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Kurzfassung 

In der vorliegenden Arbeit wird mit dem Rastertunnelmikroskop das Wachstum von Co auf 

Cu(111)-Oberflächen untersucht. Weiterhin wird die Veränderung der Gestalt von 

Fehlstelleninseln auf Ag(111)-Oberflächen analysiert. 

Im ersten Kapitel wurde das Wachstum von Co auf Cu(111)-Oberflächen für 

Submonolagenbedeckungen im Temperaturbereich zwischen 120 K und 300 K mithilfe 

schneller Rastertunnelmikroskopie untersucht. An Stufenkanten findet man eine heterogene 

Nukleation von Inseln, auf den Terrassen ist die Nukleation der Inseln homogen. Der 

Unterschied in Höhen- und Flächenverteilung dieser beiden unterschiedlich nukleierten 

Inseltypen ist zurückzuführen auf eine Legierungsbildung an den Stufenkanten. Weiterhin 

wurde die Transformation von Monolagen-Inseln zu Bilagen-Inseln in zeitlich gerafften 

Sequenzen für Temperaturen zwischen 145 K und 165 K gemessen. Für den Aufwärts-

Massentransport im Fall von Inseln auf Terrassen wird eine überraschend kleine 

Energiebarriere von (0.19 0.04)eVAE    bestimmt. Bei 120 K und 150 K bestehen die 

Inseln aus reinem Kupfer, im Gegensatz dazu bilden Inseln größer als 2120nm  bei 

Raumtemperatur an ihrem Rand eine Legierung. 

Im zweiten Kapitel werden Untersuchungen mit einem schnelle Rastertunnelmikroskop zur 

Veränderung der Gestalt von mittelgroßen zweidimensionalen Fehlstelleninseln auf Ag(111) 

für Inselgrößen im Bereich von 10  Atomen bis 50  Atomen im Temperaturbereich von 

165 K bis 177 K behandelt. Auf der Basis der Theorie der Gleichgewichts-Fluktuation wird 

eine Stufenbildungsenergie von (273 48)meV / nm    bestimmt. Unsere Studie bestätigt 

die Anwendbarkeit der Form-Fluktuations-Methode bis hin zu überraschend kleinen 

Fehlstelleninsel-Größen. 

Im letzten Teil dieser Arbeit wird die Formänderung von Co-Inseln beim Wachstum auf 

Cu(111) für Temperaturen von 150 K bis 300 K aufgeklärt. In diesem Temperaturbereich 

zeigen der Anstieg der Konvexität von (0.55 0.05)  auf (0.93 0.02)  sowie der Anstieg der 

fraktalen Dimension von (1.75 0.02)  auf (1.93 0.02) eine exponentielle Abhängigkeit von 

der Temperatur. Die hier vorgestellte quantitative Bestimmung läßt sich anwenden zur 

Untersuchung der Gestalt einer großen Auswahl geträgerter Nanostrukturen.  

Die Ergebnisse dieser Studie geben Einblick in die Kinetik auf atomarer Skala weit entfernt 

vom Gleichgewicht basierend auf Untersuchungen von Nanostrukturen auf 

Edelmetalloberflächen mithilfe schneller Rastertunnelmikroskopie. Dies bedeutet mit anderen 

Worten, dass die vorgestellten experimentellen Strategien eine große Chance eröffnen, 

Ursachen zu entdecken, die sich hinter physikalischen Prozessen auf der Nanoskala 

verstecken, was viele überraschende Erkenntnisse für die Katalyse und Wachstumsstudien zu 

liefern verspricht. 
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Abstract
In the present work, the growth of Co on Cu(111) surface using scanning tun-

neling microscopy is investigated. The shape �uctuations of vacancy islands on

Ag(100) surface is studied.

In the �rst chapter, Co growth on Cu(111) was investigated at several temper-

atures between 120 K and 300 K by means of variable temperature fast-scanning

tunneling microscopy at sub-monolayer coverage. Islands nucleate heterogeneously

at step edges and homogeneously on terraces. The height and area distribution

di�erence between these two types of di�erently nucleated islands is attributed to

an step edge alloy. Furthermore, the transformation from one monolayer high is-

lands to two monolayer high islands is followed in time-lapsed sequences between

145 K and 165 K. A surprising low energy barrier for upward mass transport of

(EA ≈ 0.19± 0.04) eV is determined for islands on terraces. At 120 K and 150 K,

the islands are pure Cu in contrast, at room temperature islands larger than ≈ 120

nm2 alloy at their border.

In second chapter, this variable temperature fast-scanning tunneling microscope

is used to investigate the shape �uctuations of medium-sized two-dimensional va-

cancy islands on Ag(100) in the size range of ≈10 to ≈50 atoms and within a

temperature range from 165 K to 177 K. Based on the theory of equilibrium �uc-

tuations, the step formation energy is determined to be β̄ = (273 ± 48) meV/nm.

Our study extents the applicability of the shape �uctuation method down to sur-

prisingly small vacancy island sizes.

In the last part of the work, the shape transition of Co islands growth on Cu(111)

is revealed from 150 K to 300 K. In this temperature range, the increase of the

convexity from (0.55 ± 0.05) to (0.93 ± 0.02) and of the fractal dimension from

(1.75 ± 0.02) to (1.93 ± 0.02) showed an exponential dependence of the island

shapes on temperatures. The quantitative determination presented here can be

used for examining the shape of a large variety supported nanostructures.

The result of this study give insight into the atomistic kinetics far from equilib-

rium of nanostructures on noble metal surfaces by means of fast scanning tunneling

microscopy. In other words, the presented strategies brings a great chance to dis-

cover origins hidden behind the physical processes at the nanoscale, which promises

to bring many astonishing discoveries for catalysis and growth studies.
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Chapter 1

Introduction and Motivation

Thin �lm technology plays a crucial role in science and technology. Studies in

both theory and experiment, have revealed many astonishing physical and chemical

properties of thin �lms on metal surfaces [1, 2]. In particular, the study of ferro-

magnetic �lms is attracting widespread interest in di�erent �elds, such as magnetic

data storage and spin electronic devices [3, 4]. Indeed, "spin electronics" has been

extensively studied since the sixties exploring the conductive properties of the fer-

romagnetic metals Fe, Ni, Co and their alloys [5�7]. Moreover, it is well-known

that the properties of thin �lm growth strongly depend on how the guest atoms

arrange on the host metal surface [8, 9].

