating
the oxidation of the (0 1 0), (1 0 0) and (0 0 1) surfaces of the Aly(Cr,
Fe) quasicrystal approximant using this method has shown shown that the
surfaces oxidise at the same rates, despite being very different structurally.

The formation of a Bi monolayer deposited on the five-fold surface of -
Al7oPdo; Mnyg, has been studied by STM. Using the model of an approximant
structure to analyse the real STM data from the icosahedral quasicrystalline
surface has proved a successful method. The finite unit cell size of approxi-
mants allows predictive structural calculations to be made, which would not
be possible for infinite quasicrystalline structures. However their surfaces are
sufficiently similar to have the same surface structures and properties. The
identical surface motifs are particularly helpful as they are easily identified in
STM images. Atomic resolution has been achieved simultaneously on both
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the partial Bi monolayer and the underlying quasicrystal surface. A deeper
understanding of the structure is gained by understanding the model, which
can then be applied to understanding the structure of the quasicrystal in the
surface region. In this way the Bi nucleation site has been identified. The
epitaxial growth of pentagonal clusters leeds to the formation of a quasiperi-
odic framework, and ultimately a quasiperiodic single element monolayer.
The initial nucleation site is different to that proposed on the basis of recent
density functional theory calculations. DFT calculations of the Aly(Cr, Fe)
(1 0 0) surface are underway. After the success of using DFT calculations to
help interpret the Bi/Al-Pd-Mn system, this will enhance the understanding
of the Al-Cr-Fe system.

MEIS data has provided detailed information on the composition and
structure of Fe films grown on the quasicrystalline surface of i-Al-Pd-Mn.
The data has revealed that initially a disordered film is formed on the surface,
composed of Al, Fe, Pd, and possibly Mn. The angle data in this region
indicates no long range order. As more Fe is deposited, an AlFes film grows
above this. The composition, measured up to the 10 ML thickness, is the
same throughout this layer, and matches the findings of Weisskopf et al. [2].
The angle date from the region indicates a structure of 5 (110) bec domains
rotated by 72°, compressed vertically by 5.5% in the surface region, and
expanded by 2% in the much less ordered sub-surface region. The MEIS
data rules out the possibility of the initial layer by layer growth of pure Fe;
so this result is in disagreement with Wearing et al. [1].
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Chapter 10

List of Publications

10.1 Papers

“Nucleation and growth of a quasicrystalline monolayer: Bi adsorption on
the ve-fold surface of i-Al-Pd-Mn.”

J.A. Smerdon, J.K. Parle, L.H. Wearing, T.A. Lograsso, A.R. Ross, R.
McGrath.

Phys. Rev. B, 78, 075407, 2008
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J.A. Smerdon, L. Leung, J.K. Parle, C.J. Jenks, R. McGrath, V. Fourne, J.
Ledieu.

Surface Science, 602 2496-2501 2008
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