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Abstract

Thin film and surface science is an active field with important technological appli-

cations as illustrated by the transistor which is produced by the growth of thin layers

on semiconductor substrates and by the recording head produced by alternating lay-

ers of magnetic and non-magnetic materials. This thesis relates thin film and surface

science experiments applied to quasicrystalline and ferromagnetic alloys.

Quasicrystals have a strong potential for technological applications, in catalysis for

example. Quasicrystal alloys are stable in a narrow region of the phase diagram. The

quasicrystalline phase field consists of different quasicrystalline phases. Depending on

the temperature and the chemical composition, the quasicrystal may or may not be

stable inducing different surface morphology behaviours. This thesis reports detailed

analysis of annealing and phase transition related structures on the (10000), (00001),

and (102̄2̄4) surfaces of d-Al72.2Ni19.2Co8.6. We observe rectangular hollow features

appearing, growing, and coalescing while cooling the sample from the high tempera-

ture phase. We also observe quasicrystalline islands faceting on AlNiCo(10000) and

nano-pillars growing on non-sputtered AlNiCo(102̄2̄4). For a better understanding of

the quasicrystals’ physical properties, one wants to grow quasicrystalline thin films of

reduced chemical complexity. Single elements don’t form quasicrystalline thin films be-

yond a monolayer. This thesis reports the successful growth of binary AlNi quasicrys-

tal thin films in the multilayer regime at different compositions using AlNiCo(10000)

as a growth template.

The AlNi/AlNiCo system shows how epitaxial deposition is a powerful tool to cre-

ate structures which are non-stable in the bulk state. This is also a point of interest

for the MnSb/GaAs ferromagnetic-semiconductor system. The equilibrium structure

of MnSb is of the NiAs type but other structures with theoretical 100% polarisation

can be stabilised by epitaxy. We studied MnSb thin films with equilibrium bulk struc-

ture grown epitaxially on GaAs(111). The surface magnetism of the MnSb thin film

has been imaged for the first time by spin-polarised low-energy electron microscopy

revealing the spin direction mapping of magnetic domains at the surface of MnSb.

Atomic resolution is routinely obtained with the current generation of transmis-

sion electron microscopes. For three-dimensional atomic resolution, the problem is to

obtain suitable samples. In this thesis, we report the development of instruments and

a methodology to fabricate atomically flat terraces with nanometre dimension at the

tip of etched tungsten wires and the MBE growth of Au clusters on these terraces.
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Introduction

This thesis presents experimental research in the field of condensed matter and

more precisely thin film and surface science. For a solid, the surface is less energe-

tically favourable than the bulk material. Surfaces readily rearrange or react, so that

the energy is reduced by processes such as passivation or adsorption. A semicon-

ductor has dangling bonds at its surface, the atoms rearrange themselves in order to

lower the surface free energy. A well known example of surface reconstruction is the

Si(111)-(7×7). Another way to reduce the surface contribution to the overall energy

is to minimise the surface area itself. This can be observed in the shape of liquid

droplets or solid islands on surfaces. The symmetry breaking induced by a surface

also affects the magnetism. At a surface, the magnetic anisotropy term can exceed

all other magnetic contributions resulting in a large change in the local polarisation.

Metallic surfaces are very reactive especially with oxygen and water. To study

pristine surfaces, one wants to remove the oxide layer and perform measurements in

an oxygen and water free environment. Thin film and surface science experiments

are thus performed in an ultra-high vacuum (UHV) environment with a pressure be-

low 10−12 bar. A native oxide layer can be removed from the sample by hitting the

surface with ionised noble gas atoms, a process called sputtering. This treatment is

followed by annealing to rebalance the surface topography and stoichiometry. In this

environment it is as well possible to anneal specimens to high temperature (750◦C)

without oxidising the sample. The clean environment of a UHV chamber, crucial

for surface preparation, also allows molecular deposition in a controllable way at the

atomic scale. This technique known as molecular beam epitaxy (MBE) allows the

creation and study of structures that do not exist in nature. Investigations generally

focus on the interface between the surface and the deposited film, the creation of

low-dimensional systems, or the substrate effect on the deposited material.

In order to perform surface morphology or surface stoichiometry analysis, one

needs surface sensitive tools. Because of their intrinsic properties, electrons provide

a probe for the study of surfaces. Low energy electrons are used to study the atomic

structure of a surface by diffraction (LEED) and are also used to obtained chemical

information or to observe atomic steps in the physical space (LEEM). Electrons at

higher energy provide microscopic resolution not reachable by conventional optical

1



Introduction 2

microscopes such as sub-angstrom resolution with a transmission electron microscope

(TEM). Although high energy electrons generate a large interaction volume when

colliding with matter, the secondary electrons generated by ionisation can escape

the material only from within the first 2-3 nanometres. This property is exploited

in the secondary electron microscope (SEM) to obtain excellent topographic infor-

mation. To infer the chemical stoichiometry of the sample the energy distribution

of photoemission electrons is exploited by X-ray photoelectron spectroscopy (XPS).

The thin film and surface science related experiments presented in this thesis

were performed on three systems; namely the quasicrystalline AlNiCo alloy, MnSb

thin films and atomically flat tungsten tips as a base for electron tomography.

Quasicrystallinity is a form of matter discovered by Shechtmann in 1984 who was

awarded in 2011 with a Nobel Prize for his discovery. In contrast to conventional

crystals, the atomic structure of quasicrystals does not repeat itself periodically

in space but quasiperiodically instead. However, they exhibit long-range ordering.

A mathematical description and the physical properties of quasicrystal alloys are

discussed in chapter 1. AlNiCo is a complex alloy showing various phases within

the quasicrystalline phase field and a strong anisotropy in its value of the surface

energy. Using UHV-SEM, electron dispersion spectroscopy (EDS), and atomic force

microscopy (AFM), we observed and analysed phase transition related features at Al-

NiCo surfaces. These features depend on the surface orientation and on the surface

preparation. They are elongated rectangle shaped hollows on the AlNiCo(10000)

surface and 35◦ tilted nano-pillars on AlNiCo(102̄2̄4). The results of these experi-

ments are discussed in chapter 5 while the SEM and EDS techniques are succinctly

introduced in chapter 4. AlNiCo displays non-conventional physical properties such

as low surface free energy and high resistivity even though consisting of metallic

elements. It is still not clear how quasiperiodicity affects the alloys’ physical prop-

erties in detail. UHV-compatible quasicrystals are at least ternary alloys. Using

MBE techniques, one can aim to grow thin films of reduced chemical complexity on

a quasicrystal substrate to induce a quasiperiodic structure in the thin films. So far,

this goal had only been achieved for film thicknesses up to one atomic layer. In this

thesis, we present the results of successful growth of quasicrystalline binary AlNi

alloy thin films of multilayer thickness at different chemical compositions. The thin

films’ structures and stoichiometries were analysed by LEED and XPS, respectively.

The details and the analysis of these experiments are given in chapter 6 whereas
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a comprehensive introduction to the background on quasicrystal thin films is given

in chapter 2. LEED, the related SPA-LEED technique, and XPS are introduced in

chapter 4.

This thesis also discusses the epitaxial MnSb/GaAs(111)B system which has

prominent potential applications for spintronics. Spintronics is a term referring to

the field that deals with systems or devices that use the spin of an electron instead

of its charge to store or carry information. MnSb/GaAs is an interesting system for

spintronincs applications. MnSb is a ferromagnetic material with a Curie tempera-

ture well above room temperature. The square base of its tetragonal structure

matches the GaAs semiconductor in its (111) direction. GaAs is a semiconductor

widely used in electronics. MnSb has a spin polarisability of approximately 35% at

the Fermi energy. Thus, a flawless interface with GaAs would allow spin injection

into a semiconductor. Furthermore, recent theoretical calculations have shown that

the spin polarisation effect could be enhanced by growing MnSb alloys in the wurtzite

structure. This new system would then be half-metallic. This project is part of a

collaboration with Dr. Gavin Bell and Dr. James Aldous who prepared the samples.

Details regarding the preparation of this system are given in chapter 3. In this same

chapter, we will discuss ferromagnetism in the bulk, in reduced dimensions, and at

the surface. The surface morphology of the system was explored by LEEM. The

surface magnetism was measured with the same instrument using LEEM with spin-

polarised electrons allowing direct morphological and magnetic comparisons. These

experiments are detailed in chapter 7. Technical details regarding the acquisition of

LEEM images and elements for the understanding of the contrast of LEEM images

are presented in chapter 4.

The third and last topic discussed in this thesis is the development of an innova-

tive approach to prepare tomography samples for transmission electron microscopy.

Essentially, this method aims to use surface science techniques such as MBE and

sputtering for the sample’s preparation. Etching was used to reach the nanometre

dimensions required for TEM experiments. Tungsten is used for tip etching since it

is fairly chemically and thermally stable. The final geometry is an etched tip with

an atomically flat surface on the nanometre scale at its apex that will be used for

MBE deposition. Chapter 8 presents the first results to obtain the tungsten surface

in low dimensions. To obtain this geometry, we have developed devices to crystallise

tungsten wires, thin and etch tungsten wires in a controllable way, and to clamp
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and anneal the tips to perform MBE experiments. Gold nanoclusters have been

successfully grown on an etched tip. Electron tomography and recent breakthroughs

in obtaining three dimensional atomic reconstruction are reviewed in chapter 4. The

TEM instrument is also succinctly introduced in this same chapter.

This work has been made possible with the support of a number of people who

I would like to thank. First of all, my supervisor Dr. Wolfgang Theis with whom

I kept learning through the different projects we were involved in. I would like to

thank Prof Katharina Franke and Prof José Ignacio Pascual for welcoming me in

their groups at the Freie Universität Berlin; Dr. Adrian Quesada, Dr. Andreas

Schmidt, and Dr. Peter Ercius for their considerable assistance during our stay

at NCEM in Berkeley; Dr. Gavin Bell and Dr. James Aldous for providing the

magnetic samples which eventually lead to a successful cooperation. Finally, Prof

Richard Palmer for giving me the chance to study at NPRL.



Chapter 1 : Quasiperiodicity and

Quasiperiodic Alloys

On the 5 November 1984, D. Shechtman, I. Blech, D. Gratias and J.W. Cahn

startled the world of solid state physics with the discovery of quasicrystals in a

publication entitled ”Metallic Phase with Long-Range Orientational Order and No

Translational Symmetry” [1]. The sample was an alloy of aluminium and manganese

rapidly quenched. Using a TEM in its diffraction mode, they observed the diffraction

pattern of material’s grains whose sharp peaks had the symmetry of a three dimen-

sional icosahedron. Furthermore, the intensity of diffraction spots did not decrease

with the distance from the center of the diffraction pattern as it does for periodically

ordered crystals, and finally the spacing between the reflection spots was related by

powers of τ , the golden mean.

Prior to this publication it had not only been axiomatic that the internal structure

of a crystal was periodic, but also its corollary; icosahedral symmetry is incompatible

with periodicity and is therefore impossible for crystals. However, three days before

Shechtman’s publication, D. Levine and P.J. Steinhardt submitted a paper to the

same journal in which they introduced a structural model of a quasicrystal [2]. This

demonstrates that even though quasicrystals came as a surprise, new perspectives

and theoretical techniques had been developed earlier.

Initially, Daniel Shechtman encountered the rejection of his manuscript by a lead-

ing journal and the opposition of many notable crystallographers (including Linus

Pauling, double Nobel prize). Subsequent results verified beyond any doubt the

existence of these materials and hundreds of quasicrystalline compounds have been

discovered since. Following the discovery of quasicrystals in 1992, the definition of

a crystal was revised by the International Union of Crystallography, a crystal since

being defined as ”any solid with an essentially discrete diffraction pattern”. In 2011,

Daniel Shechtman was awarded the Nobel prize in Chemistry for his discovery.

In the next sections, the theoretical background on quasicrystals will be intro-

duced. These sections are mainly based on books having either a mathematical [3,4],

geometric [5], physics [6], or applied physics [7, 8] approach.

5



Chapter 1 : Quasiperiodicity and Quasiperiodic Alloys 6

1.1 Crystal and crystallography

The physics of condensed matter is to a very great extent the physics of crystals.

A crystal exhibits translational symmetry resulting in a finite number of possible

structures. A crucial property of ideal, fully ordered crystals is that their diffraction

patterns show Bragg reflections (Dirac δ-peak) only, and no structural diffuse scat-

tering. The intensity distribution is related to the Fourier transform of the structure.

In this section we will discuss the description of a crystal in real space and in recip-

rocal space, and the crystallographic restriction.

1.1.1 Lattices and terminology of crystals

Although never perfect, atomic arrangements in condensed matter are described

by infinite arrays of geometric points called lattices. In a lattice, every point has

an identical surrounding, all lattice points are equivalent and the crystal therefore

exhibits perfect translational symmetry. The points in the three-dimensional crystal

lattice are thus given by the following equation

r = n1 a + n2 b + n3 c, (1.1)

where n1, n2, n3 are integers and a, b, c are fundamental unit vectors of the trans-

lational symmetry. The volume associated with a single lattice point is called the

primitive cell.

It can be demonstrated that there are only 14 different periodic ways of arranging

identical points in a 3D space determined by the permitted symmetries of a periodic

array of points. These 14 arrays are called Bravais lattices and are shown in table

1.1. The volume unit depicting the lattice is not always a primitive cell. It is often

convenient to use a large volume called the unit cell. The unit cell illustrates the

symmetry in a more obvious way and favours the use of orthogonal axes. A group

of atoms can be associated with each lattice point with the position vector written

as follows

rj = n1 a + n2 b + n3 c + Rj. (1.2)

With Rj a position vector within the unit cell relative to the lattice point (n1, n2, n3).

The group of atoms associated with every lattice point is called a basis, any crystal

structure is therefore specified by its Bravais lattice and a basis. If we can perform
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The 14 Bravais lattices

triclinic

P(primitive)

monoclinic

P C (base-centered)

orthorombic

P C I (body-centered) F (face-centered)

tetragonal

P I

trigonal

R (rhombohedral primitive)

hexagonal

P

cubic

P I F

Table 1.1: The seven crystal systems and fourteen Bravais lattices.
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a symmetry operation on an object we can also reverse it, for each symmetry we

also have an inverse symmetry. The set of symmetry operations of a given object

forms a group. This group is the symmetry group of the object. The introduction

of the basis induces new symmetry elements such as rotations or reflections. These

elements are the so-called point-group symmetry of the basis. Each operation of

the point group must turn the atomic arrangement of the crystal into itself. For

three-dimensional periodic structures, there are 230 distinct symmetries available.

These combinations are called space-groups [6].

The Miller indices form a notation system in crystallography for planes and

directions in Bravais lattices. The Miller indices describe all crystallographic planes

within the unit cell. A family of lattice planes is determined by three integers, which

are written (hkl) [6]. Directions or rows of atoms in the lattice are specified by the

coordinate of the nearest lattice point to the origin in the chosen direction. A direc-

tion is written [uvz] and a set of symmetrically equivalent directions <uvz>. The

distance from the origin to the plane (hkl) lying within the unit cell is the interplanar

spacing dhkl.

1.1.2 The reciprocal lattice

A family of crystal planes (hkl) is completely characterised by the normal to the

planes nhkl and the interplanar spacing dhkl. To describe a structure, one uses the

lattice in reciprocal space formed by the vectorsgiven below [6]

Ghkl = 2π × nhkl/dhkl. (1.3)

Equation 1.3 tells that there is only one point in the reciprocal space for each

family of planes in the direct lattice. Similarly to equation 1.1, the reciprocal lattice

vector G is written

G = hA + kB + lC, (1.4)

with A, B, and C, the unit vectors in the reciprocal space related to the unit vectors

in the direct space by

A = 2π
b× c

a · (b× c)
. (1.5)

B and C are given by the following relations

A · a = 2π and cyclic permutations,

A ·B = A ·C = B ·C = 0.
(1.6)
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1.1.3 The crystallographic restriction

Crystallographers classify lattices into families according to the symmetries which

fix their lattice points and on how the symmetry group acts on the lattice. The

lattice symmetry is governed by geometrical laws, thus a lattice can have n-fold

rotational symmetry if n=1, 2, 3, 4 or 6. This result is known as the crystallographic

restriction [3].

As stated previously there are only 230 space groups permitted. Any arbitrarily

chosen point group cannot readily be combined with translational symmetry [6]. As

shown in figure 1.1, a 2D space can be easily tiled by rectangular, square, triangular

or hexagonal tiles. These regular polygons have vertex angles equal to integral

fractions of 2π making it possible to arrange lattice points in such a way that each

of them is surrounded by six triangular tiles (2π/6), four square tiles (2π/4) or three

hexagonal tiles (2π/3). Conversely, 5-fold and rotations of order over 6-fold are

(a) (b)

(c) (d)

Figure 1.1: (a), (b), (c), permitted tilings (triangle, square, hexagon)

and (d) impossible tilings (pentagon, heptagon,...) of the two-

dimensional space.

forbidden by periodic space tiling. For a pentagonal tile, figure 1.1.d, the vertex

angles are equal to 108◦ which is contained 3.33 times in 2π that is three pentagons

plus an angular gap of 36◦. Heptagons are not acceptable either as their vertex

angles are equal to 128◦57′ which is contained 2.8 times in 2π.

As detailed in section 1.2, a crystallographic restriction is dimension dependent
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as is the set of possible symmetry operations. Five and twelve fold axes become

possible in 4D, and 7-fold in 6D [3].

1.2 Quasiperiodicity and long-range order struc-

tures

In this section we will discuss the Penrose tiling which is crucial for the un-

derstanding of quasicrystal structure. Beforehand, we will introduce the concepts

of tiling and covering then the Fibonacci sequence both mathematically and phe-

nomenologically with the projection method. The latter is an illustrative example

of a way to generate quasiperiodic tilings.

1.2.1 Tilings and coverings

Tiling refers to a placement of one or more tiles with no overlaps in such a way

that a plane is completely covered. In contrast, a covering is a placement of tiles that

covers the plane but overlaps are allowed [9]. The mathematical basis of tilings has

been described by Grünbaum and Shephard in the book ”Tilings and Patterns” [10]

where they outline the advances in the area of aperiodic tiling. This area of research

had a major impact with the discovery of the Penrose tiling introduced in details in

section 1.2.4.

A periodic tiling can be divided into finite cells. In figure 1.2, the tiles are paral-

lelograms but they are not unit cells of the tiling because they differ in orientation.

However, an aperiodic tiling can be of any kind; the deterministic quasiperiodic

Figure 1.2: (a) The tiles of this parallelogram tiling are not unit cells.

The actual unit cell is shown with a dotted line.

Penrose tiling (figure 1.3.a) or a ”random” tiling (figure 1.3.b) are both aperiodic. A
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quasiperiodic tilling however can be obtained by projecting a section of a tiling that

is periodic in a higher dimensional space (section 1.2).

(a) (b)

Figure 1.3: Two types of aperiodic tiling, (a) quasiperiodic Penrose

tiling and (b) random tiling.

1.2.2 Fibonacci sequence

The Fibonacci sequence is obtained by an iterative application of the substitution

rule

σ : L→ LS, S → L (1.7)

The substitution rule can be alternatively written employing the substitution matrix

S

σ :

(
L
S

)
→
(

1 1
1 0

)
︸ ︷︷ ︸

=S

(
L
S

)
=

(
LS
L

)
(1.8)

From equation 1.8, one can derive the scaling properties of the Fibonacci sequence

from the eigenvalues λi of the substitution matrix S.

det|S− λI| = 0, (1.9)

where I is the unit matrix. The evaluation of the determinant yields the characte-

ristic polynomial

λ2 − λ− 1 = 0 (1.10)

with the eigenvalues

λ1 = (1 +
√

5)/2 = 2 cos(π/5) = 1.618... = τ, (1.11)

λ2 = (1−
√

5)/2 = −2 cos(2π/5) = −0.618 = 1− τ = −1/τ (1.12)
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and the eigenvectors

v1 =

(
τ
1

)
, v2 =

(
−1/τ

1

)
. (1.13)

The eigenvalue equation S vi = λivi can now be written explicitly(
1 1
1 0

)(
τ
1

)
=

(
τ + 1
τ

)
= τ

(
τ
1

)
. (1.14)

By identification of the above equation with 1.8, we replace the matrice

(
L
S

)
by(

τ
1

)
to show that an infinite Fibonacci tiling s(r) is invariant under scaling with

the eigenvalue τ [4],

s(τr) = s(r). (1.15)

1.2.3 Quasiperiodicity generated by the projection method

Quasiperiodic structures can have orientational symmetries not compatible with

space groups of periodic structures. However these ”forbidden” point group symme-

tries may be allowed with a periodic tiling of increased dimensionality. For example,

5-fold rotations with a regular pentagon (five vertices) may be completely defined

with four vectors. Thus, four space dimensions are required to accommodate peri-

odic tiling made of tiles which have the rotational symmetry of a pentagon.

In a similar way, the 1D Fibonacci chain can be generated from a 2D space.

To create this structure, we start with a 2D square lattice that has coordinates

(Ha, H ′a) on the basis (e1, e2) with a the lattice parameter of the 2D square lattice

and H, H ′ integers (figure 1.4). Thus the lattice points are defined by

R = H a e1 +H ′ a e2. (1.16)

The lattice sites are projected into a 1D subspace which is a straight line given

by an angle α with the horizontal rows of the square lattice. We call this axis rpar.

It is viewed as the ”physical space” where the quasicrystalline structure lies. rperp is

the axis perpendicular to rpar and is referred as the ”perpendicular space”. rperp has

no physical meaning but serves for the mathematical description. The lattice points

have components in the coordinate system (Rpar, Rperp) defined by the following

equation

Rpar = R · rpar,

Rperp = R · rperp. (1.17)
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Figure 1.4: 1D illustration of the projection method with • the 2D

square lattice and × the projected 1D periodic structure. The slope of

the 1D space (α) is rational with respect to the lattice rows.

Figure 1.5: 1D illustration of the projection method. The slope is

irrational, the projection of the square lattice into Rpar is a perfect non-

periodic structure made of two tiles of incommensurate size. With the

slope α equals to τ , one obtains the Fibonacci chain.
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If tanα is a rational number with respect to the rows of the square lattice, the

projected 1D structure is a discrete periodic set of sites (figure 1.4). Conversely, if

tanα is irrational, the projected 1D structure is no longer periodic. The projected

set of points is dense and for an atomic description, the 1D structure would exhibit

non-physically short atomic distances. To relax the density, the projection on rpar

is restricted to the points confined within a strip parallel to rpar which has a cross-

section ∆ in the perpendicular rperp as shown in figure 1.5. The length of the

cross-section is given by the following equation

∆ = a cosα + a sinα. (1.18)

In the particular case where the slope α of rpar with respect to the horizontal rows

is given by

tanα = 1/τ, (1.19)

the 1D projected structure is made of two tiles whose lengths are those of a Fibonacci

chain as shown in figure 1.5 with

L = a cosα,
S = a sinα. (1.20)

The coordinates of the lattice points are given by the following relations

Rpar = Ha cosα +H ′a sinα = (Hτ +H ′)a sinα, (1.21)

Rperp = H ′a cosα−Ha sinα = (H ′τ −H)a sinα. (1.22)

Using sinα = (2 + τ)−
1
2 derived with trigonometric arguments from equation 1.19,

Rpar and Rperp can also be written as following

Rpar =
a

(2 + τ)
1
2

(Hτ +H ′), (1.23)

Rperp =
a

(2 + τ)
1
2

(Hτ −H ′). (1.24)

The atoms in the Fibonacci chain are at the position

x = Rpar = a(Hτ +H ′)/(2 + τ)
1
2 , (1.25)

with |Rpar| ≤ ∆/2 that is to say with (H, H ′) satisfying the condition

|(H ′τ −H)| ≤ (1 + τ)/2 = 1.309 . . . (1.26)

as shown in figure 1.5.

In this section we have discussed the projection method that provides an easy

way to generate quasiperiodic tiling.
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1.2.4 Penrose tiling

This section will introduce the tools to answer the following question of impor-

tance for quasicrystals: ”How many different types of tiles are needed to tile the

2D space in a purely aperiodic manner without overlapping tiles or empty spaces

between them?”. The answer to this question came in 1974 as ”2 tiles” in Roger

Penrose’s aperiodic tiling of the plane in his article ”The Role of Aesthetics in Pure

and Applied Mathematical Research” [11]. He used two rhombs with equal side

lengths but different opening angles. The resulting tiling is non-periodic, has long-

range orientational order with five-fold symmetry and is self-similar. Penrose says

he invented his tiling as a game. However, N.G. de Bruijn in 1981 displayed the

mathematical potential of the method with the projection from higher-dimensional

space [12] discussed in section 1.2.3 which was later used in connection with quasi-

crystals. R. Ammann used the corresponding rhombohedra instead of the rhombi

to create the first generalisation to Penrose tiling in 3D [13].

Penrose tilings are made of two rhombs. The skinny rhomb has angles of 36◦

(θ = π/5) and 144◦ (4θ) and the fat rhomb has angles of 72◦ (2θ) and 108◦ (3θ).

With the edge of the rhomb defined as a unit length, the long diagonal of the fat

rhomb is τ and the short diagonal of the skinny rhomb is 1/τ . Penrose tiles have

arrows on their edges that must be matched in order to complete a tiling. The

(a) (b)

Figure 1.6: (a) the two rhombs used for the penrose tiling with match-

ing rules expressed as arrowed edges. (b) 2D Penrose tiling

matching rules for the rhombs are shown in figure 1.6.a, the edges are marked with

single and double arrows making the tiling an oriented graph. Figure 1.6.b shows a

Penrose tiling with the arrowed tiles. The matching rules do not generate a tiling

automatically. Some local configurations cannot be extended as shown in figure 1.7.

A Penrose tiling can also be generated from another one by an inflation pro-

cedure. This tiling is called the inflated tiling. The self-similarity of a 2D Penrose
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Figure 1.7: two incompletable configurations

lattice is depicted in figure 1.8 with the tiles scaled by τ .

Figure 1.8: Scaling of original penrose tiling by S, the generated Pen-

rose tiling is congruent to the original one, enlarged by a factor τ .

In this section, it was shown than any periodic structure of dimension n can

yield a quasicrystalline structure in n− 1 dimensions. We introduced the projection

method to generate 1D aperiodic structures, including the Fibonacci sequence, from

a regular array of points. We also introduced the 2D Penrose tiling emphasising the

self-similarity of quasicrystalline structures within rescaling.

In the next section, we will discuss quasicrystallinity in alloys. The first quasi-

crystals observed were metastables but stable quasicrystals in the decagonal and

icosahedral phases were quickly discovered. We will introduce elements to under-

stand their stabilisations in these phases. The discussion will be mainly on the

decagonal quasicrystals, atomic clusters which are the building units and on the

indexing method of decagonal quasicrystals.
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1.3 Incommensurate structures and approximants

Before the discovery of quasicrystals, solid-state physics studied incommensu-

rate modulated phases and composite crystals with a modulated structure. The

modulation refers to a distortion or a static perturbation characterised by its own

independent periodicity.

Incommensurate structures can be viewed as underlying periodic lattices with

actual atom positions displaced with respect to the lattice sites. Although the dis-

placement is periodic, the lattice and displacement are not in a rational ratio. The

diffraction patterns of these phases exhibit Bragg maxima arranged with usual crys-

tal symmetry surrounded by satellite reflections. An example of an incommensurate

structure can be large atoms deposited on a surface made of smaller atoms as in

the system Kr/graphite. When the density of the adlayer’s atoms is too high, the

atoms rearrange themselves out-of-phase with the supporting surface due to geo-

metric constraints. The 3D structure and its modulation can be presented in 4D

space in which the fourth dimension ”stores” the phase information as a new degree

of freedom. When excited, this new degree of freedom can lead collective excitations

called phasons in analogy to phonons.

An approximant is a periodic crystal which has a large unit cell within which the

substructure is based on similar cluster types as those found in an aperiodic sample.

The chemical composition is also very close to the parent quasicrystal. A crystalline

approximant has a composition and structural unit very similar to the quasicrystal

ones but is nevertheless a crystal.

1.4 The various families of quasicrystals

Shechtman et al reported the observation of an icosahedral symmetry after heat

treatment of a rapidly solidified AlMn alloy [1]. Chattopadhyay et al studying the

same system identified a phase made of a periodic stacking of two-dimensional quasi-

periodic planes making the quasicrystal periodic along one direction [14]. Bendersky

arrived at the same conclusion and established the symmetry as 10/mmm (10-fold)

for the 2D quasiperiodic plane by electron diffraction [15]. After the discovery of

this decagonal quasicrystal, other two-dimensional quasicrystals were discovered; oc-

tagonal [16], dodecagonal [17], and a 2D pentagonal quasicrystal [18]. Furthermore,

cubic [19] and hexagonal quasicrystals [20] have also been observed. He et al dis-
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covered a phase quasiperiodic along a two-fold direction (digonal phase) [21].