In the �rst part of this study, I focus on the sub-monolayer growth of Co on the

Cu(111) surface. The hetero-epitaxial system Co on Cu(111) has been investigated

for a long time with promising results in structural [10�14] and electronic [15�20]

studies. The Co/Cu(111) system has interesting magnetic properties due to spin-

polarized electronic states near the Fermi energy [15, 21, 22]. The small lattice

mismatch of ≈ 1.9% is expected to lead to similar structures as in homo-epitaxial

growth. Hence, a high degree of ordered structures is expected. Indeed, the growth

of Co on Cu(111) followed the fcc stacking of the Cu substrate [23, 24]. The step

edges of Cu(111) surface were decorated by Co islands [25,26]. Compact shaped Co

islands with bilayer height were observed at room temperature [25, 26]. According

to theoretical results, Co atoms di�use on the Cu(111) surface with a di�usion

energy of 0.04 eV and aggregate to rami�ed islands on terraces at low temperature

due to limited di�usion along the step edges [12]. According to calculations [12],

Co atoms can ascend to the second layer through the exchange mechanism at the

step edges of monatomic layer islands with energy barriers of 0.66 eV and 0.91 eV

for an A and a B step, respectively. In addition, intermixed Co/Cu islands were

discussed at room temperature [27].
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Nevertheless, there are open questions remaining, such as: How does the geomet-

ric structure of Co islands change with temperature? How do bilayer high islands

form? Hence, I study the growth within a wide range of temperatures to �gure out

the shape and height evolution of this system.

In chapter 4, 0.03 ML to 0.04 ML of Co islands grown on Cu (111) at 120

K, 150 K, and at 300 K are investigated by means of fast-scanning STM. The

di�erent island shapes are determined at 120K, 150 K and room temperature. In

addition, I follow the transformation from single to bilayer islands between 145 K

and 165 K and determine the activation energy for this transition process. The

di�erent shapes of the islands at room temperature are discussed with respect to

alloy formation.

In the second part of this study, I will show the determination of the step for-

mation energy based on shape �uctuations of medium-sized vacancy islands on

Ag(100). The surface free energy γ is well-known as a fundamental parameter

for describing the shape of crystals and their facetting [28]. The two-dimensional

analog of γ on surfaces is the step formation energy per unit length β, which

refers to the required energy to create a crystal step [29,30]. The driving force for

coarsening or ripening phenomena such as Ostwald ripening is the minimization of

this step formation energy [31�33]. Likewise, the shape of islands, i.e. adsorbed

nano particles of monatomic height, depends on the step formation energy β. The

step sti�ness which is proportional to the chemical potential of the island can also

be calculated from the step formation energy [34]. The �rst remarkable determi-

nation of the step sti�ness and thus the step free energy was reported based on

shape �uctuations by low-energy electron microscopy (LEED) on Si(001) at 1133

K [35]. The thermal step �uctuations, on a larger time scale, lead to shape �uctu-

ations and subsequently a two-dimensional random motion of vacancy islands, �rst

observed by scanning tunneling microscopy (STM) on silver surfaces at room tem-

perature [36,37] and theoretically generalized through the Langevin equation [29].

Therefore, the shape �uctuations can be assumed to be the early stages of dynamic

processes on Ag(100) surface such as Ostwald ripening at 300 K [38] or a pinch-

o� phenomenon [39]. Because of the dependence of the island shape on the step

formation energy β, the study of the mobility of vacancy islands on noble metal

surfaces has attracted much attention [40,41].

The common methods for the determination of the step formation energy β

are based on the analysis of either the temperature dependence of equilibrium

shapes [40] or the shape �uctuations of islands [29]. In the island equilibrium

shape method, the orientation dependent step formation energy is determined by
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an inverse Wul� construction. By this method, the step formation energies on

Cu(100), Cu(111), and Ag(111) surfaces were determined from measurements in a

temperature range from 290 K to 450 K [40, 42]. In the island shape �uctuation

method, the step formation energy can be obtained by comparing the averaged

shape equilibrium shape to variations of the vacancy island perimeter from this

shape [29, 30, 43]. This method was applied to determine the step formation en-

ergies from vacancy islands with diameters ranging from around 50 nm to 100

nm on Cu(100), Cu(111), and Ag(111) surfaces at temperatures ranging between

280 K and 440 K [44]. The results for these surfaces are in good agreement, at

(220± 11) meV, (256± 22) meV, (233± 13) meV, respectively, for the �uctuation

method and at (220± 20) meV, (270± 30) meV, (250± 30) meV, respectively, for

the equilibrium shape method [45]. These three surfaces exhibit a symmetry which

leads to �uctuations that are commonly called isotropic. This means that the

step formation energy is identical in each fourth or each sixth part of the surface.

Note that both methods were also applied to examine orientation dependent shape

�uctuations (so-called anisotropic shape �uctuations) of vacancy islands with di-

ameters ranging from around 10 nm to 50 nm on TiN(111) and TiN(100) surfaces

at temperatures between around 1000 K and around 1250 K [46,47]. The vacancy

islands on these surfaces show inequivalent edges during �uctuations resulting from

di�erences in local atomic arrangement.

To our knowledge, shape �uctuations of smaller vacancy islands with a size of

few tens of atoms has not yet been investigated. Presumably, it has been assumed

that equilibrium theory can not be applied for such small objects. Moreover, the

step formation energy for Ag(100) has not yet been measured but only calculated

by means of the e�ective medium theory (EMT) with a value of 0.085 eV/a [48]

where a is lattice constant.

In chapter 5, I apply the shape �uctuation method to investigate shape �uctua-

tions of vacancy islands on the Ag(100) surface that have diameters ranging from

≈ 2.3 nm to ≈ 15.3 nm by variable temperature scanning tunneling microscopy

(STM) within a temperature range from 165 K to 177 K. The step formation en-

ergy β obtained from this process is in good agreement with the theoretical value.

I thus show that equilibrium properties are still valid for nano-objects that consist

of only a few tens of atoms.

Moreover, the shape transition of island growth in two dimensions due to thermal

energy has been considered as a key factor for determining the physical properties

of nanostructures on surface. The formation of the islands resulting from di�usion

processes on the substrate surfaces can lead to a wide variety of far-from-equilibrium
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structures [49]. Thermal kinetics activates di�usion along the step edges of these

structures and leads to the restructuring of these grown structures. As a result,

this in turn can cause the variation of island shape. One of the �rst investigations

of morphological transition in two dimensions was proposed by Witten et al. [50].

They found that the dendritic Au islands grown on the Ru(0001) surface at room

temperature change their shapes after annealing up to 650 K . Furthermore, the

temperature-dependent inversion of the island shape was studied in the growth

of Pt on Pt(111) [51]. The �ux-dependent transition from fractal to dendritic

growth of Ag on Pt(111) was clari�ed by Brune et al. [52]. The shape transition of

germanium islands on Si(111) is studied on the scale of µm2 [53]. By studying such

morphological transition, we can obtain the atomic mechanism hidden behind the

epitaxial growth. In other words, the detail information of the kinetically limited

restructuring processes and the associated activation barriers can be obtained.

Therefore, in chapter 6, I will investigate the temperature-dependent transition

of the island shape by quantitative determination of the shape of the Co islands

on Cu(111) at di�erent temperatures. The island shapes were investigated at 150

K, 200 K, 250 K and 300 K, respectively. The atomic processes and the e�ect of

local conditions will be discussed in detail.
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Chapter 2

Theoretical background

The Scanning Tunneling Microscope (STM) that was invented by G. Binning

and H. Rohrer in 1980s [54, 55], marked a huge step in the development of science

and technology. With the advantage in clarifying the surface topography of con-

ductive samples, the STM has been considered as a powerful tool to investigate

the structure of materials within the range from ≈ 100 nm down to the atomic

scale and to study electronic and vibrational properties. At a resolution of 100

pm in lateral and 1 pm in vertical resolution [56], atoms and molecules not only

are imaged but also can be manipulated. Therefore, the chemical and the physical

properties of surface materials can be achieved. The STM can be performed in

di�erent conditions, such as in vacuum, in atmosphere, and at di�erent tempera-

tures, etc, thus, it is absolutely suitable for various purposes of investigation such

as chemical bonding and adsorption, cluster information, thin �lm growth, and

other surface relevant phenomena.

The following chapters will discuss more in detail the STM working principle,

and the underlying theory of STM as well as aspects of resolution and tip condition.

2.1 Principle of STM

A STM consists of a sharp tip, which has ideally only a single atom at its end,

and conductive samples. The tip normally is made of tungsten (W) or platinum

and iridium (Pt and Ir) alloy and is produced by an electro - chemical etching

process. The tip is mounted on to the piezoelectric elements (called piezos), which

can be moved with high precision in three perpendicular directions, corresponding

to x, y, z directions, respectively. The piezos extend or contract depending on the

applied voltage.
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Figure 2.1: Schematic illustration of the working principle of the
STM

If the bias voltage Vbias (up to a few volts) is applied between the tip and the

sample, and the tip is brought very close to the surface of a conductive sample (d

< 1 nm), the tunneling current (typically from 10 pA to 10 nA) will appear (see

Fig. 2.1). By scanning over the surface, the geometric structure of the surface is

observed.
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Figure 2.2: Top: Sketch of tunneling e�ect between metallic tip
and conducting sample. Middle: the electrons tunnel from the tip
to the sample. EtF , E

S
F are the Fermi levels of the tip and the sam-

ple, respectively. V is the applied bias and eV is the energy di�er-
ent between the Fermi levels of the tip and the sample. Bottom:
the degeneration of the electron wave function in the barrier region
between the two electrodes; d is the distance between these two
electrodes (taken from [41] with permission of author).
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The tunneling current �ow between the tip and the sample can be explained

by the quantum mechanical phenomenon of tunnelling, which was discovered by

Henri Becquerel in 1896. This phenomenon refers to an electron passing through a

potential barrier that is forbidden in classical physics, because its energy is below

the height of the barrier E < eV as shown in Fig. 2.2. Nevertheless, in quantum

mechanics, the quantum tunneling e�ect comes from the treatment of electrons as

wave function, thus indicating the probability of the electrons tunnelling through

the barrier. Equally important, the tunnelling probability variation depends not

only on the width of the barrier but also on the wave function of the electrons.

The tunneling e�ect in one dimension can be quantitatively described by the

barrier transmission coe�cient T:

T =
It
Ii

= |D|2 =
1

1 +
(k2 + κ2)2

4k2κ2
· sinh2(κd)

(2.1)

where Ii is the incident current density, It =
}k
me

|D|2 is the transmitted current

density with D the coe�cient, me electron mass. k =

√
2me(E − |V |)

}
is the wave

vector, } Dirac constant, d is the width of the barrier, and κ =

√
2me(|V | − E)

}
is the decay constant. E is electron energy, and V is a potential barrier.

The ratio T in Eq.(2.1) can be rewritten when the decay constant κ become

large

T ∼ 16κ2k2

(k2 + κ2)2
.e−2κd (2.2)

The decay constant magnitude κ is determined by the work function φ based

on the equation κ =

√
2meφ

}
. The work function is achieved by the minimum

energy required to remove an electron from the bulk to the vacuum level. Note

that, the work function is a property of the material, which depends on the crystal

orientation and the properties of the material. Here for the typical work function

value given as of ≈ 4 eV, the decay constant magnitude κ is of the order of ≈ 10

(
1

nm
) [58]. When the tunneling current is maintained constant to within, e.g. 2

%, then the gap d remains constant to within 0.1 nm. As a result, a description of

the surface geometry is obtained by the movement of the tip along the surface at

constant height [58].