Quasicrystals are known to form in metastable or stable phases in more than a

hundred alloy systems. Most of these stable quasicrystals are alumnides. We will

introduce stable and metastable quasicrystals. Furthermore, we will focus on alu-

minium rich quasicrystals and especially the decagonal (d) AlNiCo phase that is

used for the experiments.

1.4.1 Metastable quasicrystals

Metastable quasicrystals are characterised by a high degree of disorder. These

alloys exhibit periodic ordering when heated and adopt a quasicrystalline structure

by rapid quenching of the melt. After the discovery of metastable Al6Mn quasi-

crystals, a number of attempts were made to find other quasicrystalline phases.

The first icosahedral alloy was discovered in Al6Mn. Substituting Mn with other

transition metals or by adding metalloids, icosahedral (i) phases were found in bi-

nary alloys of Al with Fe, Cr, Ru, V, W, and Mo. These alloys were prepared by

melt-spinning with typical quenching rates of ∼ 106 K/s [22]. This method yields

micron-size grains of quasicrystalline phases in an Al matrix. After this discovery,

a decagonal phase was found in the same alloy using a slower cooling or subsequent

annealing. Decagonal, icosahedral, and crystalline phases coexist often in the ma-

terial. However, i-quasicrystals form preferentially in the Al-early transition metal

(TM) systems (AlCr, AlV, AlMn, and AlMo) whereas the d phase forms in the

Al-late transition metal (TM) systems (AlFe, AlCo, AlNi, and AlRh). Along with

the position of the elements in the periodic table, the structure of quasicrystals has

been found to be related to their corresponding approximant crystals. The approxi-

mant crystals of icosahedral quasicrystal are cubic or orthorhombic, whereas in the

decagonal phase they are orthorombic or monoclinic [8].

Other symmetries have also been observed such as 2D octagonal in rapidly so-

lidified CrNiSi [23] or a dodecagonal in BiNi alloys [24].

1.4.2 Stable quasicrystals

Stable quasicrystals were discovered in ternary and quaternary alloys by sub-

stitution of Al with other TM elements. Another class of stable quasicrystals was

discovered in the MgAlZn system. The quasicrystalline phase is obtained by con-

ducting rapid solidification from the crystalline approximant. Tsai et al, discovered
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the stable AlCuFe five-fold quasicrystal being inspired by a paper by Henley and

Elser that pointed out the relationship between quasicrystals and certain crystalline

compounds [25]. Tsai et al looked for structures with large lattice parameters and

local units with five-fold symmetry and noticed the existence of the tetragonal crys-

talline compounds Al7Cu2Fe1 (a = 0.634nm, c = 1.487nm). Rapid solidification of

this alloy formed a mixture of quasicrystalline matrix and amorphous phases in the

grain boundaries. The quasicrystal had a composition close to Al65Cu20Fe15. Tsai

et al then prepared melt-spinning of this alloy to get mostly single quasicrystalline

phase with grains of the size of a few tenths of micrometers, which was the biggest

reported at the time [26]. This sample turned out to be stable. Further discoveries

were made by replacing Fe in AlCuFe by elements located in the same row on the

periodic table. This was the discovery of high-strength Al based amorphous alloys

as AlCuV, AlCuZr, or a new group of stable quasicrystals such as AlCuRu or Al-

CuOs [8].

Many other quasicrystal alloys were found by replacing same column elements

leading to the discovery of several types of decagonal quasicrystals. Amongst the

decagonal quasicrystals, AlNiCo was found to be thermodynamically stable over a

wide range of composition and temperature [27]. Stable decagonal quasicrystalline

phases were also found in AlNiFe [28] and Al-Ni-Ru [29] alloys but AlNiCo remains

the most studied decagonal phase.

1.5 Alumnides

Alumnides can be found in a large variety of forms from solid solutions, dis-

ordered alloys and ordered compounds to quasicrystals. These alloys possess high

strength, light weight and some of their phases are thermodynamically stable. In

the quasicrystal phase they display very high structural quality [30].

The discovery of quasicrystalline phases in the AlMn system has revived the

interest for alumnides containing transition metal atoms [31–33]. When the first

thermodynamically stable quasicrystals became available, experiments showed un-

usual electronic [34] and magnetic properties [35]. For example, AlMn quasicrystals

are diamagnetic in spite of containing significant contribution of transition metals.

With the discovery of thermodynamically stable quasicrystals [36] with struc-

tural perfection as good as in the best periodic alloys [37] it became possible to
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understand the influence of the quasicrystalline phase on their physical properties.

The first studies of quasicrystals were mostly focused on i-alloys. Some striking

features include a very high value of the electrical resistivity not expected for an

alloy consisting of normal metallic elements (0.01 Ω.cm for the i-AlPdMn system

at room temperature compared with 28 nΩ.cm for Al) and their temperature co-

efficients of resistivity is often negative in disagreement to the behavior of typical

metals. [34,38–40]. Additionally, the resistivity is very sensitive to the sample com-

position and increases as their structural quality improves. The poor conductance of

quasicrystals has stimulated a search for the existence of an energy gap at the Fermi

level [41,42]. Quasicrystals exhibit unusual surface properties which have stimulated

numerous experiments: low friction, low adhesion, and good oxidation resistance [8].

Al-rich quasicrystals are unexpected regarding their chemical compositions, they

are brittle, hard, and poor conductors of heat and electricity [8]. Their brittleness

make them poor candidates for bulk applications but still render them viable for

coating and for composites in which interfaces are of prime importance.

The aluminium based quasicrystals can be classified according to their con-

stituents

• ”sp quasicrystals”, containing elements with s and p valence electrons (Al, Si,

Mg, Zn, Au, Li, Ga, Cu). The 3d electrons of Cu atoms are considered as core

electrons as they have minor influence at the Fermi energy.

• ”spd quasicrystals”, containing transition metal elements of the 3d, 4d, or 5d

series: V, Cr, Mo, Mn, Re, Fe, Ru, Os, Co, Ni, Pd,...

All stable and metastable aluminium based quasicrystals are summarised in table 1.2

in the icosahedral and decagonal phases. The alloys of very high structural quality

are printed in bold.

1.5.1 Stabilisation of quasicrystals

An alloy structure is stable if it has the lowest free energy F = U − TS amongst

the competing phase. For an ordered phase, the entropy has a minor contribution

and the internal energy of a structure is often calculated at 0 K. The factors that in-

fluence the free energy F most are therefore the internal energy which depends of the

electronegativity difference of the elements, atomic size ratios, and band-structure

considerations. In alloys and especially in metals, band-structures are related to the
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sp quasicrystals spd quasicrystals
Frank-Kasper type Mackay type
e/a w 2.0− 2.2 e/a w 1.7− 1.9

Meta-stable Icosahedral phases Icosahedral phases
Al-Mg-Zn Al-TM (TM=V, Cr, M, Ru, Re,...)
Al-Mg-(Cu, Ag) Al-(Mn, Cr)-Si, Ge
Al-Li-(Au, Zn)

Decagonal phases
Al-TM (TM=Mn, Fe, Co, Pd)
Al-(Cu, Ni, Pd)-TM (TM=Fe, Mn, Co, Rh, Ir)

Stable Icosahedral phases Icosahedral phases
Al-Li-Cu Al-Cu-TM (TM=Fe, Ru, Os)

Al-Pd-TM (TM=Mn, Re)
Al-Mn-Si
Decagonal phases
Al-Cu, Ni-TM (TM=Co, Rh, Ir)
Al-Pd-TM (TM=Mn, Re)

Table 1.2: Al based quasicrystals from [43]. Alloys printed in bold

are quasicrystalline states of very high structural quality. The ratio e/a

refers to the number of valence electrons per atom.

overlap of neighbouring atomic wave-functions where conduction electrons are de-

localised throughout the structure. For transition metal alumnides, the differences

∆χ in electronegativity are small (∆χ w 0). The atomic size ratio in these systems

is also close to one indicating that band structures must play a major role in the

stability of these phases.

To date there is no a general rule which can be used to predict which alloys

and at which compositions a quasicrystal may be found. However, the existence of a

large unit cell tetrahedrally close-packed phase (Frank-Kasper phase) is a favourable

circumstance for the formation of quasicrystals.

The successful replacement of Fe by Ru and Os also suggests a stabilisation by

the electronic structure since these three quasicrystals exhibit a value of the elec-

tron/atom ratio of 1.75. Gratias el al [44] showed that the icosahedric phase in the

Al-Cu-Fe phase diagram is located along a line defined by the equation e/a w 1.86,

e/a being the number of valence electrons per atom. The e/a ratio is a determinant

parameter for quasicrystal stability. It allows as well the classification of quasi-

crystals according to their related phases from their electronic properties and their

local atomic order.
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1.5.2 d-AlNiCo, a decagonal quasicrystal

Soon after the discovery of icosahedral quasicrystals with quasiperiodic bulk

structure in all three dimensions [1], a decagonal phase was identified in the Al-

Mn system by Bendersky et al [15]. Decagonal AlMn was only metastable, and

stable decagonals were discovered later in the ternary AlCuCo [45] and AlNiCo [37].

Sato et al made available the first single d-AlNiCo quasicrystal of excellent quality

at the centimetre scale [46].

The decagonal phase presents periodicity in one plane and quasiperiodicity with

a 10-fold symmetry in the orthogonal plane. In other words, decagonal quasicrystals

can be seen as a stacking of quasiperiodic planes. They possess two sets of five

equivalent 2-fold symmetry axes rotated by 18◦ in the quasiperiodic plane as illus-

trated by figure 1.9. The full periodicity can be recovered in a 5 dimensional space

Figure 1.9: Schematic view of a d-quasicrystals showing stacking along

the periodic axis and the two inequivalent (10000) and (1011̄0) 2-fold

surfaces. Figure reprinted from [47].

using the Miller indices as shown by figure 1.10. (00001) is the plane perpendicular

to the vector [00001] (10-fold) and the two inequivalent 2-fold planes perpendicular

to the vectors [10000] and [1011̄0] are referred to as the (10000) and (1011̄0) planes,

respectively.

Decagonal phases offer a unique opportunity to compare physical properties along

the periodic and quasiperiodic direction. For instance, the electrical resistivity in

Al70Ni15Co15 along these two directions was found to be in a 30 to 1 ratio [49]. As

expected, many other properties display a strong anisotropy, Hall effect [50], ther-

mopower [51], thermal conductivity [52], optical conductivity [53] or mechanical [54].

The Hall coefficient RH of d-quasicrystals is positive (RH >0) for an applied mag-
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Figure 1.10: Schematic of the indexing of a decagonal quasicrystal.

The circles refer to the positions of diffraction spots generated and pro-

jected normal to the periodic axis. Figure reprinted from [48].

netic field lying in the quasicrystal plane whereas it changes sign to negative (RH

<0) when the field is applied along the periodic direction.

Gille et al observed facets at the surface of Czochralski-grown single crystals

namely the decagonal dipyramids ({001̄1̄1} and {101̄02}), the decagonal prisms

({10000} and {101̄00}) and the pinacoid {00001} [55]. Steurer and Cervellino ranked

the 16 strongest reflections of d-AlNCo according to the scattering factors [56] al-

lowing to draw the ideal shape of a decagonal quasicrystal as shown in figure 1.11.

The stability of quasicrystals revolves around the relative roles of energy and en-

tropy. The energetic mechanism postulates that interactions among the tiles favour

a unique quasiperiodic ground state. The entropy mechanism states there is no

unique quasiperiodic state but quasiperiodicity in the long-range order is a property

of ”random tiling”. According to Dieter and Veit the energy mechanism argues in

favour of growth getting in the way of perfection whereas the entropy view-point

argues the opposite; growth may be fundamental in providing a pathway to the en-

tropically stabilised state [58]. In their paper, they describe a theoretical model that

show that the maximum entropy state of a random tiling quasicrystal is accessible

through growth alone. The extremely slow kinetics of attachment in the growth

direction perpendicular to the 10-fold axis is considered in the growth protocol [59].

AlNiCo exhibits a number of different decagonal phases depending on the ex-

act composition and temperature [48]. The different phases are summarised in the
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Figure 1.11: Ideal shape of a decagonal AlNiCo showing the decagonal

dipyramids {001̄1̄1} and {101̄02}, the decagonal prisms {10000} and

{101̄00} and the pinacoid {00001}. Figure reprinted from [57].

phase diagram in figure 1.12. There are many different quasicrystalline phases in this

diagram referring to different structural varieties [61, 62]. Edagawa et al reported

weak diffraction spots upon the annealing of Al70Ni15Co15 situated at the centres of

pentagons [62]. Upon annealing, these superlattice peaks start losing intensities at

750◦C. At 850◦C one set of superlattice peaks reaches 40% of the initial intensity

while the other one disappears completely. It shows that there are two independent

order parameters in this system. The former set of superlattice spots are called the

S1 spots while the latter that disappears completely are called the S2 spots [7]. The

type I superstructure displays both S1 and S2 reflections, the type II superstructure

displays a ring-like zone of low diffraction intensities and reflections at the position of

half-integer indices [63]. 5f and 5fHT are 1D periodic 5-fold states with a superstruc-

ture for the latter. Finally other structure varieties are referred to as the Co and Ni

rich phase [64,65]. The phases differ in their tilings. The structure of S1-state, type-

I superstructure, type-II superstructure and 5fHT phases show diffraction patterns

with so-called superlattice reflections. On the other hand, the Ni-rich and Co-rich

phases without superlattice reflection are formed by a pentagonal quasiperiodic ar-

rangement of large atomic clusters with a decagonal section of 3.2 nm in diameter,
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Figure 1.12: Temperature against composition section along the com-

position line Al74Co26-Al69Ni31. This composition line is the maximum

extension of the stability region of the decagonal phase. Abbreviations:

L, liquid; D, decagonal phase in general. Figure reprinted from [60].
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Figure 1.13: SEM image of a d-AlNiCo single grain showing the dif-

ferent high symmetry axes. Figure reprinted from [48].

which is τ times as large as the atomic clusters in the other phases [66]. All phases

share some common characteristics. The interplanar distance along the periodic axis

is approximately 2 Å [67, 68]. The structure can be described by columnar clusters

of 20 Å diameter with a pentagonal symmetry within each plane [69] as shown in

figure 1.13.

Decagonal quasicrystals consist of quasiperiodic atomic layers stacked according

to different sequences. The structure can be described in terms of columnar clusters

parallel to the ten-fold axis [8]. The columnar cluster model can be described as

a three-dimensional extension of a two-dimensional Penrose tiling. The atoms are

arranged analogously to the rhombic Penrose tiles and the interactions connecting

clusters are comparable to the Penrose matching rules. The clusters have pentagonal

symmetry, and are rotated at each plan by 36◦.

It was widely accepted that two types of clusters were necessary to force quasi-

periodicity, but Steinhardt et al [70] have proposed a new model for the quasicrys-

talline structure of Al72Ni20Co8 using a single repeating ”quasi-unit-cell”. Instead

of the two incommensurate lengths from the two different tile shapes, quasiperio-

dicity can be obtained by allowing the nearest-neighbour distances between clusters

to overlap as shown in figure 1.14. An overlapping means that unlike a periodic

unit cell, the clusters can share atoms. To determine the atomic structure, one must

determine the atomic distribution within the decagonal tile. Steinhardt et al have

proposed the atomic structure shown in figure 1.15.a. Because of its high structural

quality, AlNiCo allows the complete identification of atomic positions. Image 1.15.b

shows an HAADF image (HAADF imaging mode is discussed in section 4.9) of a
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Figure 1.14: A quasiperiodic tiling can be forced using marked

decagons (a). Two decagons are allowed to overlap if shaded regions

match. Two overlapped regions lead to two possibilities, small (A-type)

or large (B-type). Inscribing a decagon with an obtuse rhombus (c), a

Penrose tiling appears from the overlapped decagons. Figure reprinted

from [70].

AlNiCo sample showing atom positions. On top of the TEM image (figure 1.15.a) is

superposed the atomic model introduced above (figure 1.14). The resulting structure

provides a better fit than previous models including Penrose tiling.
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(a) (b)

Figure 1.15: (a) candidate model for the atomic decoration of the

decagonal quasi-unit-cell. Large circles are Ni and Co and small circles

are Al. Solid and open circles are layers at c = 0 and c = 1/2 along

the periodic c-axis. After [9] and reference therein. (b) superposition

of a perfect decagon tiling placed over the HAADF image of Al-Ni-Co.

Figures reprinted from [70].
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1.5.3 Icosahedral quasicrystals

Quasicrystals with icosahedral diffraction symmetry are called icosahedral quasi-

crystals. In 1986, the first stable icosahedral quasicrystal was discovered in the

system AlCuLi [71, 72]. Their structures are quasiperiodic in three dimensions and

they are therefore referred to as 3D quasicrystals. There are no 3D quasicrystals

known with symmetry other than icosahedral.

The 3D analogue to the pentagon is the icosahedron. It is characterised by

5-fold, 3-fold, and 2-fold rotational symmetries. This symmetry can be visualised

directly on the SEM image of an as-grown single-grain as shown in figure 1.16 or as

in figure 1.17 with the electron diffraction patterns of an AlPdMn showing quasi-

periodic reflection arrays in three orientations. In 3D, 5-fold rotations are fulfilled

Figure 1.16: SEM images of a i-AlPdRe single grain showing the dif-

ferent high symmetry axes. Figure reprinted from [48].

with a regular icosahedron defined by six of the vectors from centres to vertex and

consequently at least a 6D space is required to accommodate a periodic lattice with

icosahedral symmetry. The rotational symmetry of an icosahedron is 6 five-fold axes,

10 three-fold axes (from center to triangular faces), 15 two-fold axes (from center to

middle edges).



Chapter 1 : Quasiperiodicity and Quasiperiodic Alloys 30

(a) (b) (c)

Figure 1.17: Top, an icosahedron viewed along its (a) 5-fold, (b) 3-

fold, and (c) 2-fold symmetry axis. Bottom, corresponding diffraction

pattern of above symmetry from an i-Al69.5Pd21Mn9.5 quasicrystal. Fig-

ure reprinted from [73].
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In the thin film limit, a quasicrystal substrate can induce its own ordering to

an overlayer. If one can form a truly 2D structure, then the overlayer could be

of a single element whereas, in the bulk, quasicrystals require a combination of

at least two elements. Quasicrystals in this new form could be used to extend the

understanding of the relationship between quasiperiodicity and the resulting physical

properties independently of the complex chemistry. Such overlayers could also be

attractive for the study of electronic and dynamic phenomena in 2D.

In this chapter we will discuss the state of the art of the surface science of

quasicrystals, including oxidation effects, surface preparation and quasicrystal thin

film growth modes.

2.1 Oxidised surfaces

Passivation by an oxide layer is common among Al-rich quasicrystals as it is

generally for Al alloys. Thiel et al exposed an AlCuFe quasicrystal to air at room

temperature after sputter-annealing in UHV [8]. The sample was analysed with

X-ray photoemission spectroscopy (XPS) (section 4.6) and X-ray induced Auger

electron spectra (XAES), showing Al-induced oxidation only. The oxide depth of

i-AlPdMn is 22-29 Å as estimated by XPS techniques [74] and 23 Å with X-ray

reflectivity and diffuse scattering techniques [22]. Humidity causes the film to be

larger since in vacuum pure oxygen at room temperature generates an oxide film of

4-8 Å thick on i-AlCuFe [22].

2.2 Topography and surface preparation

In order to produce atomically flat surfaces, the sputter-annealing method has

been found to be more efficient than in-situ cleavage. The latter forms aggregate of

clusters at the surface of i-AlPdMn for example, which result in a very rough sur-

face as analysed by Ebert et al with STM [75] and shown in figure 2.1. In contrast,

31
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sputter-annealing cycles generate atomically flat surfaces on a polished surface. A

study conducted by Papadopolos et al also showed that 0.25 µm diamond paste

yields the best surface for STM experiments [76]. After sputtering the surface is

very rough due to clusters at the surface as observed with scanning tunneling mi-

croscopy (STM) by Ledieu et al [77].

An STM experiment was carried out on Al70Pd21Mn9 cleaved along either the

fivefold or twofold axes within UHV [78]. Compared to a sputter-annealed surface,

they observed a rough surface with an average corrugation of 10-15 Å (<1 Å for the

sputter-annealed surfaces). The surface structure is made of cluster aggregates, the

smallest of which are 8-10 Å in diameter, matching the size of the pseudo-Mackay

icosahedron (9.6 Å) (figure 2.1). For the sputtered surface, this gives evidence that

there are many intact pseudo-Mackay clusters in the surface region with other atoms

filling the space between the clusters to yield a flat surface.

Figure 2.1: STM constant current images of the occupied density of

states of an i-AlPdMn single crystal cleaved along a twofold plane. Ar-

rows indicate the direction of the 2-fold, 3-fold, and 5-fold axis. Figure

reprinted from [75].

The surface also depends on the thermal history of the sample growth and subse-

quent annealing treatments. For example, quasicrystals contain significant amounts

of bulk vacancies from the growth process itself or subsequent annealing. To min-

imise the density of these voids the sample is annealed under UHV at high tempera-

ture for a long time to facilitate void formation at the surface which can be repo-

lished. Ebert et al annealed an AlPdMn sample at 800◦C for 3 months before surface

preparation [79].

Sharma et al compiled all annealing temperatures of Al-based quasicrystals that

resulted in a near-bulk composition at the surface (table 2.3) [48]. The sputter-

annealing method is the best way to study the quasicrystal surface without the
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Sample Annealing temperature
i-AlPdMn 550− 650◦C
i-AlCuFe 50− 750◦C
i-AlCuRu 600− 750◦C
i-AgInYb 350− 400◦C
d-AlNiCo 700− 900◦C
d-AlCuCo 700◦C
ξ′-AlPdMn 550− 580◦C

Table 2.3: Optimum temperature of different quasicrystals and approx-

imant to obtain near-bulk composition [48].

oxide influence and with the possibility to prepare a new surface repetitively. This

method can, however, create chemical and physical disruptions. In the case of the

quasicrystals, chemical disruption is critical since the phase stability range spans

only a few percent in the atomic concentration. Chemical changes at the surface

can occur in two ways: preferential removing of light elements by sputtering and

preferential evaporation of a particular metal upon annealing. Sputtering induced

phase change has been observed in i-AlCuFe [80] and d-AlNiCo [81]. High tempera-

ture annealing induced phase transitions were reported by Naumovic on the fivefold

surface of i-AlPdMn [82]. The transition from cubic to quasicrystalline has been ob-

served with RHEED by Barrow et al and is illustrated in figure 2.2. The sputtered

surface can be annealed in order to regain the bulk composition and quasicrystalline

order.

STM has been widely used to characterise the structural arrangement of these

aperiodic surfaces. On the Al70Pd21Mn9 surface and by connecting the points of

high contrast, one will see a Penrose like tiling made of rhombuses, pentagonal

stars, regular pentagons and crowns. Within a terrace, characteristic motifs have

been identified and called ”dark stars”, ”white flowers”, and ”rings” (figure 2.3). The

latter is terrace-dependent, varying with the annealing condition and not present in

figure 2.3.

2.2.1 Surface science of d-AlNiCo: 10-fold surface

Reciprocal and real space techniques have been used to analyse the 10-fold d-

AlNiCo surface. Sharma et al used spot-profile analysis low energy electron diffrac-

tion (SPA-LEED) to study the tenfold (00001) surface of d-Al71.8Ni14.8Co13.4 of the

type-I superstructure. The diffraction pattern spots are dense and can be indexed

using the surface projected basis vector introduced in section 1.5.2 suggesting that
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Figure 2.2: RHEED patterns of AlCuFe after (a) sputtering, (b) an-

nealing at 570K, (c) annealing at 670K, and (d) annealing at 770K show-

ing cubic structure after sputtering and recovery of the quasicrystalline

surface. Figure reprinted from [80].

the surface corresponds to a bulk truncation without surface reconstruction. A simi-

lar conclusion was drawn on the Co-rich phase using dynamical LEED analysis and

STM [64].

Using ABAB stacking with A and B rotated by 36◦ with the initial atoms’ co-

ordinates of the Ni-rich phase of an X-ray diffraction study [83], the authors found

that the outermost layer spacing is contracted by 10% relative to the bulk inter-

layer spacing while the next layer is expanded by 5%. According to the authors,

the relaxation is of the kind as observed in relatively open metal surfaces. It is in

general a reaction to the charge smoothing present in metallic surfaces. An atomic

resolution STM image of AlNiCo in the 10-fold plane is shown in figure 2.4.a and

after Fourier filtering in 2.4.b. STM images were acquired from large terraces show-

ing protrusions of atomic dimensions and the pentagonal and decagonal groupings

of these features [64].

2.2.2 Surface science of d-AlNiCo: 2-fold surface

As discussed previously in section 1.5.2, the 2-fold surface can either be in

the (10000) or (0011̄0) directions. The latter is sometime referred as the non-

equilibrium 2-fold surface. Sharma et al used helium atom scattering to study

the non-equilibrium 2-fold surface. This surface develops facets in the <10000>



2.3. Thin film growth modes 35

Figure 2.3: 8 nm x 8 nm STM image of Al70Pd21Mn9 surface where a

regular pentagon, a ”dark star” and a ”white flower” are outlined. Figure

reprinted from [68].

direction indicating a lower surface energy of the (10000) plane [84].

2.3 Thin film growth modes

Molecular beam epitaxy (MBE) forms layers in diverse phases as discussed in

section 4.4. The layer growth is accomplished through a nucleation and an atomic

relationship between the two phases involved. The phases are namely epilayer, over-

layer or adsorbate and substrate, respectively.

The term epitaxy refers to the growth of one layer in a particular crystallographic

orientation imposed on the deposit layer by its relationship with the underlying sub-

strate layer. An epitaxial growth system is characterised by the two parallel contact

planes of the two crystal structures and by the parallel crystallographic directions

within these planes. Homoepitaxial growth refers to the case where the two adjacent

phases are isochemical. In this case, the lattice match induces a favourable wetting

resulting in layer development [85]. In heteroepitaxial growth, deposit materials are

different from the substrate. The crystallographic mismatch between the species

generates interactions between adatoms and substrate, namely a strain in the over-

layer to generate particular growth modes [86].

In the next sections we will discuss the different growth modes and the state

of the art in thin film growth on quasicrystals. Another section will introduce the
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Figure 2.4: (a) 180 × 180nm2 STM image from AlNiCo and (b) after

Fourier filtering. Tunneling conditions are: -1.00 V, current 1 nA. Circles

and pentagons identify features in the image. Figure reprinted from [64].

crystal-quasicrystal epitaxy which exists in a limited number of orientational rela-

tionships.

2.3.1 Lattice registration

When the wetting of the adsorbate is favourable, the subsequent growth cha-

racteristic depends mostly on the comparative structure of substrate and adsorbate.

That is to say, layer-by-layer growth occurs when the mismatch between film and

substrate is small. This condition is sometimes fulfilled with a structural modifica-

tion of the adsorbate as hcp or fcc on the system Co/Cu(001) and Co/Fe(001) [87]

or body centred tetragonal with the system Cu/Pd(001) [88].

In 1958, Ernst Bauer introduced a classification of epitaxial growth modes based

on thermodynamic considerations. Three main modes are distinguished:

• Islands or Volmer-Weber (VW): Film atoms are more strongly bound to each

other than to the substrate leading to direct growth of three-dimensional is-

lands (fig.2.5a).

• Layer-by-layer or Frank-van der Merve (FM): The film atoms are more strongly

bound to the substrate than each other. Two-dimensional growth takes place

since each layer is fully completed before the next layer starts to grow (fig.2.5b).

• Layer-plus-island or Stransky-Krastanov (SK): An intermediate case between

FM and VW. The growth of islands takes place after complete formation of



2.3. Thin film growth modes 37

one or more layers (fig.2.5c) [89].

Figure 2.5: Schematic representation of the three growth modes as a

function of the coverage θ in monolayer (ML) units. (a) Volmer-Weber;

(b) Frank-van der Merwe; (c) Stranski-Krastanov growth modes.

The previous qualitative description of the growth modes originates from a balance

between the surface free energy of the deposit γd, of the substrate γs, and of the inter-

face free energy γint [85]. Because epitaxial growth is intrinsically a non-equilibrium

process controlled by both kinetics and thermodynamics, the morphology may de-

viate more or less from the thermodynamic depiction [90].