However, the tunneling e�ect actually is a complicated many electron problem.

In the next section, I will describe this e�ect based on the Bardeen approach.
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2.2 Theories of tunneling

2.2.1 Theory of Bardeen

The Bardeen approach refers to the quantitative theory of the tunneling current

in STM [57]. This theory was �rst applied to explain the �rst tunneling current

�owing between two metals separated by a thin oxide layer [59]. In this section, I

will summarize and reformulate this theory from the publication of Morgenstern,

Lorente, and Rieder [56].

In this theory, we assume that the electron waves in two metal electrodes are

completely isolated and the coupling of the electron waves in the gap between the

electrodes is considered as a perturbation. According to this assumption, a total

Hamiltonian then is described in the following equation:

H = HL +HR +HT (2.3)

where HL and HR are the unperturbed Hamiltonians of the two electrodes and

HT is the Hamiltonians in the gap between these electrodes. Next, we apply the

WKB (Wentzel-Kramers-Brillouin) approximation to describe the electron wave

functions. In quantum mechanics, this approximation is considered as a semiclassi-

cal calculation. It indicates that the wave function of the electrons is expressed as

an exponential function, semiclassically expanded, and then either the amplitude

or the phase is chosen to be slowly changing [56]. Based on this approximation,

the initial wave functions inside ψν and outside ψµ of the barrier are described in

the following:

ψµ =
1√
kz
ei(kxx+kyy)sin(kz + γ), (2.4)

ψν =
1√
|kz|

ei(kxx+kyy)e−
∫ d
0 |kz |dz, (2.5)

with ~k = (kx, ky, kz) is the wave vector, z is the junction direction, and kz =√
2me(V (z)− e)/~, me electron mass. d is the width of the barrier, V (z) is the

potential in the barrier, and γ a is the constant phase shift.

Note that the elastic tunneling current is de�ned as a linear combination of

an initial state with a sum of �nal states. When the elastic tunneling current is
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inserted into the time-dependent Schrödinger equation, we obtain a transition rate

per unit time by solving to �rst order in the coe�cients:

ωµν =
2π

~
|Mµν |2δ(Eν − Eµ) (2.6)

We bear in mind that the tunneling matrix element Mµν appearing in Eq. 2.6

is de�ned as the interference of the wave functions Ψµ and Ψν at both sides of

the potential barrier at a virtual plane. We assume that in this virtual plane, the

normal vector ~n points from one electrode to the other:

Mµν = − ~2

2me

∫
S

d~S(Ψ∗µΨν −ΨµΨ∗ν) (2.7)

As a results, we determine the total tunnelling current based on multiplying the

transition (2.6) with the mean occupancy f of the states in one of the electrodes

and the non-occupancy (1-f) of the states in the other electrode by the sum over all

initial and �nal states on both sides of the barrier [56]. Then the total tunnelling

current equation is represented as follows:

I =
2πe

~
∑
µν

[f(Eµ)(1− f(Eν + eV ))]|Mµν |2 × δ(Eµ − (Eν + eV )) (2.8)

with f(E) the Fermi distribution and V the applied bias voltage.

Then two assumptions are proposed in order to shorten the Eq. (2.8):

• The Fermi distribution f(E) is considered as a step like function at low

temperature.

• For the bias voltage at low value, only states that are close to the Fermi

energy are appropriative.

According to these assumptions, the total tunnelling is rewritten as:

I =
2πeV

~
∑
µν

|Mµν |2δ(Eµ − EF )δ(Eν − EF ) (2.9)

where EF is the Fermi energy.
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2.2.2 Theory of Terso� and Hamann

The theory of Terso� and Hamann was proposed in order to present for vacuum

tunneling between a real solid surface and a model probe with a locally spherical

tip [60, 61]. This theory describes the three-dimensional tunnelling based on the

transfer Hamiltonian method. Note that the Terso�-Hamann theory is valid as

long as tip and sample are weakly coupled. The detailed electronic states of two

electrodes are considered in this theory. In this section, I will summarize and

reformulate this theory from the publication of Morgenstern, Lorente, and Rieder

[56].

Figure 2.3: Sketch of tip-sample geometry for Terso�-Hamann
theory: the tip is represented by a sphere with radius R. d is the
distance from the tip to the sample. The wave function of the
sample is investigated at r0 (taken from [41] with permission of
author).

In this theory, the probe tip is considered as a locally spherical potential well

where it is brought nearest to the surface (Fig. 2.3) [60]. Since the temperature
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and bias voltage assumptions mentioned in the Bardeen theory are ful�lled, the

tunneling current is:

I =
2πeV

~
∑
µν

|Mµν |2δ(Eµ − EF )δ(Eν − EF ) (2.10)

where the Mµν is describes in Eq. (2.7).

The surface wave function is expanded for evaluating as follows:

Ψν = Ω−1/2s

∑
G

aGexp[−(κs2 + | ~k|| + ~G2|)−1/2z]× exp[i( ~k|| + ~G2) · ~x]

(2.11)

This wave functions are established in the region of negligible potential with

sample volume Ωs, κs = ~−1(2mΦs)
1/2 the minimum inverse decay length for the

wave function in vacuum, which depends on the work function Φs of the sample.
~k|| is the surface parallel component of the wave vector of the Bloch state, and ~G

is a surface reciprocal-lattice vector with aG expansion coe�cient.

Due to the fact that the real shape of the tip is unidenti�ed, we only consider

the wave function for the tip as the geometry shown in Fig. 2.3, with a sphere of

radius R:

Ψµ = Ω
−1/2
t ctκtReκtR(κt|~r − ~r0|)−1e−κt|~r−~r0| (2.12)

where Ωt is the tip volume, κt = ~−1(2meΦt)
1/2, Φt is the work function of the

tip. We keep in mind that the normalization factor ct is calculated by the tip

geometry of above consideration. We next assume that R� k−1, then the detailed

electronic structure, and tip-vacuum boundary condition is chosen to be ≈ 1.