If we deposit a material onto a substrate, we get island growth if

γs < γd + γint. (2.1)

The energy minimisation requires a reduction of the area covered by the deposit

(figure 2.5.a). For layer growth, the area covered by the deposit is maximised

γs > γd + γint. (2.2)

The deposit will grow smoothly, one atomic layer at a time (figure 2.5.b). If there is

a slight misfit, a film can grow to a certain thickness and then develops into islands

to release the strain (figure 2.5.c).

2.3.2 Origin and consequences of stress in the heteroepitax-

ial layer

At the initial stage of epitaxial growth, stress at the interface influences the

growth process. Stresses in a film are introduced with lattice misfit, different thermal
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expansion of the two phases or chemical reaction when the intermetallic compound

formed is coherent to the film but has a slight lattice misfit [91]. They may also

originate from defects at the interface and segregation of the substrate atoms in the

film [92].

Stress induced by lattice mismatch

In heteroepitaxy the growth process depends on whether the epilayer is coherent

or incoherent with the substrate. If the overlayer is incoherent with its substrate,

then the layer adopts a in-plane lattice constant that minimise its free energy. In

the other case, if the epilayer is coherent with the substrate, energy minimisation is

achieved by adopting the lattice constant of the substrate.

Stress induced by thermal expansion

To illustrate thermal expansion we take the example of lead (Pb) deposited on

silicon (Si). The coefficients of thermal expansion of Pb and Si are 29.5 × 10−6/◦C

and 2.6 × 10−6/◦C, respectively. When the system is cooled down to the tempera-

ture where Pb becomes superconducting (4.2K), the net change in linear dimension

is 0.86%. Pb tries to shrink but Si restricts it doing so, hence the Pb film is under

tension. Upon heating to room temperature, Pb tends to expand but again is re-

stricted by Si, hence Pb is under compression upon heating. Since room temperature

is half its melting point temperature, atomic diffusion is substantial and Pb releases

its compressive stress by atomic diffusion to finally generate hillocks [91].

2.3.3 Stranski-Krastanov: a 2D to 3D phase transition

The driving force for the formation of islands is the reduction of the total energy

of the strained epilayer system. Two-dimensional structures can relax only in the

direction perpendicular to the surface. With formation of three-dimensional islands,

the strain can be relieved more efficiently within and around the islands. To il-

lustrate the changes in the total energy of a mismatched system during constant

deposition rate, Samuelson et al introduced a three regions diagram [93]. As shown

qualitatively in figure 2.6, region A is the 2D growth, B is the 2D to 3D transition,

and C is the ripening of islands.

At the beginning of the deposition, the system evolves in a layer-by-layer growth
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Figure 2.6: Schematic of the total energy versus time for the 2D-

3D morphology transition. tcw is the critical wetting layer, EA is the

barrier for formation of 3D islands and X is the point where a pure

strain-induced transition becomes possible (no thermal activation). The

ripening process occurs between Y and Z . Figure reprinted from [93].

mode which leads to a perfect wetting of the substrate. The accumulated elastic

strain energy increases linearly with the deposited volume. Above tcw in image

2.6, the system is potentially ready to undergo a transition towards a Stranski-

Krastanov morphology. At the morphological phase transition, period B, 3D islands

grow rapidly by consuming accumulated material in the supercritically thick wet-

ting layer. The growth process is initiated by growth and nucleation as discussed

above. The activation energy for the nucleation process is EA − EE with EE and

EA, the excess energy in the metastable 2D layer and the transition barrier, respec-

tively. In region C mobile material is consumed. A slow transfer of material towards

equilibrium comes from the energy difference between islands favoring large islands

(coarsening).

A metastable layer with a critical thickness of 6 ML was observed in the sys-

tem Ge/Si(100) in a reflection high-energy electron diffraction (RHEED) experi-

ment [94, 95] and metastable layers of up to 7 monolayer thickness by scanning

transmission electron microscopy (STEM) [96] on the same system.

2.4 Quasicrystal thin film growth modes

In the next sections we will discuss the thin film growth mode on quasicrystals.

The film can adopt its own crystallographic structure but if the latter is oriented
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along the high-symmetry axis of the quasicrystal, the growth mode is referred to

as rotationally epitaxial. Some films have been observed to adopt a quasicrystal

structure, but this example of epitaxial growth has been observed only in the sub-

monolayer or monolayer range. Finally, the epilayer is incapable of wetting the

substrate adopting its own crystallographic structure through islands growth mode

or Volmer-Weber mode. Several experiments have been carried out using different

elements as an epilayer. Intermixing may occur with the consequent formation of an

alloyed species. The results are diverse without showing any correlation from one

element to another. Using review article [97,98], typical experiments will be briefly

introduced with an emphasis on multi-layer deposition.

2.4.1 Rotational epitaxial growth

In this section we will be discussing the different structures adopted by atomic

species after deposition on quasicrystal surfaces. If multiple orientations of the adsor-

bate lattice occur with a common relation to a high-symmetry axis in the substrate

surface mesh, the growth is referred to as rotational epitaxy [99–101]. In the special

case where the adsorbate structure is identical to the substrate, the growth is pseu-

domorphic. Epitaxial match is the desired growth mode to achieve a quasiperiodic

film made of a single element, which so far has only been observed for structure at

the monolayer regime.

In the rotational epitaxial growth mode, the film is composed of crystalline struc-

ture of the bulk adsorbate aligned to a high-symmetry axis of the quasicrystalline

surface. In the next sections, we will introduce experiments where this growth mode

was observed element by element upon deposition on quasicrystal.

Group 3A: Al

The first vacuum-deposited epitaxial films was reported by Bolliger et al with Al

on the 5-fold i-AlPdMn surface [100, 102]. The authors used LEED and secondary

electron imaging (SEI) to analyse a 20 Å thick layer on the substrate. The substrate

was kept at room temperature during deposition in order to prevent Al diffusion

to the film. They observed stronger signal after the layer deposition due to the

large number of scattering planes from periodic domains. It was discovered that

Al nanocrystals grow in the face-centered cubic structure in five different sets of

domains composing the film. Their [111] axes are aligned parallel to one of five
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3-fold symmetry axes of the substrate. When deposited on d-AlNiCo [103], Al also

grows in rotational epitaxial structures.

Transition metal: Ag

No Al-based crystals were reported to alloy with Ag. Ag was deposited on the

5-fold AlPdMn at room-temperature at a thickness larger than 10 ML. The surface

was analysed with STM. The epilayer forms a very rough film with needle-like islands

indicating a large value of the interfacial free energy [104,105]. However, the orien-

tation of Ag(111) nanocrystals was determined by the substrate. The nanocrystals

are hexagons and grow in five orientations reflecting the symmetry of the underlying

substrate up to a thickness of 100 Å .

Transition metal: Au

10 ML Au deposited on the 10-fold Al72Ni12Co16 surface at room temperature

develops a multiply twinned AuAl2 crystalline overlayer with the help of In as a

surfactant and following annealing [106, 107]. Au combines with Al from the sub-

strate to form a layer of randomly oriented AuAl domains. After annealing, the layer

transforms into AuAl2 with fcc domains oriented with the (110) plane parallel to the

surface. Without surfactant, Au grows in polycrystalline films even after annealing.

The action of In as a surfactant confirms that surface energy considerations apply

for quasicrystalline surfaces as well.

Shimoda et al deposited Au on the 5-fold surface of i-AlPdMn [108]. Deposition

at room temperature of 7 ML of Au leads to the formation of a Au-Al alloy without

evidence of ordered structure. Annealing to 325◦C induces Al diffusion into the film,

producing AuAl2 alloys with still no indication of structures. Even with a previous

deposition of 0.5 ML layer of In, no crystallisation of the adlayer was observed.

Transition metal: Pt

Pt thin films deposited on the clean 10-fold AlNiCo were observed with RHEED

and XPS [109]. When Pt is deposited at room temperature on the 10-fold surface,

the film is polycrystalline and does not evolve after subsequent annealing. Using In

as a surfactant, the film is still polycrystalline after deposition but develops into large

epitaxial twinned PtAl2 crystals after annealing to 490 K. Each domain has a (110)-

oriented surface and azimuthal directions correspond to one of the 10 equivalent



Chapter 2 : Quasicrystal Thin Films 42

2-fold axes of the substrate.

Transition metal: Cu

Ledieu et al reported STM and LEED results of Cu films grown on the 5-fold

surface of i-AlPdMn deposited at 308 K [110,111]. At a coverage below 1 ML, islands

were observed which were isotropic in shape with height measured at 1.9 ± 0.1 Å.

At 5.5 ML a new LEED pattern generated by the Cu structure is observed. An

STM image is shown in figure 2.7.a illustrating that the film comprises five domain

orientations with visible stripes. These stripes have their origins in topographical

ripples at the surface. The rows have separations of S=4.5± 0.2 Å and L=7.3± 0.3

Å, whose ratio equals the golden mean τ within experimental error (figure 2.7.c).

The structure is an arrangement of 1D features aligned along the five principal

directions. Cu is the only element presents in the film as monitored by Auger

spectroscopy. As the coverage was increased, this row structure was preserved but

islands became progressively smaller and eventually generated incomplete layers.

The LEED pattern starts to degrade at 20 ML and vanishes at 25 ML.

Ferromagnetic transition metal: Fe

Fe thin films were deposited on the 5-fold AlPdMn surface at room temperature

and analysed with STM, LEED, and Auger electron spectroscopy (AES) [112] and at

340 K with LEED, SEI, and AES [113]. Both experiments display the same growth

mode. In the first experiment, Wearing et al grew films up to about 3 ML and

layer-by-layer growth was observed by islands coalescence. No LEED pattern was

observed which indicated that the layers were disordered. The AES results ruled out

intermixing. Above this coverage, there is a transition to a multilayer island growth

mode. The islands are rotated by 72◦ and have a bcc(110) structure.

Fe deposited at room temperature on 10-fold d-AlNiCo creates intermixed layers

in an initial layer-by-layer fashion as observed by STM, LEED, and AES [114]. The

absence of clear LEED patterns indicates that these layers are disordered. At a

coverage of 9 ML, nanosized multilayer islands are observed in five domains pointing

along the five high symmetry directions.
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Figure 2.7: (a) 400 × 400 Å2 STM image of the fivefold surface of Al-

Pd-Mn after deposition of 5.5 ML of Cu. (b) 100 × 100 Å2 detail from

(a). (c) profile image between the points marked as crosses in (b). (d)

LEED pattern of this phase at a beam energy of 50 eV. Figure reprinted

from [110].
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Figure 2.8: LEED patterns obtained at an electron energy of 115 eV

after (a) 1.9 ML and (b) 19 ML Ni evaporation on 5-fold AlPdMn surface.

Figure reprinted from [115].

Ferromagnetic transition metal: Ni

Weisskopf et al have deposited Ni on 5-fold i-AlPdMn at room temperature [115].

After deposition of a 1 ML thick Ni layer, additional spots were observed with LEED.

Ni intermixes with the substrate surface at the initial stage of growth followed by

Al migration to grow a structurally modified icosahedral AlPdMn region due to

a modified chemical composition. Assuming that these spots are generated by a

multi-twinned structures, the authors found the distances between parallel atomic

rows to be approximately 0.230, 0.282, and 0.400 nm. These values point to five

cubic domains exposing their (110) faces perpendicular to the surface normal and

azimuthally rotated by 2π/5 with respect to each other. The spot pattern gradually

degrades into a Ni overlayer as thick as 19 ML (figure 2.8).

Ferromagnetic transition metal: Co

Row-like structures very similar to those observed already for Cu on AlPdMn

[111] were obtained for Co deposited on 5-fold i-AlPdMn after analysis with STM,

LEED, and AES [116]. On these systems, Co forms an initial complete layer upon

which smaller domains in a pseudomorphic row structure take shape. These domains

are made of Fibonacci spaced rows with periodic lattice parameter along the rows

of 2.5 ± 0.1 Å. Better ordered structures were found for Co deposited on 10-fold

d-AlNiCo compared with Cu since the smallest lattice parameter of Co matches the

smaller characteristic distances.



2.5. Quasicrystal-crystal epitaxy 45

2.4.2 Epitaxial growth

Sb and Bi

The first single element pseudomorphic growth was reported by Franke et al with

Sb and Bi monolayers deposited on the 10-fold AlNiCo and the 5-fold AlPdMn [117].

With the substrates hold at high temperature, Sb and Bi films grow pseudomorphi-

cally on the surface with long-range quasicrystalline order.

Group 5A: As

Franke et al observed a faceting at the surface of decagonal AlNiCo after depo-

sition of As at high temperature. The faceting promotes the growth of AlAs islands

on the facets. Since the islands adopt only one orientation, this system is seen as

epitaxial rather than rotational epitiaxial. Arsenic adsorbed on the 10-fold surface

of d-AlNiCo leads to an epitaxially intermixed AlAs(111) film [118].

Transition metal: Pb

Pb has been deposited at room-temperature on 5-fold AlPdMn [119], 10-fold

AlNiCo [120], or 5-fold AlCuFe [99] with thin film studies carried out with STM,

LEED, or XPS. In these experiments, no more than one complete monolayer has

been found to grow epitaxially. It is still not clear why the sticking coefficient drops

so sharply after completion of the pseudomorphic layer.

2.4.3 Volmer-Weber growth

Lanthanides: Gd

Gd deposited at room temperature and analysed by STM did not show any

wetting when deposited on the i-AlPdMn surface. Nanocrystals develop with in-

creasing coverage without the formation of a flat atomic layer. Gd deposited on

5-fold i-AlPdMn develops into a film through the formation of three-dimensional

clusters without any indication of ordering [121].

2.5 Quasicrystal-crystal epitaxy

The relationship between quasicrystalline and crystalline structures has been an

active field of research. It was established in 1985 that Ar ion bombardment at
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room temperature transforms the quasicrystalline surface into a crystalline cubic

structure [122]. The crystalline structure has a specific orientation relationship with

respect to the quasicrystalline substrate. As discussed in section 2.4.1, there is a

fair amount of experimental data for orientational/epitaxial relationships between

quasicrystalline and conventional crystalline materials (ie AuAl2 and PtAl2 on d-

AlNiCo with (110) surface plane aligned along the symmetry axis [106,109]).

A coherent overgrowth of crystal material Y on crystal X is likely to happen if a

plane of Y can lie down in such a way that a large fraction of the Y atoms can be made

to coincide with the site of X atoms. A large density of these coincidences will induce

a low interface energy (coincidence site lattice). This atomistic approach relies on

a real-space structural model for the quasicrystal system which may not be readily

available or if available not necessarily correct. Morever, this model lacks interfacial

energy considerations, or the long-range fitting for the superimposed structure since

misfit dislocations and interface relaxations are ignored.

Figure 2.9: Structural model of the interface between the pentagonal

surface of i-Al70Pd20Mn10 (blue) and the (110) surface of bcc structural

units (red). Figure reprinted from [123].

Zurkirch et al presented the orientational relationship between d-AlNiCo and its

bcc phase upon sputtering [123]. The [110] bcc axis is oriented parallel to the 10-

fold symmetry direction. Using the atomic model suggested for AlNiCo [124] with

the orientation chosen to match the experimental result, they found a satisfactory

agreement between the cubic phase and most of the Al and transition metals. The

small mismatch between the two phases was inferred to be caused by the lack of

long-range ordered crystalline surface layer.

Shimoda et al, in an attempt to grow pseudomorphic Au overlayer thin films,
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formed AuAl2 with the (110) surface oriented to the 10-fold surface [106]. The unit

cell of AuAl2 is of the CaF2 type with a small mismatch to the pentagonal units of

the quasicrystal phase.

The correspondence between the icosahedral structure of Al70Pd20Mn10 and its

corresponding bcc phase upon ion bombardment was studied by Bolliger et al [125].

The interface model is shown in figure 2.9, the coincidence site lattice has a small

mismatch between the β and the quasicrystalline lattice of 0.3%. In the system

Al-i-AlPdMn, also introduced in section 2.4.1, Al nanocrystals were found to grow

with their [111] axes aligned parallel to the threefold axes of the substrate at 37.37◦

away from the surface normal [100,102]. This growth mode has no symmetry facets

(a) (b)

Figure 2.10: (a) Side view of the interface configuration for Al

nanocrystallite on the 5-fold surface of AlPdMn. The Al lattice in gray

has its [100] direction of the fcc lattice coinciding the 2-fold direction of

the surface, reprinted from [102]. (b) Top, sketch of the in-plane orien-

tation of the strained AlAs(111) film onto the faceted substrate with

α = (35.27±0.15)◦. (b) Bottom, AlNiCo (102̄2̄4) interface plane (black)

superposed to the mesh of the AlAs(111) film, reprinted from [118]

parallel to the substrate surface (figure 2.10.a). Franke et al observed the growth of

AlAs thin films on a vicinal surface of the 10-fold AlNiCo surface. AlAs(111) grows

epitaxially on AlNiCo(102̄2̄4) as depicted by the schematic in figure 2.10.b. Because

other incommensurate strong sets of Fourier components exist, quasicrystals could

mediate epitaxially incommensurate materials.
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Spintronics

With the reduction of electrical components, the leakage current through an

insulating region increases exponentially as the thickness of the insulating region

decreases. Thus, the printing of nano-circuits will reach a physical limit in miniatur-

isation that will be overcome only with a new bottom-up technique such as molecular

electronics. The spintronics is a technique that utilises the quantum properties of

electrons to store information. This technique allows the creation of more efficient

devices without miniaturisation or modification of the silicon-based printed tech-

nology. Some spin-based devices have already proven to be commercially viable as

the GMR (giant magnetoresistance) read heads integrated in hard disks in use in

computers since 2000. Other spin-based semiconductors still require technological

advancements. One needs a source of spin-polarised electrons, a spin-polarised cur-

rent remaining coherent over the operation period, and a tool for the manipulation

and detection of the spin states. To some extent, the issue related to the coherence is

solved as GaAs has shown spin polarised current remaining coherent over 4 µm [126].

Manipulation of a spin-polarised current can also be performed with a static elec-

tric field perpendicular to the current which is known as the Rashba effect [127]

whereas the detection can be done using spin-valves that use spin-dependent proper-

ties of semiconductor-ferromagnetic interfaces to exploit the giant magneto-resistive

effect [128]. A spin-polarised current can be generated by any ferromagnet that has

a degree of spin-polarisation at the Fermi energy. Since magnetic semi-conductors

does not exist, the injection of a spin-polarised current in a semi-conductor is the

key problem.

Different approaches aim to achieve this goal. A first one uses a tunnel junction

such as an ultra thin metal-oxyde layer between the metal and the semiconduc-

tor [129, 130]. Such a device requires an epitaxial match of the three structures

to avoid scattering at the interfaces but even in the case of a good match, the in-

terface itself may not be ferromagnetic [131]. It is not possible to use a typical

metal-semiconductor interface since ohmic contacts heavily dope the semiconductor

surface, leading to spin-flip scattering and loss of spin polarisation [132]. Another

48
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approach would be to dope tetrahedrally coordinated semiconductors with magnetic

ions since this structure would ensure epitaxial compatibility with zinc-blende semi-

conductors [133]. At a critical concentration, a magnetisation arises enabling the

injection of spin-polarised current. However, the Curie temperature of these materi-

als is often below room temperature making them unsuitable for usual technological

application [134].

In this chapter, we will investigate another approach, the use of ferromagnetic

compounds such as the MnAs and MnSb ferromagnets or the half-metallic ferromag-

net NiMnSb [135]. They offer a good epitaxial match with III-IV semiconductors

forming stable and abrupt interfaces [131]. However, spin-polarisation efficiency and

structural details at the interface are problems that still need to be addressed.

Figure 3.1: Band-structure of a semi-metal showing the slight overlap-

ping between valence and conduction bands.

MnSb is also a semimetal. It adopts the NiAs structure and is discussed in more

details in section 3.2.2. A semimetal is a material with a small overlap between the

bottom of the conduction band and the top of the valence band (figure 3.1). In a

semi-metal the bottom of the conduction band is situated in a different part of the

momentum space than the top of the valence band. A semimetal thus has no band

gap. Unlike a regular metal, semimetals have charge carriers of both types (holes

and electrons), the charge carriers density is much smaller than in a proper metal.

This explains why the electrical properties of semimetals are partway between those

of metals and semiconductors. Antimony (Sb), arsenic (As), bismuth (Bi), α-tin

(gray tin) and graphite are classic semimetals.

Figure 3.2 shows the density of states of three classes of materials [136]. Fig-

ure 3.2.a displays the density of state (DOS) for a semi-conductor. One can obtain
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Figure 3.2: Spin-up and spin-down DOS for (a) GaAs (semiconductor),

(b) NiMnSb (half-metallic ferromagnet), and (c) MnSb (ferromagnet).

Figure reprinted from [136].

a spin-polarised current from a semi-conductor by excitation with circularly po-

larised light. Figure 3.2.b depicts the half-metallic ferromagnetic semi-heusler alloy

NiMnSb. This alloy is metallic for spin-up electrons (majority spin) and semicon-

ducting for spin-down (minority spin) resulting in a 100% spin-polarisability at the

Fermi level. The third material in panel c, is a ferromagnet for which spin up and

spin down DOS are different due to exchange interaction between spins [136].

MnSb has a strong potential for spintronics application. It has a Curie tempera-

ture significantly higher than room temperature (587◦C) and a structure compatible

with III-V(111) surfaces [136]. Since current flow is the movement of electrons close

to the Fermi level, the polarisation of current P is

P =
N↑(EF )−N↓(EF )

N↑(EF ) +N↓(EF )
. (3.1)

The spin-polarisation for MnSb at EF is only ∼ 35% which is not particularly

attractive for spintronics but demonstrates an enhanced Kerr effect after surface

oxidation [137]. However, recent theoretical calculations have shown that binary

pnictides such as CrSb and MnSb in the cubic and wurtzite structures would dis-

play half-metallicity [138,139].
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3.1 Magnetism and thin film magnetism

In 1831, Faraday formulated the induction principle which finally gave birth to

electromagnetism. Later, a macroscopic model of the magnetic properties of free

atoms or molecules (solids much later) was developed defining the paramagnetic

susceptibility χpara of an ensemble of N molecules of magnetic moment µ as

χpara =
Nµ2

3kBT
, (3.2)

where kB is the Boltzmann constant. Temperature agitation reduces the average

number of aligned moments as observed experimentally by Curie and derived theo-

retically by Langevin. Equation 3.2 known as Curie’s law describes the susceptibility

of all systems in the classical limit (high temperature). Weiss introduced a micro-

scopic theory of ferromagnetism. He postulated the existence of a molecular field

which was found later to be the exchange interaction. The next major progress in

the understanding of magnetism arose with contribution of quantum mechanics.

Magnetism is the result of the Pauli exclusion principle and the electron-electron

repulsive coulomb term of the electronic potential. According to the Pauli princi-

ple, a symmetric orbital must be multiplied with an antisymmetric spin function,

and vice versa. The tendency to form a chemical bond (formation of a symmetric

molecular orbital) results through the Pauli principle automatically in an antisym-

metric spin state (s=0, antiferromagnetic). In contrast, the Coulomb repulsion of

the electrons, i.e. the tendency that they try to avoid each other by repulsion, lead

to an antisymmetric orbital function of these two particles, and complementary to

a symmetric spin function (s=1, ferromagnetic).

In a simplified atomic orbital picture, the magnetic moment is created by inter-

action between electrons on the same atom and the coupling between electrons on

different atoms. The magnitude of the magnetic moment depends on the magnitude

of the angular moment and on the spin-imbalance between majority and minority

electron bands (itinerant magnetism). The interaction changes its sign as soon as

the atomic orbitals cease to overlap strongly. The orbital momentum increases and

the coupling becomes ferromagnetic [140].

For the 3d transition metals the orbital moment is quenched by the strong crystal

field and the magnetic moment is mostly due to the electron spin as a result of the

electron band splitting with, however, a small orbital contribution responsible for the

magnetocrystalline anisotropy through spin-orbit coupling [141]. The magnetism of
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metallic transition metal pnictides was found to be connected to the coupling of the

atomic moments through the conduction carriers in addition to superexchange via

the valence band [142]. Superexchange refers to the coupling between two next-to-

nearest neighbour cations through a non-magnetic anion.

3.1.1 Involved energies in ferromagnetism

The main contributions to the total energy of a ferromagnet without external

fields are the exchange energy, the magnetocrystalline anisotropy energy

and the magnetostatic energy.

The exchange interaction between electron spins at different atomic sites keep the

spins aligned parallel. The exchange interaction is a direct consequence of Pauli’s

exclusion principle and hence has an electrostatic origin (not an interaction between

spin magnetic moments). The exchange term is described with Ex = −
∑
JijSi · Sj

with J > 0 for ferromagnets. Since the atomic orbitals decay exponentially as a

function of distance, the exchange interaction results in a short-ranged interaction.

For itinerant materials such as MnSb, the spin-orbit interaction induces a small

orbital momentum which then couples the total magnetic moments to the crystal

axes [143]. The spin-orbit coupling of the electron spin to its environment, the crystal

lattice, is called the magnetocrystalline anisotropy energy (MAE). When the

spin direction is rotated from one axis to another, the rotation changes the overlap of

orbits and hence the exchange interaction energy. The axis which allows the largest

overlapping of orbits is the easy axis of magnetisation [144].

The difference between the energies required to magnetise the crystal in the

hard and easy directions is termed the anisotropy energy. The magnetocrystalline

anisotropy is specific to a given material and independent of particle shape. In cubic

systems, symmetry creates multiple easy axes. In iron (Fe) and nickel (Ni), the

magnetic moments align preferentially along the [100] and [111] axes, respectively

[145]. High anisotropy materials have high coercitivity [146].

Below 420 K, MnSb has a hexagonal close-packed structure (see section 3.1.4)

and the moments are aligned along the unique axis [0001] (or c-axis). This is the

easy direction as shown by the M(H) curve in figure 3.3 while the hard direction is

along the c-plane. [142,147].

Due to the coupling between electron spins and lattice, a change in the lattice

constant will affect the magnetic properties. If the lattice is strained along a certain
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Figure 3.3: Magnetisation (M) as function of magnetic field strength

(H) for MnSb along the easy and hard direction (c-axis and c-plane,

respectively) at 210 K. Figure reprinted from [142].

direction, extra contributions denoted by the term magnetoelastic anisotropy

add to the total energy [148]. Magnetoelastic anisotropy in multilayers is due to

lattice mismatch between adjacent layers [149].

The third relevant energy is the magnetostatic energy, the local energy in a

static magnetic field. This term includes dipole-dipole interaction and Zeeman term.

3.1.2 Origin of the magnetic domains in ferromagnets

The balance between exchange and magnetostatic energies is responsible for the

existence of domains. The first aligns the spin in one direction but generates a

huge magnetostatic energy. The latter is reduced with moments aligned on the

interatomic scale but whole domains are aligned randomly [148]. In these domains,

1012 to 1018 atomic moments are aligned so that the magnetisation within the domain

is almost saturated. The direction of alignment varies from domain to domain but

in the absence of a magnetic field, they will align along one of the magnetic easy

axes [150].

Figure 3.4 illustrates the origin of domains as a consequence of the magnetic poles

formed at the surface of the crystal. The magnetic energy in configuration (A) is

high while in the configuration shown in (B) the crystal is divided into two domains

magnetised in opposite directions reducing the magnetostatic energy by roughly 1/2.

With N domains in (C), the magnetic energy is reduced to approximately 1/N due
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Figure 3.4: Changing in domain patterns in a ferromagnetic single

crystal cross-section. Figure reprinted from [145].

to the reduced spatial extension of the field. In configurations (D) and (E), the

magnetic energy is zero. Surface domains that complete the flux circuit are denoted

domains of closure [150].

In the original Weiss theory the molecular field Be is proportional to the bulk

magnetisation M so that

Be = αM, (3.3)

where α is a constant. This is a good assumption for paramagnetic materials. The

magnetism in a medium surrounding a given atomic magnetic moment has same

magnitude than in the bulk. A ferromagnetic material is locally inhomogeneous, due

to the variation of direction in the domains. Weiss mean fields apply only within a

domain. The molecular field responsible for the ordering of moments within domains

is termed exchange field and expressed as

Be = αMs, (3.4)

where α is positive and Ms is the magnetisation inside a domain. Ms decreases as

the temperature increases and becomes 0 at the Curie point.

The change in the moments’ direction at domain boundaries is realised by transi-

tion layers in which the magnetic moments undergo a reorientation. The transition

layers are commonly referred as domain walls or Bloch walls (figure 3.5). The ba-

lance between exchange energy and MAE determines the width of the domain walls.

The former tries to have an abrupt transition for the spins to align in the easy axes,

while the latter allow only a slight variation of the angles of adjacent spins [148].

This balance determining the domain wall width can be expressed mathematically

by [151]

lw =

√
A

K
, (3.5)
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lex (nm) lw (nm)

Fe 2.8 18

Co 3.4 5.5

Ni 9.9 51

Table 3.4: Exchange length and domain wall width of Fe, Co, and Ni

at 293 K [151].

where A is the exchange stiffness and K the magnetic anisotropy constant. In a

similar way we can express the exchange length [151]

lex =

√
2A

µ0M2
s

, (3.6)

where µ0 is the permeability of the vacuum. The domain wall width is usually

bigger than the exchange length as seen in table 3.4 which lists the values for the

three ferromagnetic elements.

Figure 3.5: Illustration of a Bloch wall with in-plane rotation axis.

The domain wall length is defined by the balance between exchange and

crystalline energy.

In the particular case of a film where the Bloch wall would be wider than the

thickness of the film, the surface charges would increase the energy strongly. A

rotation where the magnetisation vector remains parallel to the faces of the film is

energetically favorable. Such reorientations are referred to as Néel walls.

3.1.3 From macro- to microscopic systems

In thin films and particles of extremely small sizes, the strength of the ex-

change term (0.1 eV/atom) is much larger than those of the magnetostatic (v
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0.1meV/atom) and magneto anisotropy (� 10µeV/atom) terms [141]. Conse-

quently the magnetisation state is always nearly uniform. In this case, an external

field induces magnetic reversal by coherent rotation of all magnetic moments. For

this reason the particle can be reasonably described as a macrospin.

Figure 3.6: Most common single domain states. Figure reprinted from

[152].

An intermediate case between the macrospin state and a macroscopic state (mag-

netic domains separated by domain walls) is the so-called single-domain state. It

is defined by a state close to uniform magnetisation, displaying no magnetic wall

or vertex (figure 3.6). The term ”single domain state” must not be confused with

uniform magnetisation. In single domain states, domain walls and vortices are not

found at equilibrium but may occur during magnetisation reversal.

These results are summarised in figure 3.7. Exchange lengths are typically in the

nanometer range and wall widths are approximately one order higher.

Figure 3.7: Qualitative behavior of the coercitivity versus the particle

diameter. Figure reprinted from [151].

3.1.4 Magnetism in thin films

Controlling growth mode via self-organisation allows the formation of low-dimen-

sional structures. A thin film can be seen as a 2D film when the thickness is much
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smaller than the exchange length. In this case, thin films are characterised by a

temperature and a thickness dependent para-ferromagnetic phase transition [141].

This occurs for dimensions of the order or below 10 nm.

Before thin films could be grown experimentally, Néel foresaw that the broken

symmetry of the electron band structure at surfaces or interfaces (reduced atomic

coordination) would induce a correction to the magnetocrystalline anisotropy. This

correction is the result of localisation and band narrowing of the atomic orbitals of

the interface atoms leading to a larger DOS at the fermi level and enhanced spin

imbalance between majority and minority electron bands [141]. This correction to

the overall anisotropy energy is the surface anisotropy [152]. To a second order

approximation and for hexagonal symmetry around the c-axis, the surface anisotropy

Ea is given by [153,154]

Ea = K1 sin2 θ +K2 sin4 θ, (3.7)

where K1 and K2 are the first and the second order crystal magnetic anisotropy

constant (surface anisotropy) and θ defined as the angle between c axis and mag-

netisation.

The second source of magnetic anisotropy after surface anisotropy in thin films is

the magnetic dipolar interaction. This interaction has a long range interaction that

senses the outer boundaries of the sample. The shape effect of dipolar interaction is

described via an anisotropic demagnetising field Hd given by

Hd = −NMs, (3.8)

where N is a demagnetising tensor. For a thin film, N is non-zero only for the

direction perpendicular to the layer, N⊥ = 1. The magnetostatic energy is given by

Ed = − µ0

2V

∫
Ms ·Hd dυ. (3.9)

In equation 3.9, the anisotropy energy contribution per unit volume V is propor-

tional to cos2 θ with θ the angle between c axis and magnetisation due to the vec-

torial product nature. The dipolar interaction favours the in-plane orientation for

magnetisation [143]. Due to its long range character, the dipolar contribution to the

anisotropy is shape dependent and commonly called shape anisotropy.

When the thickness of the ferromagnetic layer is reduced to a few monolayers,

the anisotropy energy should not be treated as a continuum as in equation 3.9, but
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by a discrete set of magnetic dipoles on a regular lattice. Nevertheless, for the inner

layers, the average dipolar anisotropy is rather close to the value based on the conti-

nuum approach. Hence, the average dipolar anisotropy can be expressed by a volume

and an interface contribution. The magnitude of the dipolar interface contribution,

however, is of minor importance compared with other sources of interface anisotropy

such as spin-orbit coupling [143]. Thus, the magnetic anisotropy K per unit volume

of the magnetic layers with thickness d can be phenomenologically written as the

sum of a volume and interface terms [143,149]

K d = Kv d+ 2Ks. (3.10)

Kv contains contributions from shape, magnetocrystalline and magneto-elastic aniso-

tropy. Ks is interpreted as the interface or surface energy. The magnetic anisotropy

is sensitive to atomic scale order, at the interface. It reflects the local symme-

try felt by the magnetic atoms as shown with magnetic measurements on different

substrates [137, 155, 156]. Kv favours in-plane magnetisation while the interface

anisotropy Ks favours perpendicular magnetisation since they are proportional to

cos2 θ and sin2 θ, respectively (equation 3.7 and 3.9). It follows that at small thick-

nesses, the bulk contribution can be overwhelmed by the surface term so that out-

of-plane magnetisation becomes energetically favourable. The total energy is then

written [153,157,158]

E = A(∇m)2 −Ha ·M +
1

2
µ0 M2

s cos2 θ +K1 sin2 θ +K2 sin4 θ, (3.11)

where M = Ms m, |m| = 1, and Ha is the applied field. The first term is the

exchange energy, Ha ·M the Zeeman effect term and 1
2
µ0 M2

s cos2 θ the dipolar in-

teraction derived from equation 3.9.

The reversible spin reorientation transition between perpendicular and in-plane

alignment arises with 6 ML-Fe overlayer deposited on Ag(100) at 380 K (since Ms

varies with temperature) [159] or with Co/Pd at a thickness of 13 Å [143].

Markandeyuku et al observed spin reorientation by the ferromagnetic resonance

(FMR) technique in MnSb single crystals [160]. They observed that the magnitude

of K1 and K2 decreases with the increase of temperature, as does the magneto-

crystalline anisotropy. K1 and K2 are of opposite sign and the magnitude K2 is

about one tenth of K1. The negative sign of K1 at 300 K shows that the easy axis

lies in the c-plane. Above 520 K the easy axis of magnetisation shifts to the c-axis

(positive K1). Above the transition temperature, both K1 and K2 increase to reach
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a maximum, finally tending to zero as the temperature approaches Tc (587 K).

Figure 3.8: (a) Phase diagram of the MnAs-MnSb system. fm fer-

romagnetic order, pm paramagnetism, sg spin-glass like state, u uni-

axial Mn displacements, rd random Mn displacement, rd? incomplete

randomisation, dashed line fm-sg transition. θc paramagnetic Curie

temperature. (b) Uniaxial orthorhombic distortion of a hexagonal

(NiAs) lattice, projection onto the hexagonal plane. Figure reprinted

from [142].

Okita et al in 1968 determined Curie temperatures from the temperature depen-

dence of saturation magnetisation [154]. The graph combining the results shows a

plateau at Tc=587 K with Mn ranging between 48% and 50.5%. After that the Curie

temperature decreases linearly with Mn composition. These results differ slightly

from a similar work [161] indicating the influence of the sample preparation. The

authors also made measurements of the anisotropy constant of their samples. The

Mn-composition drastically influences the spin-reorientation in MnSb : ≈ 80 K at

55.3%, ≈ 220 K at 52.8% and ≈ 360 K at 51.4%.

Kohnke et al reported two anomalies in the magnetocrystalline anisotropy [142].

Beside the zero crossing of the anisotropic constant K1 already reported at around

520 K, they observed a spin-reorientation at 270 K. They also observed a broaden-

ing of the angular dependence M(θ) in certain temperature ranges for a high applied

magnetic field. The origin of the broadening is an easy cone for which a uniaxial

ferromagnet obeys −2K2 ≤ K1 ≤ 0 (K1 and K2 must have different sign). At 474

K they observed a hysteresis for the c-direction while the M(H) curve is linear in

the hard direction. The hysteresis appears across a large temperature range and
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this suggests a structural transition (suggested also with a derived equation that

determines the first spin reorientation at 270 K). The first transition is thus due to a

volume thermal expansion that is the displacement order-disorder in the phase tran-

sition in the MnSb phase diagram in figure 3.8.a. The second at higher temperature

comes from Mn displacements that transform the structure to an orthorhombic unit

cell (figure 3.8.a). Figure 3.8.b shows how the hexagonal unit cell of the NiAs-type

structure can be transformed into an orthorhombic unit cell by displacement of Mn

ions in the uniaxial displacement region (458 K in figure 3.8.a).

3.1.5 Magnetic phase transition in bulk and thin films

The Curie temperature Tc can be expressed with the term α introduced in equa-

tion 3.3. Considering the magnetic phase, an applied field Ba will cause a finite

magnetisation and in turn will cause a finite exchange field Be. With χpara the

paramagnetic susceptibility, one finds [150]

µ0Ms = χpara(Ba + Be). (3.12)

With χpara = C/T as given in equation 3.2 with C the Curie constant. Substituting

3.4 into 3.12, we find

χ =
C

T − Tc
, (3.13)

where Tc = Cα. Since equation 3.13 is based on a mean-field approximation, the

Curie-Weiss law fails to describe many materials. Instead there is a critical behavior

of the form

χ ∼ 1

(T − Tc)γ
, (3.14)

with the critical exponent γ. In the case T → Tc from below, one finds [150]

Ms ∝ (Tc − T )β. (3.15)

β from equation 3.15 ranges from 1/8 to 1/2 depending on the model of calculation

[153] and the anisotropy [162].

At a temperature below the Curie temperature, the correlation length describes

the thickness of the interface between ↑ and ↓ regions [163]. As the film thickness

approaches the ultrathin limit (few monolayers) and since the correlation length

diverges at Tc , the correlated magnetic moments are influenced by the finite size of

the specimen reducing Tc [162].
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3.2 Growth on MnSb on GaAs(111)B

3.2.1 Crystallography of III-V semiconductors

III-V semiconductors are materials composed of atoms of groups III (Al, Ga, In)

and V (N, P, As, Sb). III-V semiconductors adopt a zincblende crystal structure,

which is a diamond structure with alternating types of atoms at different lattice sites.

The GaAs structure is the result of gallium (Ga) atoms placed on one fcc lattice and

arsenic (As) on the other as shown in figure 3.9.a. The lattice parameter of GaAs

in the zincblende structure is 5.65 Å. On the (001) surface, the dangling bonds are

aligned along [110] while those directed towards the bulk are aligned along [110] (fig-

ure 3.9.b). This convention is used for labelling the surface vectors and hence surface

reconstructions. When a GaAs crystal is cleaved in the (111) direction, the surface

has a plane with a single elemental specie. When the surface is Ga-terminated, the

surface is referred to as (111)A and (111)B when As-terminated (figure 3.9.c).

Figure 3.9: (a) GaAs crystal lattice, (b) (001) and, (c) (111)B surface.

Inspired from [136].

The surface has three back-facing bulk bonds and one dangling bond perpen-

dicular to the surface. The (111) plane have vacancies which are related to an

unrelaxed structure with (2×2) periodicity [164]. The structure relaxes to form a

(2×2) reconstruction with trimer motifs [164,165]. Due to the higher desorption rate

of As over Ga, an annealed surface tends to be group III terminated [165,166]. The

modification in the surface stoichiometry with temperature and the polar surfaces
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of GaAs, terminated ideally by pure Ga or As atoms, both induce a large number

of surface reconstructions, one in GaAs(111)A and four in GaAs(111)B [167,168].

3.2.2 Crystallography and surface structure of Manganese

Pnictide alloys

Manganese pnictides refer to binary metallic ferromagnets containing Mn and

a group V element. The most common structure is the NiAs-type also adopted

by MnSb (figure 3.10). Sb atoms occupy the holes in an alternating hexagonal

close-packed array (ABAC) in which A(Mn), B(Sb), C(Sb) are the different close

packing positions for the hexagonal layer. In the MnSb unit cell, (a,b)=120◦,

|a| = |b| = 4.128 Å and |c| = 5.789 Å [169]. The Sb atoms occupy the sites at

(1
3
,2
3
,1
4
) and (2

3
,1
3
,3
4
).

When deposited on GaAs(111), MnSb grows in the<0001> orientation. MnSb(0001)

can show various surface reconstructions. The (2×2) reconstruction is the most sta-

ble and can be obtained from any other reconstruction by heating to ∼400◦C. STM

studies provide the ability to distinguish the (2×2) reconstruction from the td(1×2)

in MnAs(0001) [170] and MnSb(0001) [171]. td stands for triple domains of (n×m)

rotated by 120◦ with respect to each other.

Figure 3.10: Unit cell of MnSb in the NiAs structure type.

3.2.3 Heteroepitaxial growth of MnSb on GaAs

In a growth study of MnSb/GaAs(111)B, Hatfield et al found the following opti-

mal set of parameters to ensure growth of MnSb(0001) with a (2× 2) RHEED pat-

tern [136]: TMn =860◦C, pMn = 1× 10-7mbar, TSb =373◦C, pSb = 8× 10-7mbar,
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JSb/Mn = 8, Tsubs=400◦C. Tsubs is the GaAs substrate temperature and J is

the flux ratio of Sb to Mn. The growth orientation was found to be MnSb(0001)

by RHEED [171] and X-ray diffraction [136]. Experiments carried out with X-ray

photoelectron spectroscopy (XPS) have reported a GaAs-like peak at the surface of

a sample grown in the standard conditions described above [172]. This is attributed

to Ga-Sb bonding due to Ga segregation as already reported [172]. Nevertheless,

Hatfield et al proved their sample to be metallic by observing the valence band

maximum with XPS. With a vibrating sample magnetometer (VSM) experiment,

the sample was found to be ferromagnetic with a magnetic moment of 3.6µB per

Mn atom in good agreement with bulk MnSb (3.5µB).

Growth monitoring by STM and measurement of the RHEED feature spacing

allow the observation of the initial growth of MnSb on GaAs(111)B. Islands nucleate

to form flat-topped 3D islands that coalesce with further deposition. MnSb adopts

its own crystallographic structure after 1 min at a flux of 6 ± 0.5 nm.min-1 and a

transition within 3 seconds afterwards the islands coalesce relaxing the strain [136].

The micron-scale morphology of MnSb grown on GaAs depends sensitively on the

growth conditions. Crystal growth with optimum conditions exhibit no strong con-

trast in scanning electron microscopy (SEM) (figure 3.11.i). Epilayers can also de-

velop micron-sized mesas with flat tops separated by trenches (figure 3.11.ii). The

direction of the trenches in figure 3.11.ii gives evidence of the hexagonal symmetry

of MnSb(0001) crystal.

Figure 3.11: SEM Plan view of MnSb(0001) epilayers grown with J=8

and T=420◦C. Figure reprinted from [166].

After coalescence, the surface consists of large (> 100nm) atomically flat ter-

races separated by monolayers (c/2) and bilayers (c). In the 3D growth mode, the



Chapter 3 : MnSb Thin Films for Spintronics 64

total coverage is 70± 5% when the equivalent layer thickness L is 14± 4 Å and the

coverage is 97± 2% with L equal to 60± 10 Å. The average mesa heights associated

with these cases are 20± 5 Å and 60± 10 Å, respectively [136].

In this chapter, we discussed the feasibility of using a good epitaxial match to

inject a spin-polarised current from a ferromagnet into a semi-conductor. The sys-

tem MnSb has a spin-polarisability of 35% at the Fermi energy and has a good

epitaxial match with the III-IV semi-conductor GaAs. We introduced the concept

of magnetic domains in ferromagnets. They originate from a balance between the

exchange and magnetostatic energies. This balance determines the width of the wall

between two domains. In the thin film limit, the broken symmetry at the surface

induces a correction to the magnetocrystalline energy to favour out-of-plane mag-

netisation. It was demonstrated that the bulk contribution can be overwhelmed by

the surface contribution. The wall in this case is a rotation of the magnetisation

with a rotation axis parallel to the wall plane. The Curie point of MnSb compounds

varies according to the composition. After a plateau at 587 K at equi-composition,

the Curie point decreases with an increase of Mn in the composition. The magnetic

easy axis shifts from the c-plane to the c-axis at 520 K. When MnSb is deposited on

the As-terminated GaAs(111) plane, the MnSb crystal grows in the [0001] direction.

Parameters for ultimate growth conditions have been found empirically. MnSb thin

films grown with these parameters show no micro-scale features that can be resolved

with SEM.
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Many surface science techniques use electrons as a probe. Electrons in a certain

energy range are very surface sensitive and they carry enough momentum to explore

the whole Brillouin zone. They also carry a spin and are easy to generate and ma-

nipulate. Photons, in contrast to electrons, will penetrate deeply into a sample, the

amount of photons scattered near the surface would be very small and would carry

a small momentum.

In the next sections we will discuss the generation of electrons and their in-

teraction with matter at different energy scale in relation with different electron

microscopies. In the next sections we will introduce succinctly the scanning electron

microscope (SEM), the low-energy electron microscope (LEEM), the spin-polarised

LEEM (SPLEEM), the transmission electron microscope (TEM), and the scanning

transmission electron microscope (STEM). The evaporators used to perform the

molecular beam epitaxy experiments will also be introduced. This chapter deals with

diffraction and spectroscopic techniques with the introduction of spot-profile anal-

ysis low-energy electron diffraction (SPA-LEED), electron dispersion spectroscopy

(EDS), and X-ray photoelectron spectroscopy (XPS).

Finally, an introduction on electron tomography and 3D atomic reconstruction,

in relation with experiments described in chapter 8, will also be succinctly introduced

in this chapter.

4.1 The mean free path of electrons

The mean free path of electrons is the main reason to use electrons for surface

science investigations. The collision time τ , which is the mean time between two

scattering events in the Drude model, determines the mean free path of electrons

λe [173]

λe =
~k
me

τ, (4.1)

where ~ is the reduced Planck’s constant, k the wavenumber, and me the mass of

electron.

65
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Figure 4.1: The mean free path of electrons in solid from measurement

(dots) and calculation (dashed curve). Figure reprinted from [174].
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The mean free path of electrons in the 0 to 2000 eV regime is plotted in figure

4.1. The data, measured from many elemental solids, scatter more or less around

the calculation in dashed line since inelastic scattering of electrons in this energy

range involves mostly excitation of conduction electrons whose density differs more

or less from one element to the other.

The mean free path curve has a minimum at about 70 eV of around 6 Å. Any

electrons observed with this kinetic energy and having left the solid without suffering

a scattering event must originate from the first few atomic layers. The energy loss

associated with a scattering event is large making it possible to distinguish between

scattered and non-scattered electrons.

4.2 The Ewald sphere construction

LEED (and RHEED) uses elastic scattering events which are characterised by

the energy of the outgoing electrons being equal to the incoming electrons. For an

incident electron with wavevector k0 and scattered wavevector k, the condition for

constructive interference (diffraction) is given by the Laue condition

k− k0 = G, (4.2)

where G is the reciprocal lattice vector (defined in equation 1.4). Because the

interactions of low-energy electrons are particularly strong only a few atomic layers

are sampled. Using equation 1.4 and 4.2, the condition for interference at a 2D

surface (no diffraction conditions in the direction perpendicular to the surface) is

given by the following equation

k− k0 = hA + kB, (4.3)

where A, B are fundamental unit vectors in the reciprocal space and h,k are inte-

gers. The reciprocal lattice of a surface comprises periodically spaced rods that run

perpendicular to the surface plane (figure.4.2.a). In an elastic scattering event, no

energy is gained or lost. This implies the following equation

|k| = |k0|. (4.4)

The scattering vector ∆k = k − k0 connects one point of a sphere with another.

This sphere has a radius equal to the magnitude of the wavevector k and is called
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the Ewald’s sphere. Any wavevector centered at the origin and terminating at an

intersection between a rod and the sphere satisfies the Laue condition and represents

an allowed diffraction beam, as shown in figure 4.2.b.

Figure 4.2: (a) Reciprocal lattice rods for a 2D periodic lattice with

the unit cell vectors a� and b�. (b) Ewald sphere construction, allowed

diffraction peaks are located at the intersection of the diffraction rods

with the Ewald sphere. Figure reprinted from [175].

4.3 Electron sources and analysers

A common way to generate electrons is emission from a filament annealed by

resistive heating. An anode in front of the filament eases the electron extraction. The

focusing of electrons is done by placing a Wehnelt cylinder between the anode and

the filament which is a negative potential with respect to the filament. However, the

voltage gradient along the filament and the thermal broadening due to the required

high temperature are reflected in the kinetic energy of electrons. A better design

for emitting monochromatic electrons is an indirectly heated crystal which has a

low work function such as Schottky emitters which provide superior performance in

terms of brightness, source size and lifetime.

The Schottky emitter used at the Birmingham’s lab based UHV-SEM is a <100>

oriented tungsten crystal with facet dimensions below 100 nm and tip radius ranging

from 0.4 to 0.8 µm. It is a field assisted thermionic source with the tip heated to

about 1800 K and with two anodes forming a strong electric field. A reservoir of
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zirconium oxide at the shank of the tip lowers the electron work function from 4.5

eV to 2.7 eV. An electrode with 300 V negative bias voltage suppresses the emission

of thermal electrons from the protruding tip sides [176].

Electrons are detected with an electron multiplier. It is essentially a glass tube

coated with either a resistive layer or with several sequential multiplying electrodes

called dynodes. When entering the electron multiplier, a single electron induces

emission of roughly 1 to 3 electrons. If an electric potential is applied between this

metal plate and yet another, the emitted electrons will accelerate to the next metal

plate and induce secondary emission of still more electrons. Repeated a number of

times, a large shower of electrons, all collected by a metal anode at the end of the

tube, will have been triggered by a single initial electron.

4.4 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is defined as vapor deposition in UHV. With a

typical flux of a few monolayers per minute (ML/min), MBE is the easiest way to

grow atomically controlled multilayer structures [151]. Defects and impurities can

act as nucleation sites for adsorbates and can alter the structure and properties of

the film. Our quasicrystal samples were cleaned by Ar-sputtering and annealing

via electron beam. The samples were as well heated via e-beam during deposition

because MBE requires thermal energy to promote epitaxial film growth.

Evaporation refers to the heating of materials in order to reach a vapour pressure

sufficient to achieve a flux of atoms. There are numerous types of vapour sources

but they give similar results in term of crystalline quality [89].

In our experiment we deposited Al and Ni. Al was evaporated from a Knudsen

cell, which is a crucible surrounded by a heater and several layers of radiation shield-

ing. The deposition rate is extremely stable being determined by the temperature

of the furnace monitored by a thermocouple. Ni which has a higher melting point

is evaporated with an electron beam evaporator [89].

4.5 Imaging and spectroscopy with SEM

As we discussed above, electrons hold great advantages for surface characterisa-

tions. The resolution of microscopes depends on the wavelength of the photons or
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electrons. Using electrons instead of photons drastically increases the resolution since

electrons can reach sub-Angstrom wavelengths. The wavelength of a non-relativistic

accelerated electron is given by the de Broglie relation

λ[Å] =

√
150.4

E[eV]
, (4.5)

which returns a wavelength of 0.1 Å for electrons with 10 keV kinetic energy. How-

ever, the resolution is limited by additional effects such as spherical and chromatic

aberrations of the electron lenses (see section 4.9).

The scanning electron microscope (SEM) uses a deflection coil system making it

a scanning rather than an imaging device. SEM uses high energy electrons typically

in the energy range of 3 keV to 20 keV. Interaction of these electrons with the atomic

nucleus or outer shell electrons can be either elastic or inelastic. The ionisation of

the atoms in the specimen leads to secondary electron (SE), X-ray, Auger electron

emission, and cathodoluminescence [177]. SE signal collection is carried out by a

three component device introduced by Everhart and Thornley (”ET detector”). The

device consists of a scintillator which converts the electron signal into light, a quartz

or perspex light pipe which transfers the light, and a photomultiplier tube which

converts the light into an electronic signal.

The interaction volume of the high energy electron beam with matter is shown

in figure 4.3. Auger, SE, and backscattered electrons can escape. However, only

secondary electrons with a typical energy below 50 eV are detected by using a filter.

They travel a distance of about 1 nm in the near-surface region so that the lateral

spatial resolution of an SEM is about 2-3 nm [177]. The Birmingham based UHV-

SEM is equipped with an in-lens SE detector. Such a system produces a magnetic

field at the sample surface which focuses the electrons onto the scintillator.

Electrons are ionizing radiation, capable of removing the tightly bound, inner-

shell electrons from the attractive field of the nucleus. Energy dispersive spec-

troscopy (EDS) uses the electron beam induced X-ray whose energy is character-

istics of an element. A detector converts the X-rays into voltage signals and the

information is sent to a pulse processor.
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Figure 4.3: Interaction of electron beam in the keV range with matter.

The ionisation of the atoms in the material leads to Auger electrons

(not shown), secondary electrons (SE), backscattered electrons (BSE),

and X-rays. Secondary electrons have low energies (< 50 eV) and travel

a short distance in the sample (∼1 nm). Auger are generated within a

region 1 nm deep. The X-rays interaction volume is in the micrometer

scale. Figure reprinted from [178].

4.6 Electron spectroscopy for chemical analysis

X-ray photoelectron spectroscopy (XPS) uses low-energy X-rays (a few keV) to

induce the photoelectric effect. XPS experiments must be conducted in UHV con-

ditions since it facilitates the transmission of the photoelectrons to the analyser but

also minimizes the recontamination of cleaned sample.

The first successful recording of an XPS spectrum was made by collecting pho-

toelectrons through a magnetic field hemisphere [179]. The positions of the smears

produced on a photographic plate were characteristics of the photoelectron kinetic

energy. According to the Einstein equation for the photoelectric effect, the kinetic

energy Ek of the photoelectron was related to an atomic binding energy Eb by

Ek(e
−) = hν − Eb. (4.6)

The next landmark progress in XPS was made by Kai Siegbahn in the mid 1950

by developing high-resolution beta-ray spectrometer capable of resolving previous

smears into distinct peaks characteristic of a particular electron shell or to chemical

bonding effects [180]. The development of quantum mechanics in the late 1920s

allowed the interpretation of the intensity peaks as a quantitative measurement of
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the composition of the sample’s surface.

XPS is very surface sensitive, due to the attenuation of the flux of emerging

photoelectrons. The X-rays penetrate a few micrometers into the sample generating

photoelectrons through the irradiated volume. If produced close to the surface, the

photoelectrons will escape without colliding, carrying the characteristic atomic bind-

ing energy information. The electrons produced deeper down, if they do emerge, will

suffer collisions before reaching the surface. These electrons will therefore contribute

to a continuous background of inelastically scattered electrons on the high-binding

energy side of the photoelectron peak where they should have originally appeared.

The average distance between collisions is the inelastical mean free path (IMFP).

The IMFP is a function of both the sample composition and the photoelectron ki-

netic energy, as shown by the well-know IMFP curve in figure 4.1. The probability

p(E) that a photoelectron at a depth z escapes the sample without losing energy is

of the Beer-Lambert type [181]

p(E) = exp

(
− z

λe(E) cos θ

)
, (4.7)

with λe(E) the photoelectron inelastic mean free path at the energy E which is

typically 2-5 nm, and θ the angle of the detector with respect to the normal direction

of the sample surface.

In our experiments we used Al-Kα X-ray (1486.6 eV) with electron detection

at normal emission. The energy dispersion of the X-ray source is 0.9 eV, and the

combined experimental resolution ranges between 2 and 3 eV. An X-ray spot size is

typically in the millimetre range.

4.7 SPA-LEED: theory and techniques

Low energy electron diffraction is one of the first and most successful surface

science techniques. The surface unit cell is experimentally accessible when the elec-

trons wavelength is in the order of the atomic distance, which is the case for electron

energies in the range of 50 to 200 eV according to equation 4.5. This technique

is also non-destructive for metals. LEED and corresponding techniques (RHEED,

LEEM) have been shown to be very sensitive to the presence of surface steps and

others types of defects such as domain boundaries [182]. These sensitivities have

different sources, some of them coming from the extra diffraction spots associated
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with particular domains, others exploiting the difference between in-phase and out-

of-phase scattering [183,184].

Typical LEED optics consist of a filament that provides a nearly monoenergetic

source of electrons by thermionic emission (section 4.3), electrodes to produce a

narrow beam of electrons, a detector assembly that includes a set of grids for elim-

inating the inelastically scattered electrons, and a phosphor screen (often coupled

with a charge coupled device or CCD camera for frame acquisition). LEED grids

are able to remove plasmon loss electrons (∼ 10-20 eV) but the intensities measured

include phonon scattering (∼ 25 meV).