With spherical approximation, the theory is not a�ected by the actual tip struc-

ture. The electronic structure of the tip is assumed that it is completely symmetric

around the tip apex. Based on this assumption, the electronic wave functions are

spherical, however it does not indicate the electrons of the tip atoms are s-electrons.

According to the Terso�-Hamann theory, the spherical harmonics are considered at

the center of the tip apex and not about the atom's center, thus the wave function
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of the atoms within a tip made out of s-electrons could have di�erent spherical

harmonics in their composition [56].

The tip wave function is expanded similar to the wave functions of the surface,

then the matrix element is used to evaluate the transfer matrix element. Thus, the

matrix element is described as follows:

Mµν = (~2/2me)4πκt−1Ω−1/2t κtReκtRψν(~r0) (2.13)

where ~r0 is the position of the center of curvature of the tip. The tunneling

current therefore is:

I = 32π3~−1e2V Φ2ρt(EF )R2κ−4t e2κtR ×
∑
ν

|ψν(~r0)|2δ(Eν − EF )

−→ I = 32π3~−1e2V Φ2ρt(EF )R2κ−4t e2κtRρ(~r0, EF )

(2.14)

where ρt(EF ) is the density of states of the tip per volume and the sum de�ned

as ρs, the local density - of - states (LDOS) per volume of the sample at the Fermi

energy and at the center r0 of the tip. We calculate the LDOS, which determined

by the sum over all the one-electron eigenstates, by the production of the square of

the wave function of each eigenstate, ψν , and a Dirac delta function δ. Moreover,

the delta function is obtained by the number of states per unit energy at the Fermi

level. Hence, we determine the contribution of each eigenenergy to the DOS by the

spatial distribution of the corresponding eigenstate.

The sum in Eq. (2.10) can be replaced by an integral under the following as-

sumptions:

• An average transition probabilityM(E, V ) = 〈|Mµν |2〉 per state is determined
by the transition probabilities for di�erent states within each energy interval.

• The Fermi energy is considered as a step-like function.

From the above assumptions, we obtain the common tunneling current equation

for Terso�-Hamann theory:

I(~r0, V ) =
2π

~

∫ EF+eV

EF

dEρt(r0, E − eV )T (r0, E, eV )ρs(r0, E) (2.15)
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with ρt density of states of tip, and ρs density of states of sample and T trans-

mission coe�cient. We bare in mind that the T transmission coe�cient relies on

the energy of the electrons and the applied voltage.
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2.3 Smoluchowski e�ect

In 1940s, R. Smoluchowski proposed an explanation of the spreading and smooth-

ing of electron charge density above atomically sharp surface corrugations [62]. Ac-

cording to this theory, the work function of metal surfaces strongly depends on the

crytallographic structure of the surface. The more open the structure, the lower is

the work function. For instance, a rough surface geometry causes a reduction of the

work function. This e�ect is applied to the variation of local work function [63,64],

the surface distribution of adsorbates [65, 66], the local variation of the electronic

density of states [67], and the in�uence on the spin in Co/Cu(111) hetero-epitaxial

�lm [68] under investigation of scanning tunneling spectroscopy (STS).

Figure 2.4: Illustration of the Smoluchowski e�ect for an open
surface. Each hexagonal shape is a single Wigner-Seitz cell. Blue
region is the re-distribution region resulting from the Smolu-
chowski e�ect (taken from [69]).

The Smoluchowski e�ect can be visualized by studying the charge distribution

in the Wigner-Seitz cells at the surface as shown in Fig. 2.4. In the bulk, each

Wigner-Seitz has a zero dipole moment resulting from equal amounts of positive and

negative charges. At the surface, there is a re-distribution of charge at the surface

boundary of the Wigner-Seitz [69]. Negative charge is moved from the regions of

the surface Wigner-Seitz cells to empty neighbour of cells then increasing negative

charge. As a results, the contours of the positive background are "smoothed" by the

negative charge distribution (Fig. 2.4). This redistribution of the negative regions

causes an extra dipole such that the positive charge is outside of the plane of the

average surface while the negative charge resides inside. This extra dipole leads to

a decrease the work function. Note that rougher surfaces enhance this e�ect.
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In conclusion, the Smoluchowski e�ect plays a very important role in geometrical

characterization under STM investigation. I will discuss the in�uence of this e�ect

on STM studies in the next sections.
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2.4 Growth Modes

Since the 1960s, epitaxial growth has been divided into three main growth modes

which determine the geometry of the grown structures. These growth modes are

the Frank and van der Merve [70], the Volmer and Weber [71] and the Stranski and

Krastanov [72] growth. Each growth mode will be described in detail as follows:

Figure 2.5: Illustration of the three main growth modes: a) The
Frank-van der Merwe (FW) growth mode. b) The Volmer-Weber
(VW) growth mode. c) The Stranski-Krastanov (SK) growth mode
(taken from [134] with permission of author). Θ the thin �lm cov-
erage.

• The Frank-van der Merwe (FW) growth mode (Fig. 2.5a) refers to the case

when the interaction between the �lm atoms and the substrate atoms is

stronger than to each other. As a results, each layer fully covers the substrate

before the next layer starts to grow.

• The Volmer-Weber (VW) growth mode (Fig. 2.5b) describes the growth of

crystalline �lms form 3D nuclei on the substrate because the �lm atoms are

more strongly bound to each other than to the substrate atoms.

• The Stranski-Krastanov (SK) growth mode (Fig. 2.5c) refers to the interme-

diate case between FM and VM growth. After the two-dimensional layer that

covers the whole substrate is formed, the growth of three-dimensional islands

occurs. The lattice mismatch between the �lm and the substrate was pointed

out as the origin of this growth mode [70].

By considering the thermodynamic quantities, these growth modes can be de-

scribed in terms of the surface or interface tension γ. Note that the tension is

de�ned as a force per unit length of boundary, and only the contact points between

the �lm islands and the substrate are considered.

If the island wetting angle is ϕ, the force equilibrium is written as:
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Figure 2.6: Illustration of a �lm island on a substrate. γS is
the surface tension of the substrate surface, γF is the surface
tension of the �lm surface, and γS/F is the surface tension of
the �lm/substrate interface. ϕ is the island wetting angle (taken
from [134] with permission of author).

γS = γF/S + γF cosϕ (2.16)

where γS is the surface tension of the substrate surface, γF the surface tension

of the �lm substrate, and the γF/S surface tension of the �lm/substrate interface

(Fig. 2.6).

Based on this concept, the Frank-van der Merwe (FW) growth mode condition

for ϕ = 0 is:

γS ≥ γF/S + γF (2.17)

For the Volmer-Weber (VW) growth mode, ϕ > 0 and the corresponding condi-

tion is

γS < γF/S + γF (2.18)

For the Stranski-Krastanov (SK) growth mode, the condition for layer growth

(Eq. 2.17) is initially satis�ed, then the growth of the intermediate layer causes

the changing of γS/F and γF , leading to the condition (Eq. 2.18) for subsequent

island formation.

The above-mentioned concept of growth modes is based on thermodynamic con-

siderations. This theory is incomplete because it is only applied to growth taking

place close to the equilibrium. The processes, which lead the �lm atoms to reach
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the minimum energy morphology, is not mentioned in this concept.
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2.5 Nucleation theory

As mentioned in the previous section, the description of the growth modes based

on thermodynamic considerations is only valid close to the equilibrium. In most of

the cases, the epitaxial growth takes place very far away from equilibrium and the

energy barriers are encountered by the �lm atoms along their migration path on

the surface. Thus, the kinetics of the growth plays an important role to describe

the origin of the growth. Nucleation of islands on the �at surfaces is the most

central kinetic process for this thesis and will be discussed in this section.

2.5.1 Atomic processes

Figure 2.7: Illustration of atomic processes involved in nucle-
ation and growth on surfaces (taken from [134] with permission of
author).

The main elementary atomic processes involved in the island growth are illus-

trated in Fig. 2.7. At very early stages of adsorption, the arrival atoms deposited

with a �ux F reach to the surface with an adsorption energy Eads. For some cases,

the adsorbate-substrate bonding energy can induce a reconstruction in the sub-

strate at the adsorption sites, resulting in a stronger adsorption [73]. In general,

adsorbed atoms form clusters of di�erent sizes, causing the statistical growth as

reported by other studies [74�76]. In some cases, the adsorption energy is partially

converted into transient mobility but not for all metal-on-metal adsorption [77].

In other cases, the deposited atoms start to migrate over the surface with the

di�usivity de�ned as:

D = D0exp(
−Ediff
kBT

) (2.19)

where D0 =
1

4
ν0, ν0 the attempt frequency with a range of the Debye frequen-

cies of 1012 − 1013 Hz, kB the Boltzmann constant, T temperature, and Ediff the
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activation energy for di�usion. The factor 1/4 in D0 is only valid for 2D di�usion

on a square lattice.

The di�usivity of the atoms over the surface will stop when the energy of these

atoms are lost by one of the following processes. First, if the temperature of the

substrate is high enough, the atoms can be desorbed. This process is determined by

the residence time τads = ν−1exp(Edes/kBT ) [134]. Second, atoms can be attached

to and stopped by existing clusters or at defect sites. If the interaction between

defects and the atoms is signi�cant, this process leads to heterogeneous nucleation.

In contrast, homogeneous nucleation is caused if there is no interaction between

the defects and the di�using atoms or the atoms do not reach any defects. In this

case, atoms can associate with other atoms to form clusters. Note that the small

clusters may be unstable and decay back into single atoms. Nevertheless, when the

clusters reach to the critical size, they grow into stable islands. The critical size is

determined as the minimum size when the attachment of only one atom results in

cluster stability [130,131].

2.5.2 Quantitative description of nucleation

To quantitatively describe the atomistic processes, we rely on rate equations [1].

These rate equations are achieved by consideration of the formation and decay

rates of the clusters. We start to quantitatively explain this process by de�ning nx

as the density of stable clusters or islands:

nx =
∞∑

j=i+1

nj (2.20)

where the critical cluster size is denoted by i. This cluster size refers to stability

and equilibration on the time scale corresponding to the deposition experiment.

The rate equation describing the above-mentioned processes for single atoms is

dn1

dt
= F − δiDnin1 − δxDnxn1 − Fθ (2.21)

The meaning of single terms on the right-hand side of Eq.(2.21) is described

as follows. The single atoms on the surface increase linearly with the deposition

�ux F. On the other hand, a single atom di�use over the surface with the di�usion

coe�cient D to the cluster of size ni leading to the formation of a new stable cluster.
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This process is described by the term δiDnin1. In addition, an atom can attach to

an existing stable island at the di�usion capture rate δxnx. Finally, the deposited

atom can directly attach to a stable cluster with a rate Fθ where θ is the surface

coverage. Note that the desorption process is neglected.

We assume that the distribution of sub-critical clusters does not change in time,

and only consider the stable clusters. Therefore, the density of stable clusters is

given by [78,138]

nx = f(θ, i)(
D

F
)−χexp(

Ei
(i+ 2)kBT

) (2.22)

where f(θ, i) is a pre-exponential numerical factor. This factor depends on the

coverage, the critical cluster size and the regime of condensation [134]. χ =
i

i+ 2
is the scaling exponent, D the di�usion coe�cient, F the deposition rate, Ei the

binding energy of a i-size cluster. The Eq. (2.22) can be expressed as a scaling

relation as follows

nx ∼ (
D

F
)
−

i

i+ 2 (2.23)

By using the Eq. (2.23), we can derive microscopic parameters from experimental

results. On the other hand, we can obtain the critical size i from the determination

of island densities nx based on di�erent �uxes F. Then, the di�usion barrier Ea

and the pre-factor D0 are determined from the temperature dependence of nx for

a known critical size i from Eq. (2.22).
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2.6 Island shape

In the last section, I already showed how the deposited atoms di�use over the

surface and nucleate to islands after arriving at the surface. In this section, I

will recapitulate the shape of islands after nucleation based on other studies [1].