There are three types of LEED apparatus in use. In the ”normal-view”, a gun

and a screen are mounted on a UHV flange and the pattern is viewed past the sample

which therefore has to be small enough to not obscure the view. Most new systems

are of the ”reverse-view” type where the gun has been miniaturised and the pattern

is viewed through a transmission screen and a viewport. The third and most power-

ful technique is where, in addition to viewing the screen, the LEED beam can be

scanned over a detector using electrostatic deflectors and focusing. This technique

allows spot profile analysis which is sensitive to steps and other forms of disorder

at the surfaces. This instrumental technique, known as SPA-LEED, emphasises the

spot-profile analysis capability.

A SPA-LEED is composed of four major parts: a fine focus electron gun, an

entrance lens close to the sample, an electrostatic or magnetic deflection unit, and

a small aperture in front of a single electron channel detector. Commercial SPA-

LEEDs also have a screen for visual inspection of the LEED pattern. The current

can be set in the range from 50 pA for high resolution to 500 nA for visual inspection.

The electron beam is not focused on the sample but onto a 100-300 µm aperture in

front of the channeltron detector [175].

A further important requirement is a large dynamic range for the measurement of

electron intensities. With increasing transfer width, the FWHM of the central peak

of the LEED spot decreases while its integral intensity stays constant resulting in a

strongly enhanced peak intensity. The signal-to-noise ratio is enhanced by a factor

of 200 compared to a standard 4-grid LEED optics [182]. Thus, for a well prepared

Si surface, the ratio of peak to background intensity can reach 106. This requires

an electron detector with a dynamic range superior to 106. This can be achieved by

a single electron channeltron detector with a maximal count rate of more than 106
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Figure 4.4: Schematic diagram of a LEED of type 2 (reverse view).

The hemispherical grid system repels the electron having energies below

the elastic energy and the diffracted electrons are accelerated toward the

phosphor screen. The LEED can be viewed through the viewport and

recorded with a CCD camera. Figure reprinted from [175].

counts/s.

A retarding field analyser reflects inelastic scattered electrons with a cut-off value

of ∼1 eV reducing the inelastic background by a factor 2 to 5 but does not discrim-

inate electrons with phonon loses or gains.

Using a single electron detector, it is necessary to record the entire LEED pat-

tern in the scanning mode. The SPA-LEED electrostatic deflection plates vary the

angle of incidence of the electron beam at the sample position, as shown in figure

4.5. A second set of deflection plates with opposite polarity keep the electron beam

position constant on the sample independent on the angle of incidence. These plates

are arranged in a form of two octopoles in order to minimise field inhomogeneities

in the x and y directions.

The diffracted electrons recorded by the channeltron detector follow almost the

time reversed path of the incident electron due to the proximity of the detector

to the electron gun. Scanning the incident angle of the electron beam results in a

simultaneous variation of the angles of the diffracted electrons. This special scan-

ning mode is sketched in figure 4.6. While the incident angle is changed, the Ewald

sphere is rotated around the origin of reciprocal space (000). SPA-LEED makes
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Figure 4.5: Horizontal cut through a 3rd generation SPA-LEED with

conical shape showing the electron gun, the channeltron detector, the

electrostatic deflection unit, the entrance lens, and the sample in a po-

sition at distance d, and the path of electrons recorded in the detector.

Figure reprinted from [182].

Figure 4.6: SPA-LEED diffraction geometry using internal electron

gun. The relative angle between incident and final scattering vectors

are kept constant. The recorded diffraction pattern is described by the

envelope of the rocking Ewald sphere which is a sphere centred at the

origin of the reciprocal space with a diameter twice the size of the Ewald

sphere. Figure reprinted from [182].
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available for measurement a larger area of reciprocal space than the 4-grid LEED

at any given electron energy. The spot broadening is determined by the transfer

width of the instrument which in turn defines the maximum surface area from which

electrons interfere coherently. Small barrel distortions of the images are caused by

non-linearities of the deflection unit. The recorded diffraction pattern can be cor-

rected by calibration.

4.8 LEEM and SPLEEM

Low-energy electron microscopy (LEEM) images with diffracted or backscattered

slow electrons. Elastically backscattered electrons used for imaging frequently have

their energies smaller than 10 eV. In this energy range, their cross sections are large

enough for surface imaging [183]. In contrast to scanning image acquisition, LEEM

works in true imaging mode in which all pixels are acquired simultaneously from

the illuminated area on the surface [184, 185]. This gives LEEM some advantages

compared with other imaging techniques, such as large field of view and fast image

acquisition. LEEM has a depth resolution similar to that of an STM [184] but chro-

matic and spherical aberrations of the cathode lenses limit the lateral resolution to

about 10 nm (see section 4.8.2).

In this section, we will discuss the interactions of very low energy and slow elec-

trons with matter in order to understand the LEEM contrast. In ferromagnetic

materials, interactions depend additionally on the relative orientation of the spin of

the incident electrons and electrons in the sample. The associated imaging method,

spin-polarised LEEM (SPLEEM), giving magnetic information, will also be intro-

duced.

4.8.1 Very-low-energy-electron/matter interaction

Interactions of slow electrons (E<10 eV) with matter involve elastic scattering,

inelastic scattering, and quasi-elastic scattering (phonon scattering and in magnetic

materials, magnon scattering).

Atoms in the condensed phases cannot be described by the Born approxima-

tion which assumes static atoms in their ground states. With decreasing energy,

forward scattering decreases whereas inelastic and elastic scattering become increas-

ingly important. Elastic scattering can be calculated in the partial wave expansion.
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Figure 4.7: Elastic backscattering cross sections dσ/dΩ (178◦) of free

atoms as a function of nuclear charge Z for 100 eV electrons. The dashed

line is a simple interpolation. Figure reprinted from [184].

In this model the scattered wave is approximated by a finite number of spherical

wave [184]. Figure 4.7 shows the backscattering cross-section of free atoms calculated

with relativistic Hartree-Fock-Slater potentials taking into account partial waves up

to angular momentum l=10 [186]. Figure 4.7 illustrates that backscattering does

not increase monotonically with nuclear charge. At energies below about 100 eV

the truncation of the atomic potential by the neighbouring atoms in the condensed

state becomes important. At lower energies still, due to charge-charge and spin-spin

interactions, the scattering potential is modified between the incident and atomic

electrons. Including these effects in a new model, E. Bauer found that light atoms

such as hydrogen (H) may backscatter more strongly than heavy substrate atoms

such as tungsten (W). Other light atoms such as Al backscatter more than W over

a wide energy range [184].

In a periodic system, if we assume that the n+1-electron system (n crystal

electrons + one incident) does not differ significantly from the n-electron system

(Koopman’ theorem [187]) then 180◦ backscattering may be determined by the band

structure E(k) perpendicular to the surface as illustrated in figure 4.8 for the W(110)

surface. The periodic distribution of the atoms produces the band structure with

allowed wavevector in the energy state E(k). Forbidden regions come from discon-

tinuities at the Brillouin zone boundaries and by the splitting of the energy bands

at band crossings. In a bandgap, as between 1 and 6 eV above the vacuum level
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Figure 4.8: Normal incidence specular reflectivity of a W(110) surface

(top) and band structure along the the surface normal (bottom). Figure

reprinted from [184].

in figure 4.8, the incident electrons do not find allowed states and are consequently

totally reflected. Total reflection is used in this case assuming the evanescent wave

penetration, the surface states, and the momentum transfer from electron-surface

phonon interaction are insignificant. Imperfections-induced scattering at surfaces

are also neglected since electrons are reflected before being attenuated significantly

by inelastic scattering. Backscattering and band structure cause the high reflectivity

peak at 2-3 eV. The second reflectivity peak is due to the low density of states in

the crystal as indicated by the steep bands. Below the vacuum energy, the energy

states are filled inducing the high reflectivity peak that can be seen in figure 4.8.

Below the threshold for collective excitations, valence electron excitations (elec-

tron-hole pair creation, intra- and inter-band transitions) are the processes which

determine attenuation by inelastic scattering. The high surface sensitivity of LEEM

is in general the result of the strong scattering of slow electrons by inelastic scat-

tering. Inelastic processes, which involve inner electron shells cannot take place

because of insufficient energy. In contrast inelastic processes involving outer shells

are near their maximum except at very low energies. The attenuation coefficients
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µ = (IMFP)−1 due to inelastic scattering and ν due to elastic backscattering of dis-

ordered Al shown in figure 4.9 were calculated using the jellium model (free electron

gas embedded in a homogeneous background of equal charge). The term µ domi-

Figure 4.9: Energy dependence of the attenuation coefficients µ inelas-

tic, and ν elastic of Al. Figure reprinted from [186].

nates ν above the threshold energy for plasmon excitations ET (ET = 17.5 eV for

Al). At E > ET , the sampling depth is determined mainly by inelastic attenuation

with a mean free path ranging from 3 Å to 10 Å. For E < ET elastic backscattering

increasingly determines the penetration depth.

In summary, at low energies backscattering is strong and depends on energy E

and nuclear charge in a non-monotonic manner. The sampling depth of LEEM can

be determined by inelastic and elastic backscattering depending on the band struc-

ture. Depending upon the band structure, slow electrons may be reflected from

surfaces with a high reflection coefficient from the first few atomic layers or may

penetrate deeply into the crystal when the incident energy can be matched to E(k)

states. The sampling depth may be as small as a few tenths of a nanometre around

the plasmon excitation maximum in transition metals with a high density of unoc-

cupied states above the Fermi level, or in band gaps along the k direction normal

to the surface. On the other hand, in insulators and free electron like metals the

sampling depth may be as deep as several nanometres [183]. In many cases, tuning

the energy allows one to choose the sampling depth to image a given surface and

thin films.
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4.8.2 LEEM optics

LEEM uses diffracted low energy electrons for imaging the real space of a surface.

The electron optics of a LEEM is essentially the same as in an emission electron mi-

croscope. However, in a LEEM the specimen is the cathode of a so-called cathode

lens. In these cathodes, imaging electrons are accelerated in a high electric field

to an electrostatic or magnetic lens and incident electrons decelerated to the de-

sired low energy at the specimen. These cathode lenses carry imaging information

through the electromagnetic optics at high energy (15 keV) for better resolution and

focusing. Surface studies with LEEM require ultra-high vacuum in all sections of the

microscope since backstreaming from the illumination and imaging optics through

the beam separator and cathode lens is to be avoided.

Figure 4.10: Schematic of the first LEEM instrument. Figure reprinted

from [183].

A schematic of the first instrument in figure 4.10 illustrates the basic electron

optical setup of a LEEM. The beam separator (1) deflects the incident beam from a

field emission gun (2). The emitted electrons are focused by two condensers (3) and

optionally by a collimator lens (4) into the back focal plane of the objective lens (6)

onto the sample (7). If the electrons are scattered from a long-range ordered sur-

face, they form a diffraction pattern at the focal plane of the objective lens (6) but

rays of common origin meet again in the image plane to form a direct image of the

surface. Changing the focal length of the first condenser allows variation of the spot
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size illuminating the sample. The astigmatism of the objective lens is corrected with

a magnetic stigmator (between 6 and 7). The electrons elastically reflected at the

sample’s surface are imaged at the center of the beam separator. The reflected elec-

trons pass again through the sector field to reach the imaging column. The primary

image in the center of the beam separator is imaged with a magnetic intermediate

lens (9) and a projective lens (10) onto the detector. A pair of multichannel plates

(12) enhances the image intensity on the fluorescent screen (8), allowing observation

and image recording with a video camera (13) at very low beam currents. Both

illumination and imaging columns are equipped with deflectors and stigmators (16).

The purpose of the electrostatic filter lens (11) was to filter out secondary and in-

elastically scattered electrons but was later removed because it was found that the

dispersive properties of the magnetic beam separator (1) were sufficient to eliminate

them from the image. Varying the focal length of the intermediate lens (9) allows

the imaging of either the real or reciprocal space. The combination of (9) and (10)

tunes the magnification in the imaging mode.

In the past 10 years LEEM was developed further by combining it with X-ray

induced photoemission electron microscopy (XPEEM), which resulted in spectro-

scopic photoemission and low-energy electron microscopy (SPELEEM) and in the

building of instruments with aberration correction.

One of the most useful application of LEEM is the study of growth phenomena

such as the interface of Cu silicide layers grown at high temperature on Si(111)

observed to be isolated crystals with a variety of shapes [188]. The visualisation

of monoatomic steps was one of the first successes of LEEM and studied in many

systems in which the height of the steps can be extracted from the energies of maxi-

mum and zero phase contrast [184]. LEEM enlarges the understanding of phase

transitions, homoepitaxy, heteroepitaxy and reactions with gases. For example,

LEEM proved that the Si(111)-(7×7)↔(1×1) phase transition is of first order with

a morphology and transition width which depends strongly on surface purity, pre-

treatment and cooling rate [189].

4.8.3 Contrast mechanisms

Contrast in LEEM imaging has a diffraction origin in crystalline samples and

backscattering origin in amorphous or fine-grained crystalline samples. In general,

surfaces are heterogeneous in topography (steps, step bunches). Topographic fea-
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tures distort the electric field distribution on the surface causing the usual topo-

graphic contrast. Backscattering contrast comes from a different backscattering

cross-section between two elements.

Single crystalline layers with a well-defined orientation have often been studied.

Flat single crystal surfaces without steps and others defects produce contrast only

when regions with different crystal structures are present. If a surface presents two

phases with the same normal and lateral periodicity, contrast is obtained by tilting

the incident beam or shifting the aperture. An example is the Si(100) surface recon-

struction with formation of dimers rotated from terraces to terraces by 90◦, the two

resulting domains (2 × 1) domains are equivalent at normal incidence. To observe

contrast one shifts the aperture in the direction of one of the rows.

Another important contrast mechanism is the interference contrast on flat sur-

faces with height differences such as atomic steps (figure 4.11.a). Step contrast is

due to destructive interference between the wave fields reflected from the adjoining

terraces within the lateral coherence length. Using equation 4.5, one gets a vertical

resolution of about 4 Å with incident electrons of 10 eV energy. Nevertheless, in

the absence of aberrations the reflection of slow electrons from a point source would

produce an interference pattern that extends far from the step. This could make

image interpretation difficult in the presence of several steps. The spherical aber-

ration reduces the range of the interference pattern significantly and the chromatic

aberration reduces it to a maximal intensity next to the step even for energy spreads

as low as 0.5 eV.

Figure 4.11: Schematic of the conditions for phase contrast in LEEM

(a) Step contrast, (b) Quantum size contrast. Inspired by [183].

A further contrast mechanism is quantum size contrast as illustrated in figure

4.11.b. Interference in this case does not require crystal periodicity. Reflected waves

from the bottom surface can interfere constructively or destructively with those

reflected from the top surface in a similar way to a Fabry-Perot interferometer. En-
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hanced reflectivity occurs whenever n (λ/2) + φ = d where n is an integer, λ the

wavelength of the incident electron, φ the phase shift, and d the film thickness.

Figure 4.12 shows the contrast of two and three monolayers thick islands of Sb on

Mo(001). Excluding interference phenomena, the spin-independent part of the re-

Figure 4.12: LEEM images of 2 and 3 ML Sb films on the Mo(001) sur-

face at incident energy beam (a) 4.5 eV and (b) 5.5 eV. Figure reprinted

from [190].

flectivity is determined by diffraction in the crystal. This points to a main limitation

with LEEM imaging: it requires a strong preferred crystal orientation [191].

4.8.4 Spin-polarised LEEM (SPLEEM)

SPLEEM does not give structural but magnetic information. It differs from

LEEM by an illumination system which produces a spin-polarised electron beam.

The polarisation is achieved by illuminating a GaAs (100) surface with circular po-

larised light with the wavelength corresponding to the bandgap of GaAs. The surface

is activated by Cs and O2 exposure. Their negative electron affinity allows electrons

from the bottom of the conduction band to escape the surface. Optical selection

rules produce emitted electrons with their spins pointing up or down when excited

by light of right or left helicity, respectively. Cathodes used in SPLEEM have a po-

larisation of 20-30% (as the one at NCEM). After extraction from the cathode, the

electron beam is deflected by 90◦. A magnetic rotator lens allows the polarisation

P to be rotated in any direction. However, in our experiments we used a direction

normal to the surface and two others in preferred directions in the surface plane.

Backscattering from magnetic materials depends on the relative orientation of

the spin polarisation P of the incident electrons and the magnetization in the sub-

strate M. The exchange interaction is then P ·M. The contrast obtained depends
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Figure 4.13: Spin-polarised band structure of Co in the [0001] direc-

tion. Figure reprinted from [184].

on beam energy not only because of the Fabry-Perot type interference (QSE) but

also because the reflectivity is spin-dependent (figure 4.13). The difference between

the IMFP for spin-down is shorter by a factor of up to 3 due to a higher density of

unoccupied spin-down states in the crystal [191]. Between the two bands in figure

4.13, a suitable polarised electron would find allowed states and would penetrate

deeply into the crystal, whereas electrons with opposite spins will be strongly re-

flected. This difference in reflectivity produces a magnetic contrast quantified by

the following asymmetry term

A = P0
(I↑ − I↓)
(I↑ + I↓)

, (4.8)

where the I↑, ↓s are the reflected currents and P0 is the polarisation of the incident

beam. This effect is weak compared to topographic signals. To obtain a pure

magnetic contrast one takes two images with opposite P direction and subtracts one

from the other pixel by pixel. To achieve a good signal to noise ratio with a GaAs

photoemission cathode, exposures of about one second per image are needed.

4.8.5 Resolution of the SPLEEM at the NCEM

To find out the resolution of our apparatus, we measured a line profile at the

step edge of a Pb-island on Si(111) (figure 4.14). By taking the value at 80% and

20% of a sharp edge we found a resolution of 48 nm. Each pixel takes the average
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value of 7 pixels perpendicular to the line scan. The profile was scaled with respect

to the field of view.
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Figure 4.14: Profile analysis of a line scan across a sharp contrast

giving a resolution for the SPLEEM of about 48 nm. Inset: image from

which the line scan was extracted with Pb (white) on Si(111) (black).

4.8.6 Electron energy determination

The electrons are produced by a GaAs crystal heated by a voltage-induced cur-

rent. The extraction of the electrons is eased by a laser beam by photoemission and

a deposit of cesium that lowers the work function. The microscope user can tune a

voltage U applied between the sample and the GaAs crystal. The kinetic energy of

the incoming electron, Ekin, at the sample is then

Ekin = e(U + U0), (4.9)

where U0 depends on the workfunction of the sample, the applied extracting field

and the laser illumination. The value for U0 ranges between 2 and 3 V and can be

determined experimentally.

4.9 TEM and STEM

According to de Broglie’s equation (equation 4.5), a transmission electron micro-

scope (TEM) using 100 keV electrons could possibly reach a resolution of 4 pm. In

fact, the resolution is limited by the electron lenses. However, recent breakthrough

in TEM development namely spherical- and chromatic-aberration corrections have
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allowed TEM to reach sub-angstrom resolution. Spherical and chromatic aberrations

are referred as Cs and Cc, respectively. The resolution beyond the current state of

the art is no longer of paramount importance.

In order to get a transmitted electron signal, the sample needs to be thin. Thin

refers to electron transparency when there are enough electrons to be transmitted

into the detection device. For 100 keV electrons, 1 µm aluminium alloy would be

thin while steel would be thin up to several hundred nanometres.

Imaging methods in TEM utilise the information contained in the electron waves

exiting from the sample to form an image. Thus, an observed image depends on the

amplitude of the beam and on the phase of the electrons. Different imaging methods

therefore attempt to modify the electron waves exiting the sample in a form that is

useful to obtain information with regard to the sample.

The most conventional operating mode for a TEM is the bright-field imaging

mode (BF) where the contrast is formed by occlusion and absorption of electrons.

The atomic scattering factor is greater for heavy elements so that these atoms ap-

pear ideally as dark spots. The contrast also varies as a function of objective lens

defocus and the specimen thickness. For example, the TEM may be operated at a

slight defocus to enhance contrast since the sample is a weak phase object.

Higher resolution imaging (HRTEM) requires thinner samples and higher ener-

gies of incident electrons. Therefore the sample can no longer be considered to be

absorbing electrons. The sample can be modelled as an object that does not change

the amplitude of the incoming electron wavefunction but modifies its phase. With

this technique, contrast arises from the interference in the image plane of the electron

wave with itself. The images are not dependent on the number of electrons hitting

the screen only. Interpretation of phase contrast images is therefore complex.

A scanning transmission electron microscope (STEM) differs from a conventional

TEM as the electron beam is focused into a narrow spot scanned over the sample.

The rastering of the beam across a sample allows other analysis techniques such

as energy dispersive spectroscopy (EDS), electron energy loss spectroscopy (EELS),

and annular dark-field imaging (ADF). These signals can be obtained simultane-

ously to the image allowing direct correlation between them. High-angle annular

dark field scanning transmission electron microscope (HAADF-STEM) is a method

of mapping the sample by collecting scattered electrons with an annular dark-field

detector. This detector collects incoherent scattered electrons such as those due to
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Coulomb or thermal diffuse scattering as opposed to Bragg scattering.

Figure 4.15: Schematic illustration of the electron microscope config-

uration in the HAADF-STEM mode. Adapted from [192].

Along a zone-axis orientation, the HAADF signal is approximately proportional

to Z1.8, where Z is the atomic number [193]. At large angles (50-100 mrad), the an-

nular detector collects elastically scattered electrons with negligible phase-contrast

effects. Thus, unlike HRTEM, HAADF-STEM is based on an incoherent imaging

process and the contrast of the image is not reversed by defocusing or by the spec-

imen thickness. However, HAADF-STEM intensity can vary slightly as a function

of specimen thickness due to contributions from coherent and multiple scattering.

The contrast is then, to a good approximation, monotonic with thickness, and is

also sensitive to changes in composition. These properties make the HAADF-STEM

signal ideal for tomographic application.

4.9.1 Introduction to electron tomography

Invented by biologists interested in the shapes of complex molecules, the tech-

nique of electron tomography uses a sequence of image taken at different tilts to

create a 3D image. Atomic resolution images can be used to obtain a 2D projection

of the specimen structure averaged along the electron propagation direction. Eluci-
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dating structural and chemical variations along the depth coordinate was revealed

to be quite difficult in practice. The scattering effects induced by single atoms are

difficult to trace back to a particular depth position in the sample by using quantum

mechanical calculations. Three-dimensional electron tomography attempts to make

tomography possible at the atomic scale [194]. TEM holders allow multiple views of

the same specimen by rotating the angle of the sample along an axis perpendicular

to the beam. By recording multiple images at different angles, typically 1◦, a set

of images known as tilt series can be collected. In the phase contrast mode, this

set of images can be used to get a three-dimensional representation of the sam-

ple. The technique of annular dark-field scanning transmission electron microscopy

(ADF-STEM) suppresses phase and diffraction contrast, providing image intensi-

ties that vary with the projected mass-thickness of samples. ADF-STEM eliminates

the edge-enhancing artefacts common in BF or HRTEM. Thus, provided that the

features can be resolved, ADF-STEM can yield a reconstruction of the specimen.

This techniques has the drawback of probing around one cubic nanometre of mate-

rial [195]. A second approach is to use the depth sectioning technique in which a

sample is sliced by changing the objective lens focus. Whereas this technique still

allows atomic resolution, 3D reconstruction at atomic resolution have never been

reported because the depth resolution is insufficient to resolve interatomic distances

along the optical axis. Another method is discrete tomography. It is a reconstruction

approach that requires a priori knowledges of the lattice structure. Li et al presented

a 3D structure analysis of a gold cluster from one single HAADF STEM image [196].

In their paper, Van Aert et al reported the 3D reconstruction of a complex crys-

talline nanoparticle at atomic resolution using discrete tomography by combining

aberration-corrected HAADF-STEM carried out under low-voltage conditions and

discrete tomography [197].

4.9.2 Electron lenses and apertures

The depth of field of a microscope is a measure of how much of a studied sample

remains in focus at the same time. The term depth of focus refers to the distance

over which the image can move relative to the object while remaining in focus. These

properties are governed by electron lenses which intrinsically generate a non-uniform

magnetic field. To improve their performances, small limiting apertures narrow the

beam to at most a few micrometers across. Such apertures limit the collection angle
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and allow the control of the resolution of the image formed by the lens, the depth

of field and the depth of focus, the image contrast, and the angular resolution of

the diffraction pattern (DP). Apertures protect the specimen from radiation of the

illuminating system, they also serve for measuring or changing the beam current.

These apertures cut down the intensity but increase the depth of field of the spec-

imen and depth of focus of the images. A large depth of field is used in SEM to

produce 3D-like images of the surface. It is also critical in TEM as the specimen is

usually in focus from the top to the bottom surfaces at the same time. Thus users

need to be careful when interpreting TEM images, TEM presents a 2D image of a

3D specimen viewed in transmission. Thus any TEM information collected (images,

diffraction pattern, spectra) are averaged through the thickness of the specimen.

The electron beam current in a TEM can be as high as 0.1-1 µA which is equiv-

alent to 1012 electrons passing through the specimen per second. But, at 100 keV

energy, the electrons travel at about 0.5 c (c = 3.108 m.s−1), so the electrons are

separated by 1.6 mm, thus there is never more than one electron in the specimen at

any time. Nevertheless, electrons interfere and allow the acquisition of diffraction

patterns.

The magnetic lens imperfections limit the resolution of the microscope but para-

doxically help to get better depth of focus and depth of field. The main defects from

these lenses are spherical aberration, chromatic aberration, and astigmatism which

we will discuss in the following section.

4.9.3 Resolution, spherical and chromatic aberrations

In order to get a good signal, it is important to produce an electron beam with

diameter typically less than 5 nm and until below 0.1 nm.

Spherical aberration occurs when the lens field behaves differently for off-axis

rays. Electromagnetic lenses bend off-axis electrons more strongly toward the axis.

As a result, a point is imaged as a disk of finite size, degrading detail discernibility

(figure 4.16.a).

A way to compensate spherical aberration is to create a diverging lens that

spreads out the beam off-axis such that they re-converge in a point instead of a

disk. The spherical aberration correction is achieved by a highly complex, computer-

controlled set of quadrupoles and hexapoles or octupoles.

It is assumed illuminating electrons are monochromatic, in fact the actual energy
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(a) (b)

Figure 4.16: Left: by bending the rays at the outside of the lens more

than those close to the axis a point object is imaged as a disk in the

image plane with a minimum radius in the plane of least confusion.

Right, chromatic aberration is the result of of electrons with a range

of energies being focused in different planes. Emerging electrons with

no loss of energy are less strongly focused than those that lost energy.

Adapted from [178].

spread is ∼ 0.3 eV for a cold field emission gun (FEG) and ∼ 1 eV for a LaB6 gun.

However, the energy spread of electron sources can be ignored compared to the whole

range of energies created when having a specimen under a beam. The objective lens

bends electron of lower energy more strongly and thus a point in the object plane

forms a disk in the image plane (figure 4.16.b). To get around this limitation one can

use very thin specimens as chromatic aberration gets worst for thick samples [193].

Since most TEM specimens are not thin enough, we have to live with Cc limitations.

Cc is typically 10 times larger than Cs-limited resolution so when measuring a thick

sample the performance of the TEM is 10 times worse than the specified resolution.

Astigmatism occurs when the electrons sense a non-uniform magnetic field. It can

arise from a non-perfectly rounded soft iron bore, microstructural inhomogeneities,

slight misalignment of the lenses, charging of contamination of the apertures which

can all disturb the optics [193]. Astigmatism can be corrected using stigmators

which are small octupoles that compensate the field inhomogeneities.

4.9.4 Electron optics in TEM

The TEM column can be divided into three components: the illumination system,

the objective/lens stage, and the imaging system. The illumination system comprises

the gun and the condenser lenses and serves to transfer the electron to the specimen.

The objective and specimen stage system is the place where the various images and
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diffraction patterns (DP) are created. The imaging system uses several lenses to

magnify the image or the DP to focus on a viewing screen or a computer screen via

a detector.

In TEM mode, the first two condenser lenses (C1, C2) are adjusted to illuminate

the specimen with a parallel beam of electrons. For STEM mode and materials

research dedicated TEMs, to get the desired probe size � 1 nm, the usual solution

is to introduce a C3 or so-called condenser-objective (c/o) lens (figure 4.17).

If the C2 lens is focused to produce an image of the crossover at the front-local

plane (see figure 4.17.a), then a parallel beam of electrons is formed by the objective

lens. Parallel illumination is essential to get the sharpest selected area DPs (SADP).

Users underfocus C2 in order to fill the viewing screen or strengthen C2 (less parallel)

in high magnification mode to keep the illuminated area just filling the screen and

illuminate less of the specimen.
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(a)

Figure 4.17: The objective focus the beam to the desired probe size.

The large do/di ratio gives the maximum demagnification of the image

of the gun crossover. A strong C1 lens results in a large demagnification

giving a smaller beam at the specimen. A weaker lens gives a broader

probe. Adapted from [193].
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The objective lens takes the electrons emerging from the specimen, disperses

them to create a DP in the back focal plane, and recombines them with the interme-

diate lens to form an image in the image plane. An SADP aperture is inserted into

the image plane of the objective lens in order to obtain a parallel beam of electrons

to obtain a sharp DP.

Figure 4.18: The intermediate lens selects the image plane of the objec-

tive lens as its object. This diagram is highly simplified, modern TEMs

have many more lenses allowing greater flexibility in terms of magni-

fication and focusing range both in DP and imaging mode. Adapted

from [193].

To look at an image, the intermediate lens is adjusted so that its object plane is

the image plane of the objective lens as shown in figure 4.18.
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This chapter has introduced various material analysis techniques namely mi-

croscopy, spectroscopy, and diffraction. These techniques use either light or electrons

as a probe, thus an emphasis has been made on the interaction of light and electron

with matter (excitation, diffraction, interference). SEM, LEEM, TEM microscopes

and the associated SPLEEM, STEM techniques have been introduced succinctly.

We also studied the principles of chemical and structural analysis tool such as XPS,

EDS, and SPA-LEED. These tools have been used for the experiments which will

be introduced next. In chapter 5, we discuss the morphology of quasicrystals at

different surface orientations with UHV-SEM. In chapter 6, we present results of

quasicrystal thin film growth on 2-fold AlNiCo at different stoichiometry with XPS

and SPA-LEED. In chapter 7, we explore the morphology and surface magnetism

of MnSb thin films with LEEM and SPLEEM. Finally, validation experiments for

a controlled etching of tungsten to be used as a base for tomography sample with

TEM are presented in chapter 8.



Chapter 5 : Morphology of

Various d-AlNiCo Surfaces

Most surface science studies of quasicrystals have been carried out with electron

diffraction or STM techniques. In this chapter, we report surface science experiments

on quasicrystals carried out with UHV scanning electron microscopy (UHV-SEM).

The sample stage allows annealing, thus in this chapter we report the first obser-

vation, to our knowledge, of the intrinsic AlNiCo phase transition in in-situ direct

space imaging. Previous studies have been carried out with LEEM, but the in-depth

resolution of LEEM doesn’t allow the observation of large scale structures such as

islands [198]. Island formation and surface morphology change upon annealing and

sputtering will be discussed in this chapter. These measurements were performed

at different surface orientations of d-AlNiCo namely 2-fold, 10-fold, and a specific

higher order orientation.

The quasicrystal samples have been grown by Peter Gille at the University of

Munich with the Czochralski process [59]. Atomic Force Microscope (AFM) and

SEM measurements were performed in our laboratory whereas Electron Dispersion

Spectroscopy (EDS) studies were carried out by us at the Center for Electron Mi-

croscopy (CEM) at the University of Birmingham.

5.1 Morphology of the d-AlNiCo(10000) surface

AlNiCo is a complex alloy, as discussed in section 1.5.2. Al72.2Ni19.2Co8.6 has

a phase transition at about 700◦C. The phase diagram 1.12 in section 1.5 doesn’t

point exactly in our region of interest. The quasicrystalline phases depending more

on the Ni concentration than Al, we can infer the quasicrystalline phase by reading

the phase diagram according the Ni concentration. However, we cannot tell with

certitude if the phase transition comes from the transition type S1 towards type I

or type I towards bNi.

The 2-fold Al72.2Ni19.2Co8.6 surface was studied with an UHV-SEM whose sam-

ple stage allows in-situ annealing experiments. In this experiment, details of which

are given in this chapter, the sample has been annealed several times to its high-

95
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temperature phase.

The sample was loaded ad-hoc into the UHV-SEM analysis chamber. Measure-

ments with SEM show anisotropic features with ripples pointing in one direction

(figure 5.1). It has been theoretically shown that quasicrystals can grow without

the need of tile-rearrangement [58]. This growth mode requires slow kinetics of at-

tachment in the direction perpendicular to the 10-fold direction resulting in a much

slower growth rate in the 2-fold direction than in the 10-fold direction [59]. Due to

the anisotropy in the growth rate, we also expect the surface to display anisotropy

allowing the indexing of figure 5.1.

(a) (b)

Figure 5.1: SEM images of 2-fold Al72.2Ni19.2Co8.6 showing ripples

along the <00001> direction. Electron energy: 20 keV, scale bars 10

µm and 1 µm in (a) and (b) respectively.

The sample was alternately annealed for 5 min and sputtered for 50 min followed

by one additional sputter/anneal cycle of 15 min and 5 min, respectively. The sample

was sputtered with Ar at a pressure of 2×10−5 mbar with a sample ion current of 30

µA. The annealing temperature is about 700◦C and therefore above the phase tran-

sition point. After annealing three times to the high-temperature phase, we started

to observe rectangular black contrast patches in the low-temperature phase in the

SEM images as shown in figure 5.2.a. The sample still shows a strong anisotropy

but there is now a strong contrast in the secondary electron signal that we did not

observe initially (figure 5.1). The images in figure 5.1 show roughness in the surface

morphology whereas the features appearing in figure 5.2.a are beyond topography

as described later in this chapter. Due to the lower SEM signal coming from these

regions, the features will be referred as black features.

In figure 5.2, the sample was taken out of UHV and reintroduced without any

subsequent treatment. The oxidation induces a size reduction of the black features
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and aggregation of matter in the form of islands as can be seen in figure 5.2.b.

The next section will answer questions raised by the appearance of these fea-

tures, how they form and what their origin is. We will also discuss the changes in

the island morphology upon annealing to the high-temperature phase.

(a) (b)

Figure 5.2: SEM images of 2-fold Al72.2Ni19.2Co8.6 after annealing

three times above its phase transition. (a) The surface exhibits black

elongated features along <00001>. (b) After exposure to air, patches

have shrunk and matter has aggregated into islands. Electron energy 20

keV, scale bars 2 µm.

5.1.1 Island morphology on d-AlNiCo(10000) surface

To study the evolution of the islands we performed an annealing experiment.

Figure 5.3 depicts a phase transition sequence starting with annealing above the

high-temperature phase, at 730◦C, (5.3.a-5.3.d) and cooled down below the phase

transition (5.3.e-5.3.h). In the low-temperature regime, one can see rod-shaped and

circular islands (figure 5.3.a). These same islands develop into faceted islands above

the phase transition (figure 5.3.c). The islands have rod-like shapes with sharp edges.

These islands facet whereas we might have expected the islands to adopt a shape

without sharp edges since a spherical shape lowers the surface energy in the limit

of very high temperatures [199]. This observation indicates a strong anisotropy in

the surface energy of the islands and indicates as well that the structural quality

of these islands is close to single crystallinity. The faceting can still be observed,

in a lower extend, in the low-temperature phase as shown in figure 5.3.a. In this

same annealing sequence, it can be seen that the islands grow and shrink. Material

is transferred from substrate to islands as the sample reaches the phase transition
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temperature. Both the growth and the faceting of the islands may be driven by

phase transition induced changes in the surface stoichiometry or in the chemical

potential of d-AlNiCo.

Figure 5.4.a is a zoom-in image of an island from figure 5.3.c. This island displays

5 facets on its top view. The facet edges were aligned with the edges of a decagon

(figure 5.4.b) showing the quasicrystalline nature of this island. Some other islands

with quasicrystalline symmetry can be seen in figure 5.3. The island in figure 5.5.a

shows faceting originating from both (10000) and (0011̄0) 2-fold surfaces can be seen.

In other islands, the symmetry cannot be resolved unambiguously (figure 5.5.b).

The islands were analysed by EDS with an analytical SEM. The sample transfer

into this instrument involved exposing the sample to air. The electron energy of the

beam was 12 keV. Interaction of electrons with matter at this energy generates X-

rays originating from a volume on the order of 100 nm3 which is the resolution of this

measurement (see section 4.5). We performed an EDS experiment on a typical island

(figure 5.6). AFM analysis discussed later in this section gave a typical island height

of 1 µm. The volume from which X-rays originate is very small compared to the

size of the island so the EDS signal from these islands does not have any significant

contribution from the substrate. The atomic composition of the islands averaged

from four measurements is Al72.6Ni15.8Co11.6. Compared with the bulk composition,

Al72.2Ni19.2Co8.6, we found that the islands are Co rich and Ni deficient. Although

the atomic composition of the island shifts consequently compared to the substrate,

the island composition still lies in the quasicrystalline phase as informed by the

phase diagram 1.12 in section 1.5 by reading the diagram at 16% Ni.

5.1.2 Topography of d-AlNiCo(10000) surface

In order to explore the origin of the SEM contrast referred above as black features,

we used EDS to obtain chemical information. We observed a change in the chemical

composition between the black features and the surrounding surface area as shown in

figure 5.7. The red crosses in the SEM image are the points at which we performed

the EDS measurements. We extracted the atomic composition of Al, Ni, and Co at

the surface for each scan at the points along the red line. Compared to the expected

bulk value, the dark patches are richer in Co and Ni but contain less Al compared to

the surface. The alloy composition of the dark patches is Al68Ni20Co12 as determined

by the averaged composition of five scans in this region (figure 5.7) with a standard
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.3: In-situ SEM annealing sequence of 2f-Al72.2Ni19.2Co8.6.

The sample was heated in steps to the high-temperature phase (a-d)

and subsequently cooled down to the low-temperature phase (e-f). The

temperature ranges from approximately 500◦C in the low temperature

regime to 730◦C at the maximum. Electron energy 20 keV, scale bars 1

µm.
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(a) (b)

Figure 5.4: (a) zoom-in of an island from figure 5.3.c showing faceting.

(b) The edges can be superimposed by the projection of decagon vertices

indicating the quasicrystalline nature of the island. Island length: 1.6

µm.

(a) (b)

Figure 5.5: (a) zoom-in over an island showing faceting from both

(10000) and (0011̄0) 2-fold surfaces. (b) island showing non resolved

symmetry. Island lengths: (a) 4 µm, (b) 1.6 µm.
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atomic composition of bulk
Al Ni Co
72.2 19.2 8.6

average atomic composition of islands
Al Ni Co
72.6 15.8 11.6

Figure 5.6: (a) SEM image of 2-fold Al72.2Ni19.2Co8.6 after annealing

8 times and exposure to air. According to EDS analysis, the island is

Co-rich and Ni-rich in a smaller extend. The data to determine atomic

composition of islands comes from four spectra taken at red cross posi-

tions.

distribution of 0.15%. The Co concentration is substantially higher in the black

features with a relative increase of 20%.

According to the phase diagram 1.12 in section 1.5, both the surface and the

islands lie in the decagonal S1 phase. If the contrast was only chemical related,

then the features would actually appear brighter with SEM because they are richer

in heavy elements. Thus the contrast is either due to the topography or from the

local workfunction. To resolve the topography we used Atomic Force Microscope

(AFM). Figure 5.8.a and 5.8.b are contact mode AFM images of the 2-fold AlNiCo

quasicrystal in a representative area. Figure 5.8.b is a zoom of the highlighted area

in figure 5.8.a. A profile line scan performed over a typical island (figure 5.8.c) gives

a height of 1 µm for a width of 2 µm. Figure 5.8.d is a line scan along two patches.

The black features have a typical depth that ranges between 200 and 300 nm whereas

the width of these patches ranges between 1 and 2 µm.

Using AFM and EDS measurements, we have resolved both the topography and

chemical composition of the black features. Both lie in the decagonal S1 phase. The

black features are richer in heavy elements. The topography of the black features

studied with AFM have been established as hollows 200 to 300 nm deep.
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(a)

(b)

Figure 5.7: (a) SEM image of 2-fold Al72.2Ni19.2Co8.6 after having been

annealed 8 times to the phase transition and exposed to air for transfer.

(b) EDS results of the atomic concentration of Al, Ni, and Co given in

percent for 10 spectra at the points indicated in (a) from left to right.
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(a) (b)

(c)

(d)

Figure 5.8: (a) 50µm × 50µm contact mode AFM image and (b)

20µm× 20µm AFM image of the highlighted area in (a). (c) line scan

across a typical island. (d) line scan across an SEM dark patch.
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5.1.3 Growth study of the black features

In this section, we will investigate the growth behaviour of the features that

appear when cooling down from the high-temperature phase. Megastructures, such

as the one shown in figure 5.9, have been observed to develop at the surface of

the 2-fold AlNiCo quasicrystal. These structures aggregate material. The areas at

the vicinity of these structures are island free (figure 5.10). In one of these areas,

the surface morphology was observed after the 5th, 6th, 7th, and 8th annealing step

above the phase transition without any additional sputtering treatment (figure 5.10).

After the sixth annealing the surface morphology shows a stabilisation in the size of

the features in the low-temperature phase (figure 5.10.c and 5.10.d).

Figure 5.9: 100µm large structures developping at the 2-fold AlNiCo

surface after several annealing treatments. Electron energy 20 keV, scale

bar 10 µm.

Using SEM we observed the phase transition in the 7th annealing step. The

sequence is shown in figure 5.11 starting at high temperature (figure 5.11.a) and

as the sample is cooled down to the low-temperature phase (figure 5.11.h). At the

top-right corner, one can see the edge of a large structure similar to the one shown

in figure 5.9.
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(a) (b)

(c) (d)

Figure 5.10: SEM images of 2-fold Al72.2Ni19.2Co8.6 after annealing (a)

five times, (b) six times, (c) seven times, (d) eight times above its phase

transition. The surface shows some stabilisation in its morphology after

the sixth transition. Electron energy 20 keV, scale bars 2 µm.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.11: SEM images of the sample crossing the phase transition at

700◦C from high temperature (a) to room temperature (h) in an island

free area. At high temperature the surface is smooth whereas features

with sharp SEM contrast develop below the phase transition. Electron

energy 20 keV, scale bars 2 µm.
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In the frames in figure 5.11, it can be seen that the features are elongated rec-

tangles aligned along a preferred direction. These features grow and coalesce so that

the original rectangular shapes develop into larger, non regular, polygonal shapes.

These features appear randomly over the surface after each annealing as it can be

seen by comparing figure 5.10.c with figure 5.10.d.

Examining the figure 5.11, it seems that the features coalesce instead of following

a Ostwald ripening-like growth mode. In order to support this statement, we anal-

ysed quantitatively the frames from the phase transition shown in figure 5.11. The

particles were fitted with the tool ”Analyze Particles” in ImageJ. In order to use this

tool, the frames were converted to 8-bit images. The images were rotated so that the

features are aligned horizontally and finally the frames were smoothed. The fitting

requires a 8-bit value to make the distinction between particles and background.

The values were calculated individually according to the overall brightness of the

images. The background level increases with sample temperature due to the light

from the glowing filament and sample. The appearance of an image also depends

on the sensitivity of the detector that can be adjusted by the operator. Figure 5.12

displays two typical images after the particle analysis.

Features in the yellow area in frame 1113 (figure 5.12.a) were tracked along four

frames. Through these frames the features grow and eventually coalesce. In this

analysis we want to show that the particles do not shrink, or disappear to rule out

Ostwald ripening-like growth. The feature analysis tool is unable to identify parti-

cles smaller than 50 pixels reliably, which corresponds to a surface of ±0.029µm2.

This value was used as an error for the measurement of particle areas. Features

smaller than 150 pixels were discarded from the analysis.

The graph in figure 5.13.c shows the binned size difference of features in frames

1116 (figure 5.13.b) and 1113 (figure 5.13.a) against the particle size in frame 1113.

This analysis shows that, within the accuracy of our measurement, the particles do

not shrink. A close inspection of the features in the different frames showed that

the features grow in steps in contrast to a continuous growth mode.

In the histogram in figure 5.14, one can see the size distribution of the features

inside the yellow area in frame 1113 (figure 5.12.a) and frame 1122 (figure 5.12.b).

The maximum size of 1.5µm2 in frame 1113 reaches 2.7µm2 in frame 1122 with the

average size increasing from 0.30µm2 to 0.63µm2.
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(a)

(b)

Figure 5.12: Images from the phase transition sequence were converted

to 8-bit, rotated, smoothed. Frame 1113 (a) and frame 1122 (b), figure

5.11.e and figure 5.11.g respectively, after fitting the particles with the

”Analyze Particles” tool in in ImageJ.
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(a) (b)

(c)

Figure 5.13: Particles in yellow area were analysed from frames 1113

(a) to frame 1116 (b). (c) Plot of the size of particles in frame 1113 vs the

size difference of particles in frame 1116 and frame 1113. Coalescence

events and small particles were discarded from the analysis.

Figure 5.14: Size probability distributions of features in yellow area in

frame 1113 (figure 5.11.a) and frame 1116 (figure 5.11.b).
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This section discusses SEM observations of the 2-fold d-AlNiCo surface. Af-

ter an anneal/sputter cleaning procedure and annealing the quasicrystal to the

high-temperature phase, we observed significant morphology changes. We observed

square-shaped islands which grow in the high-temperature phase. Interestingly, these

islands exhibit facets at high-temperature. Some of these islands have been found to

have a 10-fold geometry at high temperature. Chemical composition measurements

carried out by EDS have shown that the islands are still in the quasicrystalline re-

gion in the phase diagram.

After cooling the quasicrystal from its high-temperature phase, we observed the

appearance of rectangular and elongated black features. With an AFM and EDS

analysis, these features were found to be 300 nm deep hollows with a Ni- and Co-rich

composition. The lower secondary-electron signal does not come from the chemical

composition since the chemical composition of these features is shifted towards more

heavy elements (Ni and Co). Furthermore, the lower signal does not come from a

shadowing effect due to the topography because the contrast is not gradual and

the features are many times larger (2-3 µm) than they are deep (0.2-0.3 µm). The

lower SEM signal may come from a different workfunction of these structures. In

island free areas, as well as between the islands, we have observed qualitatively and

quantitatively the growth mode of the features during the formation in the phase

transition. The features grow continuously and coalesce to form bigger polygonal

features.
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5.2 Morphology of the d-AlNiCo(102̄2̄4) surface

d-AlNiCo(102̄2̄4) is a decagonal quasicrystal sample with a surface orientation

tilted by 35◦ with respect to the 10-fold axis as shown in figure 5.15.b. This particular

orientation is of interest because it can provide an epitaxial match to a film of

periodic crystal structure [200]. The sample was repolished using P1200 emery

paper (average grain size 15 µm) and 1 µm diamond paste. After annealing at

750◦C, we observed a smoothing of the surface. Cooling down the sample to the

low-temperature phase, we observed nano-pillars appearing at the surface, such as

the ones shown in figure 5.15.a. Looking at the large pillars in figure 5.15.a, one can

see that the pillar grows keeping the same perimeter shape from bottom to top and

does not adopt an energetically favourable shape such as round or symmetrically

faceted pillars. The pillars were imaged along the surface normal and appear clearly

tilted. d-quasicrystals’ building units are decagonal pillars that grow preferentially

in the direction aligned with the 10-fold direction (figure 1.13, section 1.5.2) [58,59].

Since we know the 10-fold direction points at an angle of 35◦ from the surface normal,

it can be reasonably assumed that the pillars are tilted along the 10-fold direction.

(a) (b)

Figure 5.15: (a) Structures of the miscut d-AlNiCo(102̄2̄4) appear at

the surface after cooling the sample from the phase transition. Electron

energy 20 keV, scale bars 100 nm. (b) d-AlNiCo(102̄2̄4) is a direction

tilted by 35◦ with respect to the 10-fold surface. Nano-pillars observed

after annealing the sample above the phase transition grow along the

10-fold direction.

In the experiment described above the sample was repolished and oxidised. In

order to know if the nanopillar growth would occur also on a clean surface, the sample

was cleaned by three anneal/sputter cycles, 5 min each step, with a sputter current
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Figure 5.16: SEM images showing d-AlNiCo(102̄2̄4) during annealing

(left) and subsequent cooling (right) from the low-temperature (bottom)

to the high-temperature (top) phase. The sputtering induces different

contrast and surface morphology on the sputtered and non-sputtered

areas. See text for explanation. Electron energy 20 keV, scale bars 2 µm.
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of 12µA, 15µA, and 5µA respectively and annealing at 650◦C as measured with

a pyrometer. In order to screen the light from the sample stage filament and non-

imaged regions of the sample, a home-made shield was mounted on the sample holder

preserving, as a side effect, some part of the surface from sputtering. Figure 5.16

shows the surface after sputtering at different stages of annealing (left) and cooling

(right) from the low-temperature (bottom) to the high-temperature phase (top).

One can see a different contrast in the sputtered and non-sputtered area inside a

same image. The sputtered area is on the left-hand side and appears brighter. Upon

annealing, islands start to grow preferentially at the interface of the two areas. Such

islands are indicated by red arrows in figure 5.17.

Figure 5.17: Upon annealing, islands start to grow preferentially at

the interface of the sputtered and non-sputtered areas as indicated by

red arrows. Electron energy 20 keV, scale bar 2 µm.

The annealing related morphology changes are very different on sputtered and

non-sputtered areas highlighting the importance of surface preparation in surface

science of quasicrystals. Features appear on both the sputtered and non-sputtered

area. On the sputtered area (bright side on images), one can see features at the

surface which are similar to the ones observed on the 2-fold surface although they

are not elongated. When the sample is annealed to the high-temperature phase, the

features disappear and the surface smoothens (not shown). In contrast, the non-

sputtered area shows the nano-pillars as described above and shown in figure 5.18.
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Figure 5.18: Zoom-in image of figure 5.17 on the non-sputtered

area demonstrating nano-pillars growth during cooling from the high-

temperature phase.

5.3 Morphology of the d-AlNiCo(00001) surface

10-fold d-Al72.2Ni19.2Co8.6 has been polished and annealed at 700◦C. An anneal-

ing experiment performed with UHV-SEM did not reveal the presence of phase-

transition related features, such as black and white contrast (figure 5.19). However,

we did observe out-of-phase materials as shown in figure 5.19.b-c.

In contrast to the 2-fold surface, the bulk phase transition does not induce re-

versible surface morphology changes observable by SEM. This experiment highlights

the stability of the quasiperiodic plane compared to the periodic one.
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(a) (b)

(c) (d)

Figure 5.19: SEM images of 10-fold Al72.2Ni19.2Co8.6 after annealing

to 750◦C showing the stability of the 10-fold surface.

Electron energy 20 keV, scale bars: 10 µm, 2 µm, 1 µm, 200 nm.
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5.4 Summary

In this chapter we presented morphological studies of AlNiCo samples with dif-

ferent surface orientations. We related the effects of sputtering and annealing to the

high-temperature phase. To our knowledge, direct space observation of a quasicrys-

tal phase transition has never been reported with so much detail. Other qualitative

experiments of quasicrystal surfaces have been conducted with LEEM. However, this

technique does not allow to image large height topographical features, for example.

On the 2-fold surface, after the sample was cooled- down from the high-tempera-

ture phase, SEM revealed rectangular and elongated black features as well as the

growth of rod-shaped and circular islands. These islands grow in the high-temperature

phase and interestingly the islands facet at high temperature. The faceting of some

islands have been identified as 10-fold symmetry. Faceting related to the (0011̄0)

surface has also been observed. The features were analysed with EDS, although

they appear black, these features are richer in heavy elements. Studied by AFM,

we found that the features are 300 nm deep depressions. The morphology of these

features cannot be responsible for any screening of the secondary electrons signal

and point instead toward a different workfunction of these features. In an island

free area, a study of their dynamic growth has shown that these features coalesce in

contrast to a Ostwald ripening-like growth mode.

On the high index surface, d-AlNiCo(102̄2̄4), we observed the occurrence of nano-

pillars on a non-sputtered surface after cooling the sample down from the high

temperature phase. These pillars grow in the kinetically favoured 10-fold direction

and indeed appear tilted in the SEM images. On the sputtered surface, we observed

features similar to the ones observed on the 2-fold surface.

Although we observe quite a rich behaviour of the 2-fold and the (102̄2̄4) surface

regarding phase transition related features or islands growth, the 10-fold surface

appears extremely stable.
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Growth on 2-fold AlNiCo

The influence of quasiperiodicity on the physical properties is a question not

fully resolved. Although stable binary quasicrystals exist such as those in the alloy

cadmium-ytterbium (Cd-Yb) system [201], they are not compatible with vacuum

systems. Thus, experiments on stable quasicrystals are performed with ternary al-

loys and investigations of their properties would be simplified with reduced chemical

complexity. Obtaining such structures can be achieved with MBE where an epilayer

would adopt a substrate’s structure up to a certain thickness depending on the inter-

face strain energy between the two phases. Various experiments were reported using

different elements. Single element epilayer quasicrystal thin films were observed only

in the monolayer or sub-monolayer regime (section 2.3).

In this chapter we report successful growth of binary alloy AlNi thin films with

quasicrystalline structure using 2f-AlNiCo as a growth template. To our knowledge,

there are no reports on the stabilisation of quasicrystal binary alloy films on qua-

sicrystal surfaces. These experiments establish the basis for an understanding of

binary alloy film growth with the ultimate goal of growing quasicrystalline AlCu

films. Cu as opposed to Ni has its d-band removed from the Fermi energy and

would allow band-mapping measurements of a free electron like in the Fermi region

of a quasicrystal. The system AlNi on 2-fold AlNiCo was chosen because the epi-

layer and substrate were both likely to contribute to successful results. AlNi has a

chemical composition close to the substrate’s one and the 2-fold surface has a large

corrugation to lock the epilayer in the substrate structure. Furthermore, the 2-fold

surface displays a strong LEED signal compared to the 10-fold surface.

In order to promote the growth of a quasicrystalline thin film, we want to deposit

Al and Ni in such a ratio that the Al amount in the AlNi film is close to the bulk

value in Al72.2Ni19.2Co8.6, that is to say Al72Ni28. As discussed in section 2.3, epitax-

ial growth requires thermal energy. However, we need to use the smallest possible

annealing temperature in order to limit diffusion of Co from the substrate into the

film.

117
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The experiments were performed at the Freie Universität Berlin as part of a

collaboration with Professor Katharina Franke and Professor José Ignacio Pascual’s

groups. The thin films were grown in-situ in UHV conditions at a base pressure in

the 10−10mbar range. The crystallographic structure was explored with spot profile

analysis low energy electron diffraction (SPA-LEED) and the thin-film chemical

stoichiometry was measured by X-ray photoelectron spectroscopy (XPS).

6.1 Calibration

We calibrated the dependence of the sample’s temperature on heating power

using pyrometric data from an experiment using highly oriented pyrolytic graphite

(HOPG). For e-beam heating, the power is the product of the applied voltage and

the electron current hitting the sample. Experimental points are displayed in figure

6.1 in watt along the temperature in degree ◦C. We fit these data points with the

Stefan’s law to achieve a calibration function. According to Stefan’s law, the power

radiated per unit surface area of a black body is proportional to the fourth power of

the black body’s absolute temperature

j = AεσT4, (6.1)

where j is the emissive power, A the object’s surface area, ε the emissivity, σ the

Stefan’s constant, and T the temperature in Kelvin. We used HOPG instead of

AlNiCo because AlNiCo’s phase transitions and surface roughness impact on the

emissivity. Based on the physics

P = a (T4 − T4
RT ) (6.2)

is a suitable parametrisation. We can rearrange this equation to get the temperature

as a function of power

T = (P/a+ T4
RT )1/4. (6.3)

Assuming 0.98 for the emissivity in the temperature measurement [202], we find

a = 2.23× 10−11W ·K−4. Using equation 6.3, we obtain the temperature according

to the applied power with a standard deviation σT of ±6◦C. However, the uncer-

tainty when deriving the temperature of a different sample on the same holder will

be larger and we use an estimate of ±20◦C for such a case.

In chapter 5, we observed hollow depressions on the 2-fold surface after sputter-

ing and annealing to the high-temperature phase (approximately 700◦C). For the
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T=(P/a+T4
RT )

1/4

with a=2.23× 10−11 W.K−4

Figure 6.1: Measured temperature of an HOPG sample as a function

of the applied power. The power is the product of the voltage and the

emission current hitting the sample. Solid line: Fit using Stefan’s law.

experiments described in this chapter, we are not interested in annealing the sample

to the high-temperature phase as this involves surface modification. Thus, annealing

for the cleaning procedure was done at the top end of the low-temperature phase

at 650◦C. However, during the initial surface preparation the sample has been an-

nealed to the high-temperature phase and it is very likely that the surface contains

topographic features. The sample was illuminated by an Al X-ray source (�ω = 1486

eV) whose spot-size is in the millimetre range. The angle of illumination is 45◦ with

respect to the surface normal and photoelectrons were detected in normal emission.