In addition, the atomistic processes responsible for the shape formation will be

presented.

2.6.1 Island shape

The shape of islands strongly depends on the growth condition. Based on the

compactness of islands, the island shape is divided into two types of shapes: ram-

i�ed and compact shapes [134]. The rami�ed islands show rough island edges, i.e.

snow-�ake, fractal-like, while the compact islands exhibits relatively straight and

equiaxial island edges, i.e. square, triangle or hexagonal shape.

Figure 2.8: STM images of Pt islands on Pt(111) surface at dif-
ferent temperatures with di�erent deposition rates (taken from [1]
with permission from author): a) 200 K, 0.15 ML. b) 400 K, 0.15
ML. c) 700 K, 0.08 ML. The scale of all images is 156 nm x 156
nm.

To illustrate the temperature dependent shape of the islands, I will discuss the

homoepitaxial growth of Pt on Pt(111) (Fig. 2.8) [142]. First of all, we can see the

island shape totally changes from 200 K to 700 K (Figs. 2.8a - c). At 200 K, the Pt

islands form rami�ed shapes with arms at a width of about four atoms (Fig. 2.8a).

The islands show clearly trigonal symmetry. These rami�ed islands are consistent

with the simulations of di�usion limited aggregation (DLA). In this growth mode,

Pt atoms deposited one-by-one far from the island di�use over the surface until

they attach to the island boundary at their impact site [79, 113]. Nevertheless,
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the Pt islands exhibit preferential directions of branch growth in the [1̄1̄2], [1̄21̄]

and [21̄1̄] directions. The preferential growth directions with respect to the surface

symmetry are so-called dendrites. They indicate that there is some mobility of the

atoms along the island's boundary.

At 400 K, the islands form triangle shapes resulting from atoms easily crossing the

island corners during di�usion along the island boundary (Fig. 2.8b). They have the

same three preferential directions. The change from fractal-like to compact islands

occurs with increasing temperature. Note that the competition between steps of

di�erent orientations in accommodating arriving atoms leads to the compact island

shape. The facets that are most prominent in the equilibrium shape are kinetically

preferred and suppress other facets and step orientation [1].

At 700 K, we observe hexagonal islands with threefold symmetry and visible A

and B steps (Fig. 2.8c). Based on the distances of the borders from the crystal

center, the free energy ratio of B and A steps is determined to be (0.87±0.02) [142].

In the next section, I will discuss the responsible atomistic processes for the

change in shape of the islands.
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2.6.2 Atomistic processes

In the last section, I already illustrated the in�uence of the temperature on the

geometry of the islands. At low temperature, the islands have rami�ed shapes,

while they are compact at higher temperature. In this section, I will show the

discussion of the atomistic process causing in the geometric change of the islands.

Figure 2.9: Schematic illustration of in-layer atomic processes
on a fcc(111) surface (taken from [1] with permission from author
): 1 adatom di�usion, 2 attachment of adatom to step edge, 3a,
3b di�usion of adatom at a coner of island, 4 di�usion of adatom
along step edge, 5 dimer separation, 6 detachment of adatom at
corner, 7 di�usion of step adatom to position at a corner, 8 step
adatom generation, 9 detachment of adatom from step, 10 trimer
dissociation, 11 di�usion of kink atom to corner site, 12 kink de-
tachment, 13 corner break-up, 14 surface vacancy di�usion, 15
dimer di�usion. Inset: Diagram of potential energy for a di�usion
process between nn-sites. Ea: activation energy, Eif : the di�erent
energy between initial state i and the �nal state f, Ekb: the kinetic
barrier.

We start by assuming that the in�uence of the island shape on temperature

results from the di�usion processes of the atoms at the island edges [1]. Then, the

dependence of the activation energies for di�erent processes on the temperature

can be described by the Arrhenius law [80].

ν = ν0exp
−Ea/kBT (2.24)
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where the pre-exponential factor ν0 is the attempt frequency, kB is the Boltz-

mann's constant. The onset temperature for a process with activation energy Ea

is given by [1]

TONSET = 400(K/eV )× Ea (2.25)

The possible kinetic processes of the atoms at the island edges is illustrated in

Fig. 2.9. These processes can also be described by a simple nearest neighbor model

(nn-model) for the activation energies. According to this model, the activation

energy Ea of a certain process consists of two parts: the energy di�erence Eif

between the initial state i and the �nal state f, and the kinetic barrier Ekb as

shown in the inset of Fig. 2.9.

We assume that the kinetic barrier and the energy di�erence correspond to the

state of minimal nn-coordination and to the di�erence in nn-coordination of initial

and �nal states, respectively. Based on this assumption we obtain

Ea = nfEk−nm + (ni − nf )Enm if ni ≥ nf (2.26)

Ea = niEk−nm if ni ≤ nf (2.27)

where Ek−nm is the energy per coordination in the kinetic barrier, Enm is the

nn-bond strength and ni and nf are the numbers of initial and �nal state nearest

neighbors, respectively. The activation energies determined by this model are con-

sistent with existing experimental results, as well as calculations by DFT in the

local density approximation and by e�ective medium theory (EMT) [1].

Having considered the activation energies based on the nn-model and DFT-

calculations, we show that at low temperatures step edge di�usion is inhibited,

leading to branched shapes. At higher temperatures, the atoms can fully di�use

along to the step edges of the islands. These mobilities of the atoms lead to the

changes in shape of the islands. In the next sections, I will clarify the method to a

quantitative determination of the island shape.
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2.7 Theory of island shape �uctuation

The equilibrium shape of islands on the surface at a given temperature can

be assumed as a long-time average of non-equilibrium shapes. The island shape

�uctuation is caused by attachment or detachment of atoms at the island boundary

or by di�usion of atoms along the island edge. According to the theory of Khare

and Einstein [29, 30], the mean step formation energy β can be determined from

the island shape �uctuations. The theory has been applied by various experiments

[42,44�46,46,47,123,124]. It was described in detail by Giesen et al. [40] as follows:

Figure 2.10: Schematic representation of a vacancy island shape
�uctuations. CM is center of mass of the vacancy island. Dashed
line shows the shape of the vacancy island at time t (green). Solid
line represents the time averaged shape (black). ~R(θ) is the angle
radius vector of the time averaged island shape (black), and ~r(θ) is
the angle dependent radius vector of the island shape at time t.