Thus, according to equation 4.7, the probability of a photoelectron with an energy

E and generated at a depth z to escape the sample without losing energy is

p(E) = exp

(
− z

λe(E)

)
, (6.4)

with λe(E) the inelastic mean free path of electrons at energy E.

The intended composition of the AlNi thin film is Al72Ni28. This replaces the

Co in the bulk composition by Ni and keeps the Al fraction the same. In order to

obtain this ratio, one would calibrate two evaporators and deposit Al and Ni in a

flux ratio of about 2:1. The Al evaporator is of the Knudsen cell type (section 4.4).

This type of evaporator is very stable since the flux depends on the temperature of

the crucible which can be accurately controlled. We calibrated the deposition rate

(DR) of the evaporator by recording substrate derived Ni peak heights. Depositing

Al at room temperature on 2-fold d-Al72.2Ni19.2Co8.6 and taking XPS measurements

of the Ni2p signal after every 5 minutes of deposition, we obtained the plot shown

in figure 6.2.
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Figure 6.2: Logarithm of the normalised Ni2p3/2 signal for 4 cumula-

tive depositions of Al for 5 minutes each. The Ni signal was normalised

to the start peak height I0 before deposition. The slope of the curve is

A = −(14.6± 1.9)× 10−3 min−1 and is used to determine the deposition

rate of the Al evaporator.

The plot in figure 6.2 indicates the covering of Ni by Al and can be used to

determine the deposition rate using the following equation

DR(Al) = −IMFP(Ni2p3/2)× A, with A =
d
(

ln
[
INi2p3/2

(t)/I0

])
dt

, (6.5)

with IMFP(Ni2p3/2) the universal mean free path of electrons at the energy of the

Ni2p3/2 peak, and A the slope at which the Ni signal decreases upon Al deposition in

min−1. With IMFP(705eV)=11.1±1.5 Å, and A = −(14.6±1.9)×10−3min−1 (figure

6.2), we find that the Al evaporator has a deposition rate of 0.16± 0.03 Å ·min−1 at

our chosen operating temperature of 1060◦C.

However, the e-beam evaporator used for Ni deposition is far less stable and it is

difficult to determine its deposition rate quantitatively. Ni is evaporated from a rod

that is heated to its melting temperature at one end for evaporation. The change of

the droplet shape and its distance to the filament contributes to a non-stable flux.
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6.2 Clean surface of 2-fold d-AlNiCo

This chapter characterises the 2-fold surface after the cleaning procedure by

introducing the XPS spectrum and the diffraction pattern of the surface before

deposition.

2-fold d-Al72.2Ni19.2Co8.6 was cleaned by two sputter/annealing cycles for 50 min,

5 min, 35 min, and 5 min for each operation. The sample was sputtered with Ar at

1.1×10−4 mbar with a sputtering voltage of 3 kV and an emission current of 20 mA.

To recover the surface after sputtering, the sample was annealed at 650± 20 ◦C. In

the thin film growth experiments we evaporated materials for 60 mins at a substrate

temperature of 370± 20 ◦C. In order to compare the clean surface with the epilayer

surface, we have annealed the clean surface at 370± 20 ◦C for 60 min before taking

XPS and SPA-LEED measurements. A SPA-LEED image was recorded with an

electron energy of 100 eV as shown in figure 6.3.a. Data inside the yellow area

were averaged into a profile scan which is displayed in figure 6.3.b showing the

characteristic diffraction pattern of the quasicrystalline 2-fold surface. SPA-LEED

distorts the diffraction pattern (section 4.7). The line scan was calibrated in such a

way that the peaks are in their expected positions and related to each other by the

golden mean ratio τ (section 1.2.3). The curve used to convert the actual values of

5 peaks to their expected positions is a third order polynom, A+Bx+Cx2 +Dx3,

with A = 0.402 Å−1, B = 1.031, C = 0.029 Å, and D = 0.021 Å2. The calibration

curve is shown in the inset of the profile scan in figure 6.3.b.

An overview XPS spectrum of the clean 2-fold d-AlNiCo surface is displayed in

figure 6.4. In addition to core level and Auger lines from Al, Ni, and Co, we observe

tantalum (Ta) lines from the plates clamping the sample. Figure 6.5 depicts energy

regions of interest used in this chapter. That is to say Al2s, Al2p, Ni2p, Ni3p, and

Co2p peaks. For deposition experiments we estimate the composition of the film

by comparing peak heights of the different elements to the clean surface ones. The

heights of Ni2p and Al2s were determined with an error of 50 and 100 counts per

second (cps) for the background and peak signal, respectively. The peak heights

of Ni2p and Al2s from the clean surface are 3860 ± 112 cps and 1640 ± 112 cps,

respectively.
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(a)

(b)

Figure 6.3: (a) 4 Å
−1

x 4 Å
−1

SPA-LEED image of d-

Al72.2Ni19.2Co8.6(10000) after cleaning (sputter/annealing) and

additional annealing at 370 ± 20 ◦C for 60 min. Electron energy: 100

eV. (b) Calibrated profile line scan from the yellow area in (a). Inset,

polynomial of degree 3 used to calibrate the line scan.
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Figure 6.4: Overview spectrum of clean d-Al72.2Ni19.2Co8.6(10000) with

Al, Ni, Co, Ta core level and Auger peaks identified.
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(a)

(b)

Figure 6.5: XPS spectrum of clean Al72.2Ni19.2Co8.6(10000) showing

signals of interest namely (a) Ni2p and Co2p (b) Al2s, Al2p, and Ni3p.

The background subtracted Ni2p and Al2s peak heights from the clean

surface are 3860 cps and 1640 cps, respectively.
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6.3 Ni deposition on 2-fold d-AlNiCo

In this experiment we deposited Ni only, without Al co-deposition, on the 2-fold

surface. This experiment aims to explore whether AlNi thin films can be grown rely-

ing only on the large Al interdiffusion rate and a sufficiently low sample temperature

to prevent Co interdiffusion into the film. Ni was deposited for 60 min with the sub-

strate temperature held at 370 ± 20 ◦C. Before deposition, the sample was cleaned

by two sputter/annealing cycles of 50 min, 5 min, 35 min, and 5 min respectively

with a sputter voltage of 3 kV and annealing at 650± 20 ◦C.

The XPS spectrum in figure 6.6 shows the disappearance of the Co2p peak and a

large enhancement of the Ni2p and Ni3p signals after Ni deposition. From this mea-

surement we can conclude that Co does not appreciably diffuse into the deposited

film while Al interdiffuses to the extent that the Al signal in figure 6.6 has not

decreased. According to the XPS spectra, a continuous film covers the substrate’s

surface since the Co signal has vanished. The IMFP of the Co2p peak’s photoelec-

trons is about 14 Å, thus we expect the film to be at least 14 Å thick.

We determined the stoichiometry of the film with XPS by comparing the ratio

of the heights of the Ni2p (figure 6.5.a) and the Al2s (figure 6.5.b) peaks in both

the thin film and the clean surface. In order to estimate the composition of the

film, we will assume that the XPS signal from the annealed clean surface reflects

the composition of a bulk truncated sample and that the film is homogeneous in

its composition. The first assumption may not completely reflect the reality but as

the surface is in the quasicystalline phase it does not deviate much from the bulk

composition. Regarding the second assumption, Al intermixes from below so it is

very likely that the thin film is not homogeneous. Although the absolute results

must be used carefully, the results obtained by this model still allow the comparison

between experiments. Thus, the atomic ratio in the epilayer thin film is estimated

using the following equation(
c Ni

c Al

)
film

=

(
c Ni

c Al

)
substrate

×

(
hNi2p3/2

hAl2s

)−1
substrate

×

(
hNi2p3/2

hAl2s

)
film

, (6.6)

with (
c Ni

c Al

)
substrate

= 0.27, (6.7)

(
hNi2p3/2

hAl2s

)
substrate

= 2.35± 0.10, (6.8)
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and

(
hNi2p3/2

hAl2s

)
film

derived from XPS measurement of the thin film.

The heights of Al2s and Ni2p were determined with an error of 50 and 100 counts

per second (cps) for the background and peak signal, respectively. The peak heights

of Al2s and Ni2p derived from XPS spectra in figure 6.6 are 1380 ± 112 cps and

10310± 112 cps, respectively. Using equation 6.6 with(
hNi2p3/2

hAl2s

)
film

= 7.47± 0.29 (6.9)

we obtain the following stoichiometry for the thin film(
c Ni

c Al

)
film

= 0.84± 0.04 (6.10)

or, (
c Ni

c Al + c Ni

)
film

= 0.46± 0.02 (6.11)

In contrast to Co, this last result indicates a large diffusion of Al into the film.

The crystallographic structure of the thin film was analysed with SPA-LEED. The

diffraction pattern shows a quasicrystalline 2-fold pattern demonstrating that we

have grown an ordered binary alloy AlNi thin film in a quasicrystalline structure

(figure 6.7). However, a closer observation reveals dim additional diffraction spots

which are not quasicrystal related. The origin of these spots has not been clearly

identified. Because the Co2p peak is completely covered, it can be concluded that

the film is at least 14 Å thick according to the IMFP of photoelectrons at Co2p peak

energy. The quasicrystalline pattern was acquired with 100 eV energy electrons. The

IMFP of electrons at this energy is about 7 Å which is a factor 2 smaller than the

lower bound estimate of the film thickness which is 14 Å. Thus, according to equation

6.4, the quasicrystal-related peaks observed originate from the thin film.

In this experiment the substrate provides half of the atoms present in the film. Al

diffuses into the film in order to stabilise the quasicrystalline phase. Nevertheless,

the Ni atomic ratio cNi in the film is far from 0.28 which is the value for an Al

concentration identical to that in quasicrystals. In the next experiment we have co-

deposited Ni and Al in order to rebalance the film composition towards this limit.
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(a)

(b)

Figure 6.6: XPS spectrum in Ni area (a) and in Al area (b) on clean sur-

face (black) and after Ni deposition (red). The background subtracted

peak heights of Al2s and Ni2p are 1380± 112 cps and 10310± 112 cps,

respectively and are used to determine the thin film composition. See

text for details.
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(a) (b)

Figure 6.7: 4 Å
−1

x 4 Å
−1

SPA-LEED image of Al54Ni46 without further

annealing. (a) Electron energy: 100 eV. (b) Electron energy: 60 eV.

Yellow circles highlight diffraction spots not related to a quasicrystalline

structure.
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6.4 Al/Ni co-deposition on 2-fold d-AlNiCo

In order to get an Al concentration closer to that found in Al-based quasicrystals

of about 70%, we deposited Al and Ni simultaneously. The sample was cleaned by

two sputter/annealing cycles of 30 min, 5 min, 30 min, and 5 min respectively with

a sputtering voltage of 3 kV and temperature annealing of 650 ± 20 ◦C. Al and Ni

were deposited simultaneously for 40 min at a substrate temperature of 370±20 ◦C.

The stoichiometry and atomic structure were measured after every 20 minutes. The

XPS spectra of the clean surface and those after the first two depositions are shown

in figure 6.8 where the Co signal at 710 eV decreases gradually with each deposition

step (figure 6.8.a). After the first 20 minutes deposition, we observed with SPA-

LEED the diffraction pattern shown in figure 6.9.a. The pattern is still 2-fold but

the spots are spaced regularly along what used to be the quasicrystal line direction.

The AlNi has adopted a crystallographic structure that matches the quasicrystal

one. Figure 6.9.b. shows the plot profiles extracted from the diffraction pattern in

figure 6.9.a. The plot profile of the thin film’s diffraction pattern is in green and

is superposed with the substrate’s one in red. The spacing between spots is 0.196

Å
−1

. The unit cell adopted by the AlNi alloy, highlighted in figure 6.9.a, has a

perpendicular base with a dimension of 32 Å× 4 Å.

AlNi alloys adopt different structures in bulk depending on their stoichiometry.

These structures are summarised in table 6.5. Following the indications given by

SPA-LEED, we know that the unit cell is orthorhombic, ruling out Al3Ni. The

lattice constant is about 4 Å making AlNi an impossible candidate (∼ 2.8 Å ). From

the three structures left, Al3Ni5 and AlNi3 are inconceivable since by evaporating

only Ni we obtained a binary alloy with about 50:50 stoichiometry. What remains

is Al3Ni2 whose unit cell is 4.04Å which is also included 8 times in 32 Å. Al3Ni2 is

the most likely candidate. The 32 Å× 4 Å unit cell is an 8× 1 superstructure of the

tetragonal Al3Ni2 structure type.

Looking at the profile line scan of the thin film’s diffraction pattern in green in

figure 6.9.b, the fourth peak from the left at -1Å
−1

appears sharper than the other

periodic related peaks. According to the attenuation of the Co2p signal, the thin

film is approximately 3.1 nm. The film depth is smaller than the depth sensitivity

of our measurement. Thus, the diffraction pattern in figure 6.9.b displays both thin

film and substrate information. To explore the structural quality of the thin film in

both the periodic and quasiperiodic directions profile line scans, from quasiperiodic-
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(a)

(b)

Figure 6.8: XPS spectra showing Ni and Co peaks (a) and Al peak (b)

on clean surface (red), 20 min Al/Ni co-deposition (green), and another

20 min (blue).
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(a)

(b)

Figure 6.9: (a) 4 Å
−1

x 4 Å
−1

SPA-LEED image of the quasicrystal after

the first 20 min deposition without further annealing. Electron energy:

100 eV. The diffraction pattern shows regularly spaced spots along the

quasicrystalline direction. The pattern still has a 2-fold symmetry but

the AlNi alloy adopts a crystallographic structure with a unit cell of

32 Å × 4 Å. (b) Recalibrated line scan from the yellow area in (a)

according to the expected peak position values.
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Al3Ni [203]

BaS3-type (DO20)
orthorombic

α �= β �= γ

a = 6.6 Å

b = 7.3 Å

c = 4.8 Å

Al3Ni2 [204]

Al3Ni2-type
tetragonal

α = β = γ = 90◦

a = b ≈ 4.04 Å

c ≈ 4.9 Å

AlNi [204]

CsCl-type
cubic

α = β = γ = 90◦

a = b = c ≈ 2.8 Å

Al3Ni5 [205]

D19
2h(Cmmm)

orthorhombic

α = β = γ = 90◦

a = 7.47 Å

b = 6.73 Å

c = 3.73 Å

AlNi3 [206]

Cu3Au-type
cubic

α = β = γ = 90◦

a = b = c ≈ 3.5 Å

Table 6.5: The crystallographic structures of the AlNi alloy.
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and periodic- related peaks, were extracted and superposed for direct comparison. A

quasicrystal is a brittle material and in this respect its crystalline quality is closer to

silicon than a metal. The structural quality of a film can be estimated by measuring

the width of a diffraction spot. The Full-Width at Half Maximum (FWHM) of a

diffraction pattern spot reflects the structural coherence of a crystal. In a simple

approach, and for comparative study only, the coherence length λ will be associated

with the FWHM of a diffraction spot with the following equation

λ =
2π

FWHM
. (6.12)

For this analysis, we use the fifth and sixth peaks at -1 Å and -1.2 Å in figure 6.9.b

which originate from the periodic thin film and quasiperiodic substrate, respectively.

The superposition of the plot profiles of the third and fourth peaks extracted from

figure 6.9 along the quasiperiodic (00001) and periodic (10000) directions are dis-

played in figures 6.10 and 6.11, respectively. These images, unlike others SPA-LEED

images are displayed in a linear count scaling instead of logarithmic. The thin film

and quasiperiodic related spots are displayed in green and red, respectively. The

values for the plot profiles were averaged over 3 pixels in the direction perpendicular

to the scan profile direction. The peaks have been fitted by a gaussian function to

obtain the FWHM of these spots.

In the quasiperiodic direction, as shown in figure 6.10, the periodic - and quasi-

periodic - related spots have an FWHM of 0.068± 0.004 Å
−1

and 0.027± 0.001 Å
−1

,

respectively. The periodic structure has a coherence length of 91± 6 Å, significantly

smaller than the quasiperiodic one which is 232 ± 10 Å. Along the quasiperiodic

direction the film is less coherent than the quasicrystal substrate.

We analysed the same peaks in the periodic direction as shown in figure 6.11.

We found a spot width of 0.034± 0.002 Å
−1

and 0.035± 0.001 Å
−1

for the periodic

and quasiperiodic related spots, respectively. The coherence lengths are 186± 10 Å

and 179± 5 Å for the film and substrate, respectively. In this case, the difference in

the structural quality between the crystalline film and quasicrystalline substrate is

null within the error in the determination of the spot width.

According to the spot-profile analysis, substrate and thin film have same struc-

tural quality in the periodic direction. We observed the same coherence length

because the epilayer matches the substrate according to an 1-to-1 epitaxial relation.

However, the film has a poor coherence length along the quasiperiodic direction,

91± 6 Å, since in this direction the film is out-of-phase.
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Figure 6.10: Profile line scan of quasiperiodic- (red) and periodic-

related (green) peaks along the quasiperiodic direction.

Figure 6.11: Profile line scan of quasiperiodic- (red) and periodic-

related (green) peaks along the periodic direction.
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After the second Al/Ni co-deposition, the periodic structure has disappeared as

shown in figure 6.12. The film still being very thin as shown by the XPS data

displayed in blue in graph 6.8, we cannot come to a conclusion regarding the thin

film structure. The layer may be amorphous or rough and the diffraction pattern

may come from the substrate. According to the attenuation of the Co signal, the

film was about ∼ 7.4 Å.

Figure 6.12: 4 Å
−1

x 4 Å
−1

SPA-LEED image of the quasicrystal after

second Al/Ni deposition without further annealing. Electron energy:

100eV. The pattern reverted to a quasicrystal structure.

6.5 Al/Ni co-deposition on 2-fold d-AlNiCo at higher

Al:Ni ratio

Al/Ni deposition was carried out in a similar way as in the experiment described

in section 6.4. In order to get a thin film closer to the desired Al72Ni28 composition,

deposition was carried out with a higher Al flux. The deposition experiment was

performed at the same temperature (370±20 ◦C) and with the same deposition time

(60 min) as the experiment presented in section 6.3. Before deposition the sample

was cleaned by two sputter/annealing cycles of 50 min, 5 min, 35 min, and 5 min

respectively with a sputter voltage of 3 kV and annealing temperature of 650±20 ◦C.

XPS measurement in figure 6.13 shows total extinction of the Co2p peak signal.

According to the IMFP at the Co2p peak value, the film is thicker than 14 Å. Since
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the surface sensitivity of electrons at 100 eV is approximately 7 Å, the XPS signal of

the film has no contribution from the substrate and the thin film is made only of Ni

and Al elements. Figure 6.13 shows both the clean substrate (black) and thin film

XPS signals. After deposition, both Ni and Al signals have increased substantially.

The crystallographic structure of the thin film was explored with SPA-LEED and

is shown in figure 6.14. According to the XPS signal, the deposition of Ni and Al

has not resulted in island growth since no Co signal can be seen. The film structure

is either crystalline, quasicrystalline, or amorphous. Since no crystal related peaks

can be observed in the diffraction pattern in figure 6.14 and the surface sensitivity

of electrons at 100 eV is about 7 Å, the film cannot be amorphous, pointing instead

toward a binary alloy quasicrystal thin film.

In order to determine the stoichiometry of the AlNi quasicrystal thin film, we

compare the ratio of the background subtracted values of the peak heights of Al2s

and Ni2p peaks as we did in section 6.3. The heights have been measured from the

XPS spectra in figure 6.13. The heights of Al2s and Ni2p were determined with an

error of 100 and 50 counts per second (cps) for the peak and background signal,

respectively. The peak heights of Al2s and Ni2p are 1920± 112 cps and 8650± 112

cps, thus, (
hNi2p3/2
hAl2s

)
film

= 4.50± 0.13. (6.13)

Using equation 6.6 we find (
c Ni

c Al

)
film

= 0.51± 0.02, (6.14)

or (
c Ni

c Al + c Ni

)
film

= 0.34± 0.01. (6.15)

To conclude, we have successfully grown a AlNi binary alloy quasicrystalline thin

film by rebalancing the composition towards an Al:Ni ratio of 2:1.
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(a)

(b)

Figure 6.13: XPS spectrum in Ni area (a) and in Al area (b) on clean

surface and after Al/Ni co-deposition in black and red respectively. After

deposition, Ni and Al signals have significantly increased whereas the Co

signal has vanished. The background subtracted peak heights of Al2s

and Ni2p are 1920 ± 112 cps and 8650 ± 112 cps, respectively and are

used to determine the thin film composition. See texts for details.



Chapter 6 : AlNi Thin Film Growth on 2-fold AlNiCo 138

(a)

(b)

Figure 6.14: (a) 4 Å
−1

x 4 Å
−1

SPA-LEED image of Al66Ni34 without

further annealing. Electron energy: 100 eV. (b) calibrated 1D SPA-

LEED image from yellow area in (a).
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6.6 Summary

In this chapter, we reported experimental evidence of quasicrystal thin film

growth by deposition of Ni and Al on the 2-fold surface of d-Al72.2Ni19.2Co8.6. In

order to get satisfactory epitaxial condition, the deposition was carried out with the

sample temperature held at 370 ± 20 ◦C. With the simplified assumption that the

epilayer doesn’t intermixe with the substrate, we found that AlNi thin films grow in

a quasicrystal structure with an atomic percent of Ni ranging from 34 to 46 %. In

the Ni-poor regime (34%), which is the closest one to the aimed composition (28%),

we observed quasicrystalline film growth at a thickness larger than 14 Å . At 40%

Ni, the AlNi thin film adopted an Al3Ni2 structure-type, epitaxially matching the

2-fold decagonal surface. For higher film tickness at the same composition, the AlNi

film turns back into a quasicrystalline structure. In the Ni-rich regime (46%), Ni

deposition only yields crystalline spots. Other stoichiometries are not reachable at

our growth temperature of 370◦C due to interdiffusion of elements from the bulk to

the film.

We analysed in detail the Al3Ni2 2-fold periodic thin film. Measuring the spot

width of the diffraction patterns in the periodic and quasiperiodic directions, we

found that the structural coherence length of the thin film is smaller than that of

the substrate in the quasiperiodic direction.

A binary alloy quasicrystalline thin film has never been reported in the literature.

It would be interesting to know to which thickness it can be grown while preserving

a quasicrystalline structure. The d-band is removed further from the Fermi energy in

Cu than Ni. Growing quasicrystalline aluminium based binary alloy with Cu instead

of Ni would allow the exploration of a quasicrystal with s-p type electron bands in

a large energy range around the Fermi energy.
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MnSb/GaAs(111)B

Due to their large surface-to-volume ratio, the surface magnetic anisotropy of

low dimensional systems can change the magnetic easy direction and/or enhance

the effective magnetic anisotropy (section 3.1). The large polarisation at the surface

can be utilised to inject a spin-polarized current into non-magnetic materials [151].

Gavin Bell and co-workers have been very active in studying epitaxial growth

of MnSb on GaAs(111)B (section 3.2). To exploit MnSb-based devices it is crucial

to understand the temperature dependence of the spin-polarisation. Defects, disor-

der and magnetic inhomogeneity may prevent high spin-polarisation at the surface.

Excellent single crystal films can be prepared by MBE but the native oxides are

difficult to remove without affecting the stoichiometry, the morphology, or the mag-

netic properties.

In this chapter, we will present a SPLEEM investigation of MnSb(0001) surface

magnetism and of the temperature dependence of the film morphology. The expe-

riments were performed at the National Center for Electron Microscopy (NCEM)

at the Lawrence Berkeley National Laboratory in Berkeley with the help of Dr.

Andreas Schmidt and Dr. Adrian Quesada.

7.1 Description of the sample

The sample used was made by Dr. James Aldous and Dr. Gavin Bell from the

Department of Physics at the University of Warwick. A GaAs(111)B substrate was

degased at ∼420◦C for 1 hour. The degasing was followed by ion beam bombardment

for 15 minutes and a final∼480◦C anneal. Before deposition, the usual (1×3) pattern

was observed by RHEED. The MnSb film was grown with a flux ratio J of As over

Mn of about 6.5 for 20-25 minutes at the standard conditions given in section 3.2.3.

The thickness of the film was estimated to be about 130 nm. After deposition, the

film shows the expected (2×2) surface reconstruction. At the NCEM, to remove the

few nanometer thick Mn oxide layer, the sample was dipped in HCl for 10 seconds.

After a quick loading, the sample was sputtered with argon and annealed to 400◦C.

140
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7.2 Morphology change upon annealing

LEEM experiments allow us to observe morphology changes in-situ with a video

acquisition frame rate (see section 4.8). Samples are heated by radiation from a

filament and the temperature is measured with a C-type thermocouple. The sample

was cleaned by sputtering as shown in figure 7.1.a and 7.1.b for two hours to remove

the water induced oxide film. The LEED pattern obtained after sputtering indicates

a poor quality surface (figure 7.1.c).

The electron optics of the SPLEEM from sample to projection screen is solely

based on electrostatic lenses (not magnetic). Thus the images are not rotated. As

the camera for LEEM and LEED are implemented in the same side, LEED and

LEEM images can be directly compared in terms of sample orientation.

(a) (b) (c)

6 6
[21̄1̄0]

[1̄21̄0]

Figure 7.1: (a, b) LEEM images of MnSb/GaAs(111)B from different

areas after sputtering and (c) LEED pattern. The spots in panel (c) are

very broad indicating a low degree of long-range order.

We observed no changes at the surface up to about a temperature of 360◦C

(figure 7.2) as expected. Afterwards, we heated the sample to slightly below the

(a) (b) (c)

Figure 7.2: LEEM images of MnSb/GaAs(111)B at different tempera-

tures; (a) ∼273◦C, (b) ∼328◦C, (c) ∼350◦C. Sample voltage: 4.3 V,

field of view: 8µm.
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(a) (b) (c)

Figure 7.3: LEEM images of MnSb/GaAs(111)B at different tempera-

tures showing the growth of a black stain: (a) 371◦C, (b) 390◦C, (c)

396◦C. Sample voltage: 7.2 V, horizontal field of view: ∼4.5µm.

damage threshold. We observed the growing of a black feature as shown in fig-

ure 7.3. The surface structure of the sample was subsequently studied with LEED

(figure 7.4.a). The peaks are much sharper indicating a better quality of the sur-

face. Comparing with the Si(111)-7x7 LEED pattern (fig.7.4.b) and using equation

(a) (b)

Figure 7.4: LEED pattern of the MnSb film (a) and the surface recon-

structed Si(111)-(7×7) (b). The electron beam energy is 110 eV. The

contrast was inverted for convenience.

1.5, one can calibrate the MnSb diffraction pattern. Because both unit cells have

hexagonal geometry, we can write the following equation

ASi(111)−(7×7) = αAMnSb, (7.1)

where A is the reciprocal unit cell and α is a constant. In the Si(111) plane, the

length of the (1 × 1) unit cell is
√
2/2 times the lattice constant (5.43 Å). On the
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images, we measured α to be 4.55/2.4. With equation 1.5 and 7.1, we find

aMnSb = 5.43×
√

2

2
× 4.55

2.4
= 7.3 Å. (7.2)

This value is close enough to twice the side of the MnSb hexagonal unit cell 2 a =

8.25 Å to indicate we had the good (2×2) pattern. A slight change in the distance

between the video camera and the sample may have induced the discrepancy.

7.3 SPLEEM contrast of MnSb/GaAs(111)B at

different energies

Modulating the spin direction θ, a preliminary experiment (not shown) shows no

contrast for out of plane magnetisation θ=0◦ at room temperature. This is consis-

tent with the previous discussion in section 3.1.4. For the following experiments and

unless specified differently θ will always be 90◦. Images in figures 7.5 show a LEEM

image and its SPLEEM related image. The sample has defects but the magnetic

image does not show any influence of them on the magnetic domain structure.

(a) (b)

Figure 7.5: (a) LEEM image (spin-down), (b) related SPLEEM image

with sample voltage of 4.5 V. Field of view: 8µm.

For the subsequent analysis, we recalculate the SPLEEM image in order to com-

pensate for a possible drift between spin-up and spin-down images due to the required

long integration time (a few seconds). The SPLEEM recalculation also allows us to

scale the grey contrast.
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The drift correction was performed by introducing a quality factor defined as

below

Q(∆i,∆j) =

∑
(i,j)∈A

[I↑(i+ ∆i, j + ∆j)− I↓(i, j)]2∑
(i,j)∈A

[I↑(i+ ∆i, j + ∆j) + I↓(i, j)]
, (7.3)

with i and j the pixel coordinates in a fixed central window A. ∆ is the drift in

pixels between two images. The drift ∆ between two images was the one that returns

the smallest quality factor. Because the brightness of two images may be slightly

different, we introduced a c-factor after shift in a least-square function D before

calculating the SPLEEM image

D =
∑

(i,j)∈A

(I↑(i, j)− c× I↓(i, j))2, (7.4)

where A is the area defined above. Calculating the first derivative and setting it

equal to 0, the value of c that minimises D is

c =
〈I↑ × I↓〉
〈I2↓ 〉

. (7.5)

Thus, we calculated the SPLEEM images with the following equation

Isp =
I↑ − cI↓
〈I↑ + cI↓〉

, (7.6)

with I↑ drift compensated. With this method, the difference between the highest

and lowest pixel intensity, or data range, gives the magnetic signal (∼ 20%).

Spin-up and spin-down image pairs were recorded at different beam energies.

The intensity in black and white regions were analysed by extracting the average

pixel intensity in the four domains (blue, green, yellow and red) as shown in the inset

of figure 7.6. The magnetic contrast is the difference of averaged pixels intensity in

white and black regions (yellow/red and blue/green respectively) and is shown in

figure 7.6. The magnetic contrast oscillates and reaches a maximum at 4 V. In the

inset of figure 7.6 one can observe the contrast reversal. A series of ten acquisitions

was captured at a sample voltage of 4 V that allowed us to extract the standard

deviation for this point that we also used for all others points. For the subsequent

analysis on MnSb/GaAs(111)B the sample voltage was tuned to values between 4

and 4.5 V since this voltage provides the best contrast.

Image 7.7 shows the magnetic contrast of the MnSb film after annealing to 520◦C.
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Figure 7.6: Calculated magnetic contrast for different illumination

beam energy. The error bars were calculated for ten images acquired

at 4 V and extrapolated to others points.

The drift was corrected, and the SPLEEM contrast was calculated locally with the

following equation (no average in the denominator)

Isp =
I↑ − cI↓
I↑ + cI↓

. (7.7)

The contrast was symmetrised around the medium grey value and the contrast en-

hanced as it can be seen in the left-hand side contrast bar of figure 7.7. The image

was acquired with an applied voltage between sample and the GaAs crystal of 4.5

eV, the actual kinetic energy of the incoming electrons is 6.2 eV.
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Figure 7.7: Contrast-optimised SPLEEM image of an uncapped, HCl-

etched MnSb sample after UHV annealing to 520◦C. The integration

time is 5s with an electron beam energy of 6.2eV relative to the Fermi

energy. Electron spin-polarisation is in-plane. Field-of-view: 8µm. [207]

7.4 Direction mapping of MnSb magnetic domains

The polarisation of the spin of the illuminating electron beam can be rotated (see

section 4.8.4). With two SPLEEM frames as in figure 7.5.b acquired at two angles

perpendicular at each other it is possible to measure the local magnetisation vector.

We will be using the intensity values of frame 1 and 2 calculated with equation

7.7 and displayed in figure 7.8. The method consists in giving a color to a pixel

according to the following equation

α = tan

(
Isp1
Isp2

)
, (7.8)

considering that Isp can either be positive or negative, equation 7.8 can take a full

set of value in 360◦. The color given to each pixel is defined with the following

equation {
RGB(α), if r = (I2sp1 + I2sp2)

1
2 > rcutoff

black, otherwise.
(7.9)

The result of the operation using equations 7.8 and 7.9 can be seen in figure 7.9 with

RGB(α) referring to the mapping in the inset in figure 7.9. Thus, in our analysis

the color distribution does not depend on the magnitude of the intensity. The cutoff

aims to reduce noise. The SPLEEM images in which the color indicates the magnetic
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(a) (b)

(c) (d)

Figure 7.8: LEEM images with spin-up electron polarised in-plane at

45◦ (a) and 135◦ (b). (c) and (d) SPLEEM images calculated with (a),

(b) and their spin-down counterparts. Field of view: 8µm.
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Figure 7.9: 2D-SPLEEM image in which the color indicates the spin

direction in magnetic domains. The direction can be decoded with the

mapping panel in the inset. This image was calculated with rcutoff =

0.015 and the data range of both SPLEEM images is 0.2. The white

circle shows the overlapping region of the SPLEEM image. Field of

view: 8µm.
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(a) (b)

(c) (d)

Figure 7.10: LEEM images with spin-up electron polarised in-plane at

45◦ (a) and 135◦ (b). (c) and (d) SPLEEM images calculated with (a),

(b) and their spin-down counterparts. Field of view: 8µm.

direction of the domains will be subsequently called 2D-SPLEEM images.

The LEEM images in figure 7.8 were taken with spin polarised at 45◦ and 135◦.

Between two sets of data, a drift was compensated. The sample was previously

annealed at temperatures above the paramagnetic phase transition so the magnetic

domains are randomly organised as discussed in section 3.1.2. Images in figure 7.8

present a shadow effect that degrades the quality of the 2D-SPLEEM images (figure

7.9). The magnetic signal found with the data range is about 15%. The grey scales

were calculated with the same scaling number (data range) so two SPLEEM images

are equivalent to generate the 2D-SPLEEM image.
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(a) (b)

Figure 7.11: 2D-SPLEEM images calculated with SPLEEM beam po-

larised at 45◦ and 135◦ from two data sets from the same area. Both

images were calculated with rcutoff=0.015. The white circles show the

overlapping of the SPLEEM images. Magnetic domain shapes are consis-

tent unlike their magnetic directions due to a shadowing effect. Details

given in text. Field of view: 8µm.

Another set of data in the same area is shown in figure 7.10. The SPLEEM

images have a shadow effect less pronounced but were acquired with a shorter inte-

gration time reducing the contrast of this set.

Again the 2D-SPLEEM image in figure 7.11 was calculated with the same scal-

ing factor. The two images in figure 7.11 show the magnetic domains in the same

area. The two images show the consistency of the analysis. The magnetic domains

display same shapes and sizes (about 400 nanometers). The magnetic contrast is

not homogeneous over the field of view due to a flickering of the beam polarisation.

Due to an inhomogeneous illumination of the sample, I1 or I2 can be outweigh.

This can be seen in figure 7.11.a which appears greenish on the left-hand side and

reddish on the right. In the same way image 7.11.b presents inhomogeneities in the

color distribution. This shadow effect is due to a normalisation by an average pixel

intensity on a large area. To reduce this, we may want to normalise by a locally cal-

culated average pixel. In these images it is possible to see closure domain relations.

A good example is shown in figure 7.12 where the domains organise themselves to

minimise the magnetostatic energy. Furthermore, when generating the final 2D-

SPLEEM images we calculated the angles by simple superposition of two images

without further correction. In other words, we assume that the beam has the same
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Figure 7.12: Zoomed image of figure 7.11.a showing closure domain

relations of magnetic regions. Size of the image : 2.7× 3.4µm.

degree of polarisation for these image pairs. If this is not the case, it could induce

a distortion in the angle distribution favouring one direction over the other.

7.5 Magnetisation changes across magnetic domain

boundaries

The region in which the magnetism shifts from one direction to another is referred

to as a Bloch or a Néel wall in a thin film (see section 3.1.2). The angles α and the

magnetic signal r defined by the equations 7.8 and 7.9 are shown in figure 7.13 from

a region in image 7.9. r drops when crossing a region between two domains which

is the signature of a Bloch wall with helical rotation along the surface.

The magnetic direction change along the domains has a magnitude of 180◦ so

it is a complete reversal. The width of the wall was estimated to be 104 nm on

the magnetic signal graph. The resolution of the SPLEEM images used to calculate

the 2D-SPLEEM image was measured to be 90 nm (figure 7.14) indicating that our

analysis of the domain wall is limited by the instrumental resolution.
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Figure 7.13: Line scan of the angle and the length r defined in equation

7.9 from figure 7.9. The decrease of the magnetic signal during magnetic

rearranging is due to the helical rotation along the surface.
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(a) (b)

Figure 7.14: (a) Zoomed image of figure 7.10.d, (b) profile line scan

along a magnetic domains showing high contrast. The resolution of the

SPLEEM image was found to be approximately 90 nm using edge values

of 20% and 80%.
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7.6 Summary

The growth of ferromagnetic materials on a semiconductor substrate has poten-

tial applications for spintronic devices. The MnSb/GaAs(111)B system is a good

candidate to be investigated since MnSb is a ferromagnetic with Curie temperature

significantly above room temperature and a structure compatible with III-V(111)

surfaces. In addition, MnSb has only one structural phase in the relevant tempera-

ture range for MBE.

Our most important result was the observation of magnetic contrast with the

SPLEEM. With the experiments performed by SPLEEM on the MnSb/GaAs(111)

sample we learned the influence of different parameters on the final quality of the

SPLEEM image. Even if the morphology doesn’t influence the magnetism, it is

better to probe a smooth surface since the images acquired after heating show lower

quality.

Our analysis procedure for SPLEEM magnetic contrast provided the measure

of a physical parameter, the magnetic signal generated by the MnSb crystal under

illumination of spin-polarised low energy electrons. This signal was found to be in

the order of 20%. We generated images with a color scaling illustrating the domain

structure. The magnetic domains observed are similar in shape and size but the

process has to improve to take into account the inhomogeneity of the illuminating

beam to provide more accurate values for the magnetic directions.

Other perspective work is the observation of the early magnetism of ultra thin

films with in-plane/out-of-plane phase transition.



Chapter 8 : Etched Tungsten

Wires for Tomography

The development of transmission electron microscopes (TEM) has reached a

point where it is now possible to obtain three dimensional atomic structures by zone-

axis tomography (see section 4.9.1) to study defects and interfaces [208]. Recently,

discrete tomography has been used to generate the full 3D exact atomic positions of

silver nanoparticles of two to three nanometers in diameter. This method assumes

prior knowledge of the particle’s lattice structure and requires that the atoms fit

rigidly onto that particular lattice [197]. To access more zone axes than with the

”sample on grid” method, a well-established technique is the preparation by focused

ion beam (FIB) of freestanding pillars 10-20 nm in diameter. However, in FIB the

layers are damaged by the ion beam making discrete tomography impossible. To

overcome this limit, efforts now concentrate on nano-milling (sputtering) but this

technique unfortunately damages alloys due to the preferential removal of elements

during sputtering. To our knowledge, no 3D reconstruction at atomic resolution has

been reported using nanomilling.

In this chapter, we explore a new technique that uses an atomically flat terrace of

an etched tungsten wire as the base for the sample. It is known from literature that

single crystalline grains in tungsten wires have an infinite number of orientations

with however the [110] direction preferentially aligned parallel to the wire axis [209].

W(110) is a close-packed surface widely used in surface science as a universal sub-

strate. W(110) is thermally stable and the intermixing with an epilayer is almost

non-existent. The average grain size can be enhanced by recrystallisation of the

wire by annealing to high-temperature in vacuum. Annealing a wire after etching

generates a terrace at the apex. Using a 3-5 nm (110) tungsten terrace as a base for

tomography has potential benefits. We could use normal surface science technique

such as sputtering and MBE to generate high quality tomography samples. After

the sample preparation, one could look at the system in-situ without exposition to

air with a high vacuum STEM (SuperSTEM, Daresbury) or, if sample preparation

and measurement are done in two different systems, bismuth (Bi), sulphur (S) or

arsenic (As) can be deposited on the tip as a protective layer. These elements can

155
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be evaporated from the sample at moderate low temperature without perturbing the

sample’s structure.

When using the TEAM I microscope at the NCEM, this tomography technique

requires mounting the tip on a puck. In order to fit in the TEM puck, the tip cannot

be longer than 1 mm. Because of the low dimensions involved, we decided to perform

the experiments with 0.25 mm tungsten wire for its mechanical stability. As they

cannot be broken and cut by etching easily, we also performed experiments using

0.1 mm tungsten wire. If 0.25 mm W wires are used, they need to be recrystallised

so they become brittle and easy to brake. Recrystallisation is achieved by resistive

heating. This experiment also requires etching at well-defined positions. In this

context, we developed a device to prepare tips in an automated and controlled way.

This device and other designs to crystallise the wires or to heat and hold the tip for

MBE deposition will be presented in the next section. This section is followed by

preliminary results. These experiments were carried out at the National Center for

Electron Microscopy at Berkeley as part of a collaboration with Dr Peter Ercius.

8.1 Introduction to the controlled etching device

We designed an etching device to control the etching process as shown in figure

8.1. A high-density polyethylene (HDPE) disk with 6 compartments was made at

the workshop. Two are filled with potassium hydroxide (KOH) solution and the four

others with distilled water. We chose HDPE because it has no or little reaction with

KOH. We designed the disk with grooves so the compartments can be emptied by

tipping the disk without mixing the compartments’ contents. Initial cleaning and

thinning of the tungsten wire are carried out in the first KOH compartment whereas

final etching utilises a second one. Rinsing is achieved through the use of four water

compartments, allowing to keep high purity water. A photo of the disk is shown in

figure 8.2.

The tungsten wire is mounted on a tip holder above the disk. The tip stage is

made of a non-conductive material to allow application of an etching voltage of 10

V. The KOH solution’s top level is detected when the tip makes contact with the

solution and is used as a reference position in the etching process.

To rotate the disk and approach the tip to the etching solution in a controllable

way, the disk and tip-holder are activated circularly and linearly by two step motors
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Figure 8.1: Wire-etching device. Details are given in the main text.

Figure 8.2: High-density polyethylene disk designed with 6 compart-

ments, 2 for etching and 4 for rinsing. This picture depicts the etch-

ing compartments, the groove for pouring out liquids, and the etching

counter electrodes (immersed tungsten loops).
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(figure 8.1). To reset the position of the disk and the tip-holder we integrated

two end-stop switches on the device (figure 8.1). After cut-etching of the wire, the

etching current is stopped abruptly by an electronic circuit. The two motor drivers

are controlled by a Labview program via a NI USB-6008 data acquisition card.

In order to recrystallise tungsten wires in a reproducible way, we used the custom-

made flange-mounted device shown in figure 8.3. The device is made of copper for

good heat conduction. The wire is clamped between two pieces of copper in a

groove and the wire is annealed by resistive heating. The length over which the

wire is annealed is kept at 2 cm during experiments since optimum time and current

parameters were optimised empirically. We typically use 10 A for an annealing time

of 4 minutes.

Figure 8.3: Device for annealing wire in UHV allowing tungsten for

wire recrystallisation.

After etching the required tip, we want to deposit gold on the terrace in order to

obtain nanoclusters. For this, we designed the device shown in figure 8.4. To hold

the tip firmly, we used tungsten wires to apply a mechanical pressure on the tip. A

zoom-in of figure 8.4 is shown in figure 8.5 with the tungsten wire highlighted with

red and yellow lines. The tip is clamped pointing upward between the long wire and

the two smalls. These same wires also allow for annealing during MBE deposition

by resistive heating.
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Figure 8.4: Device to clamp and anneal tips for MBE deposition.

Figure 8.5: The tip is clamped by a mechanical pressure applied by

three tungsten wires highlighted for illustrative purpose.
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8.2 Results

As mentioned previously, recrystallised tungsten wire has the double advantage

of rendering the wire brittle for easier cutting and aligning the crystal structure

along the <110> direction. The macroscopic tip shape and grain size after in-situ

annealing of a tip has been observed with UHV-SEM as shown in figure 8.6. The

characteristic length scale of the grain is 1.5 µm.

(a) (b)

Figure 8.6: Grain structure of a post-etch anealed wire revealed by

UHV-SEM. Electron energy 20 keV, scale bars 2 µm (a) and 1 µm (b).

Figure 8.7 displays SEM images of a recrystallised tungsten wire revealing facets

and a flat-topped terrace at the apex of the tip. Bismuth melts at low temperature

and has a high surface energy so it forms islands when deposited on metals. Fur-

thermore Bi doesn’t alloy with tungsten and can be removed fully by evaporation

at a relatively low temperature. Bi has been evaporated on the tip as a feasibil-

ity experiment. After deposition, the tip was annealed to promote cluster growth

(figure 8.7.d). On this image one can see bismuth on one side as the evaporation

has been done sideways. The clusters typically have a diameter of 50 nm and the

terrace at the apex has a diameter of 200 nm, which is much too large for an electron

tomography application.
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(a) (b)

(c) (d)

Figure 8.7: Recrystallised tungsten wire showing a flat terrace at the

apex. (d) Bi evaporated on clean tungsten tip and annealed to form

clusters imaged with UHV-SEM. 20 keV, scale bars 1 µm (a), 300 nm

(b), 100 nm (c), and 100 nm (d).
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Figure 8.8: Tip etching at controlled height with the automated tip

etching device.

The device discussed in section 8.1 allows for the control of the tip etching. Figure

8.8 shows a 0.25 mm wire after controlled etching. The wire was thinned for easier

wire breaking. The tip was then pulled-up and final etching was carried out on the

thinned section of the wire.

The tips we obtained from the etching device were often surrounded by a layer

as shown in figure 8.9.a. Figure 8.9.b is a high magnification of the same tip showing

the polycrystalline nature of the layer. EDS measurements performed at the NCEM

did not show any evidence of contamination. Instead, the measurement pointed

toward a potassium tungsten bronze layer KxWO3 with x equal to or less than

1 [210,211]. We tried to remove this layer through plasma etching and post-etching

dipping into KOH solution, yet without success. However, we found that a rapid

etching drastically limits the contamination. Fast etching was carried out with an

on/off etching current with a duty ratio of 50% and a cycle time of 3 seconds. A tip

etched using this method can be seen in figure 8.10. The apex is fully crystallised

with a radius of 2.5 nm. KxWO3 layer can be seen in the upper part of the figure

but there is not a discernible oxide layer at the apex. Nevertheless, most of the tips

made this way were quite blunt with a tip radius ranging between 100 and 150 nm.
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(a) (b)

Figure 8.9: 0.25 mm recrystallised tungsten wire showing large con-

tamination after etching procedure. The tip is also very blunt. Bluntness

and contamination have been largely observed with a standard etching

procedure.

(a) (b)

Figure 8.10: 0.25 mm recrystallised tungsten wire with no contamina-

tion. Etching procedure were carried out with a 3 seconds duty cycle

current.
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We also routinely made sharp tips using non-recrystallised 0.1 mm tungsten wire.

Tips made from 0.1 mm tungsten wires were used to reduce the etching time. Figure

8.11 shows two successful tips etched using 0.1 mm wire. The radius of curvature

for these tips is 1 nm.

We deposited gold on a tip made of 0.25 mm tungsten wire recrystallised in high

vacuum (HV) environment and etched in a continuous mode (no 3 seconds etching

cycles, no post-dipping). TEM measurements on this system can be seen in figure

8.12. Bronze contamination can be seen at the side of the tip in figure 8.12 in the

top-left panel. Magnified images allow us to consider the size distribution of the

Au-clusters grown on the excessive material. Most Au-clusters have a size smaller

than 10 nm. In panels (c) and (d) in figure 8.12, one can see an individual cluster at

the apex of the tip, thus demonstrating that we are able to achieve this ideal sample

geometry for STEM tomography.
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Figure 8.11: Two tips, left and right respectively, obtained with 3

seconds duty cycle etching using 0.1 mm non-recrystallised wire.
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(a) (b)

(c) (d)

Figure 8.12: This tip is etched from 0.25 mm recrystallised tungsten

wire. Gold was deposited on the annealed tip. Panel (a) shows the

tip after deposition and additional annealing to promote cluster growth.

Panel (b) is a magnified image of gold clusters deposited on top of bronze

contamination. Panel (c) shows a 5 nm single gold cluster at the apex

of the tip and panel (d) is a zoom-in image of the figure in panel (c).
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Summary

In this chapter, we introduced a new technique that uses tungsten tips as a tomo-

graphy sample platform. We presented the equipment and methodology developed

for this purpose. Several devices were designed to etch the wire in a controllable

way, to recrystallise the wire, and to clamp the tip for MBE deposition. The metho-

dology was mainly focused on getting atomically sharp tips and avoiding tungsten

bronze layers. We obtained sharp and clean tips by quick cut etching procedure.

Fast etching process can be done by etching in an on/off mode or by using 0.1 mm

wires. The etching device has allowed for good macroscopic control of the tip shape.

We achieved tips with radius of curvature in the nanometre scale. We deposited

gold cluster at the apex of an atomically sharp tip.

However, we found no benefit in having the possibility to move between reservoirs

or rinsing the tip quickly. The containers turned out to be very small and needed

frequent refilling. Furthermore, this device requires the use of plastic instead of glass

to hold the etching solution.

With these experiments carried out at the NCEM, we gained insight allowing us

to improve the etching device and the methodology. A new design for the etching

device involves two beakers and a loop for etching. The loop allows cutting at any

given position and control position is operated by a longer range step motor.



Conclusion and Perspectives

This thesis focused on projects related to thin film and surface science. We

presented studies of the surface morphology of MnSb thin films and d-AlNiCo at

different surface orientations conducted with LEEM and SEM, respectively. These

experiments were performed in a UHV environment allowing the in-situ study of

annealing effects and cleaning procedures. The topography and stoichiometry of

AlNiCo have been analysed with AFM and EDS. This thesis also reported experi-

mental results of the epitaxial growth of AlNi thin films on 2-fold d-AlNiCo. The

obtained thin films were characterised chemically and structurally by XPS and SPA-

LEED, respectively. This thesis comprises as well experiments on a project that uses

etched tip as a base for electron tomography samples. This part focused on tech-

nical aspects such as the different designs involved to make atomically flat-topped

tips in a reproducible way. Metal deposition and following annealing was employed

to demonstrate the feasibility of growing metallic clusters on these tips.

Impact of annealing on the morphology of various

d-AlNiCo surfaces

Quasicrystals have intrinsic interesting properties such as low friction and good

corrosion resistance. They are also interesting for potential technological applica-

tions for example in coating materials, or in catalysis [9, 48]. Both of these applica-

tions are surface related showing that quasicrystal surfaces are significant for techno-

logical applications. With UHV-SEM we have analysed the impact of annealing on

the surface morphology of d-AlNiCo samples with (10000), (00001), and (102̄2̄4) sur-

face orientations. d-Al72.2Ni19.2Co8.6 has a phase transition at approximately 700◦C.

We observed different surface rearrangements for the different orientations upon

cooling from the phase transition point. In the 2-fold sample, the rearrangement

materialises with the appearance of nearly perfect 300 nm deep elongated rectangle-

shaped features. In SEM images, these features appear darker than the surrounding

surface areas. However their composition is rich in heavy elements which should

translate into a stronger SEM signal. Ruling out any geometric screening, the lower
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signal may originate from a different workfunction of these features. According to

EDS measurements, the chemical composition of these so-called dark features still

lies in the quasicrystalline phase field. Cooling the quasicrystal from the phase tran-

sition point, an SEM experiment shows the growth of the features. They eventually

coalesce to yield polygon-shaped features. A quantitative analysis of the feature

sizes from SEM frames taken at different times in the cooling sequence showed that

none of the individual features shrank, thus ruling out an Ostwald ripening process.

An annealing-experiment on an area presenting sputtered and non-sputtered ar-

eas showed two distinct surface morphology behaviours. On the sputtered area, and

after annealing the quasicrystal to the phase transition, we observed features that

we have associated to the dark features on the 2-fold surface. On the other hand,

on the same sample but on a non-sputtered area, we observed nano-pillar growth.

This experiment showed the importance of the surface preparation in quasicrystals.

The nano-pillars grow in the 10-fold direction, i.e. tilted by 35◦. These particular

surface features have their origin in the dynamic growth rate of decagonal quasi-

crystals which is favourable in the 10-fold direction. We didn’t observe any phase

transition related surface rearrangement in the 10-fold surface, demonstrating its

enhanced stability.

We observed islands on the 2-fold surface. When annealed above 700◦C, they

grow and facet. This observation is remarkable as we expect metallic islands to adopt

rounder shapes at higher temperatures to lower their surface free energy. This pro-

cess is reversible. When cooled, the islands lose their facets and shrink. In the

high temperature phase, the faceting of some islands has been identified as having

a 5-fold symmetry. The quasicrystalline nature of the islands is supported by EDS

experiments that confirm that the islands’ stoichiometry lies in the quasicrystalline

phase field.

AlNi thin film growth on Al72.2Ni19.2Co8.6(10000)

Using a quasicrystal as a growth template provides an avenue to force a thin film

to adopt a quasiperiodic structure even if this structure is not stable in the bulk.

Such a structure could be usefully for the understanding of quasiperiodicity and its

associated physical properties. Single elements don’t form quasicrystalline thin films

beyond one monolayer [117].
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In this thesis we reported the successful growth of a binary quasicrystal alloy

thin film with a thickness larger than 14 Å. The intended stoichiometry is the one

for which the Ni concentration replaces both the Co and Ni in the bulk quasicrystal,

that is to say Al72Ni28. The films were grown at a substrate temperature held at

370± 20 ◦C. The films’ compositions were inferred in the limit of the homogeneous

layer model. The thin films were grown with an Ni atomic concentration ranging

from to 34 to 46%. In the Ni-poor regime, that is to say 34%, we observed a flawless

quasicrystalline structure.

At 40% Ni concentration, the AlNi thin film adopts the crystalline Al3Ni2 struc-

ture matching the 2-fold substrate structure epitaxially with a 8× 1 superstructure.

With further deposition, the film was restored into a quasicrystalline structure. The

diffraction pattern of the periodic Al3Ni2 thin film were analysed in detail. Spot

widths of thin film (periodic) and substrate (quasiperiodic) related peaks were anal-

ysed in both the periodic ([00001]) and quasiperiodic direction ([10000]). In the

periodic direction the thin film exhibits a structural quality as good as in the qua-

sicrystal substrate (1-to-1 epitaxial relation). In contrast, the thin film’s structure

is degraded along the quasicrystal direction as indicated by a coherence length two

times smaller.

In the Ni-rich regime (46% atomic concentration) we still observed the signature

of a quasicrystalline structure in the LEED pattern. However, we also observed

crystallographic related spots. Due to interdiffusion of Al into the film at our chosen

growth temperature, it was not possible to achieve a Ni atomic concentration in the

film richer than 46%.

It would be interesting to know how thick a film can be grown keeping a qua-

sicrystalline structure. The films we discussed in this thesis were thick enough to

determine the film stoichiometry with XPS. Using synchrotron radiation, one can

determine a thin film’s electronic band structure. An AlCu quasicrystal thin film

would allow measurements of s-p derived states close to EF since Cu has its d-

band significantly removed from the Fermi energy. Finally, growing films at lower

temperature would allow the study of a wider range of thin film stoichiometry and

increase our understanding of AlNi thin film growth modes.
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MnSb thin film on GaAs(111)B

The growth of ferromagnetic materials on a semiconductor substrate has poten-

tial applications for spintronic devices such as the injection of a spin-polarised current

into non-magnetic materials. The MnSb/GaAs(111)B system is a good candidate

to be investigated since MnSb is a ferromagnet with Curie temperature significantly

above room temperature and a structure compatible with III-V(111) semiconductor

surfaces. Furthermore, recent theoretical calculations have shown that MnSb in the

wurtzite structure would display half-metallicity.

With LEEM, we observed annealing related surface morphology changes with a

film degradation at approximately 400◦C as observed previously [136]. With spin-

polarised low energy electrons as a probe, we obtained magnetic information of the

film surface. We found no influence of the surface morphology on the magnetism.

Our analysis procedure for SPLEEM magnetic contrast provided a measurement

of the magnetic signal strength. This signal was found to be in the order of 20%.

We generated color-coded images to determine the spin orientation in the magnetic

domains. Comparing two color-coded images from two data sets, we obtained con-

sistent results in terms of magnetic domain shapes and sizes. The process can be

improved to take into account the instability of the illuminating beam in order to

obtain more detailed analysis. Using the magnetic signal we were able to establish

an upper bound for the domain wall width of 90 nm which is the resolution of the

experiment.

An interesting follow-up on this project could be the observation of the early

magnetism of ultra thin MnSb films to observe the in-plane/out-of-plane phase tran-

sition.

Etched tungsten wires for tomography

In this thesis we discussed the development of a method that uses recrystallised

tungsten wires as a base for tomography samples for 3D atomic reconstruction.

This new technique will allow the use of surface science techniques such as MBE or

sputtering. This project requires the preparation of tips with flat-topped apex at the

nanometre scale. With this aim, we developed a device to etch the tip at controlled

positions (thinning) and in different etching modes (on/off current). Etched tips

often showed large contamination whose origin has been established as tungsten
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bronze. Contamination issues were limited by a fast etching using either thinner

wire or by etching employing an on/off current mode.

Using a combination of devices to crystallise the tungsten wires, etch the tips, and

anneal these latter for MBE deposition, we successfully demonstrated the feasibility

to grow metallic clusters on these tips for atomic resolution tomography.
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