The perimeter of an island at time t is described by the angle dependent radius

vector r(θ,t). The equilibrium island shape R(θ), assumed as the lowest energy

con�guration, is determined by the normalized time average of radius vector r(θ,t)

(Fig. 2.10).

The dimensionless boundary variation g(θ,t) for the vacancy cluster is de�ned in

polar coordinates as:

g(θ, t) =
r(θ, t)−R(θ)

R(θ)
(2.28)

The boundary variation can be expanded in a Fourier series:
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g(θ, t) =
∑
n

gn(t)exp(inθ) (2.29)

where gn(t) = g∗−n(t) are the Fourier coe�cients, called capillary modes in this

theory.

The island shape �uctuation function is de�ned as the angle average of g(θ,t):

G(t) =
R̄2

2π

2π∫
0

g2(θ, t)d(θ) (2.30)

where R̄ is the radius mean value of R(θ).

Replacing Eq.(2.29) to Eq. (2.30) we obtain

G(t) = R̄2
∑
n

|gn(t)|2 (2.31)

In order to determine the Fourier coe�cients we determine F (t), the time depen-

dent total free energy. F(t) of the island perimeter relates to the step free energy

β along the island perimeter s through equation:

F (t) =

∮
r(θ,t)

βds =

2π∫
0

β(θ)

√
r2(θ, t) + (

∂r(θ, t)

∂θ
)2dθ (2.32)

For a given island, the equilibrium shape corresponds to the minimum step free

energy F0. Therefore, the deviation of total energy relates to the island shape

�uctuation. On the other hand, the change of g(θ, t) results in an increasing of

the step free energy 〈∆F 〉t. By replacing Eq.(2.28) r(θ, t) = (g(θ, t) + 1)R(θ) to

Eq.(2.32), and rewriting the deviation of total energy by Fourier coe�cients [44],

we obtain:

〈∆F 〉t = 〈F − F0〉t = 〈F 〉t − F0 = πβ̄r
∑
|n|>1

(n2 − α)〈|gn(t)|2〉 (2.33)

where F0 =
∮
r

βds is the total free energy from the equilibrium shape.
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The terms n = ±1 are neglected from the sum since they correspond to �uctua-

tions of the mean position of the island. Eq. (2.33) indicates the relation between

the free energy �uctuation with the mean step free energy β̄, described as:

β̄ =
1

2π

2π∫
0

B(θ)d(θ) (2.34)

where

B(θ) =
β(θ)

R̄

R4(θ)

[R2(θ) + (
∂R(θ)

∂θ
)2]3/2

(2.35)

The term α in Eq.(2.33) is de�ned by the following equation [44]:

α =
1

2π

2π∫
0

β(θ)

√
R2(θ) + (

∂R(θ)

∂θ
)2

β̄R̄
dθ (2.36)

α describes the deviation of the island shape from a circle.

Thus, the Eq. 2.33 can be rewritten:

〈|gn(t)|2〉 =
〈∆F 〉t

πβ̄r
∑
|n|>1

(n2 − α)
(2.37)

In the classical continuum limit, each of the capillary modes gn(t) in Eq.(2.37)

contributes kBT/2 to free energy [132], thus the capillary modes in equilibrium can

be represented as:

〈|gn(t)|2〉 =
kBT

2πβ̄R̄(n2 − α)
(2.38)

By inserting Eq.(2.38) to Eq.(2.31), the time averaged �uctuation function can

be rewritten as:
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〈G(t)〉t =
kBR̄T

2πβ̄

∑
|n|>1

1

(n2 − α)
(2.39)

The sum in Eq.(2.39) is:

∑
|n|>1

1

(n2 − α)
=
−Ψ(2−

√
α) + Ψ(2 +

√
α)√

α
(2.40)

where Ψ(x) is the derivative of the logarithm of Gamma-function.

Ψ(x) =
∂(ln[Γ(x)])

∂x
(2.41)

Finally, the Eq.(2.39) can be applied for both anisotropy and isotropy cases of

island shape �uctuations.
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2.8 Procedure of sample cleaning in ultra high vac-

uum

The investigation of crystal surfaces has an essential requirement that it is free of

contamination and to maintain the cleanliness of a surface for a su�cient amount

of time of measurement. There are two common methods for cleaning a surface,

and they are high temperature heating (annealing) and ion bombardment cleaning

(sputtering). In this section, these two methods will be clari�ed in order to �gure

out the advantages of these methods.

2.8.1 High temperature heating

The high temperature heating (annealing) was �rst proposed by Langmuir and

Villars in 1931 in their investigation on tungsten [81] and advanced by Robert in

1935 in his study of accommodation coe�cients [82]. This method implies that

crystal surfaces can be cleaned in-situ by heating by either passing electrical cur-

rent through the sample, or using electron bombardment, or by laser annealing.

Note that this method is only applicable to surface impurities, in which the contam-

ination can be desorbed away from the surface at temperatures below the melting

point of the substrate material.

Nevertheless, this method has also some disadvantages which has been realized

since 1950s. The annealing results in the di�usion of impurities into the bulk, for

example oxygen can di�use into the bulk of silicon when the silicon substrate is

heated up to 10000C and oxygen can even a�ect to the semiconducting properties

of the silicon [83,84].

In conclusion, apart from the limitation of the clean areas production, the high

temperature heating method reveals an easy way to generate a pristine surface [86].

2.8.2 Ion bombardment cleaning

The contamination on the surface can be sputtered o� by bombardment of the

surface by noble gases (usually used Ar+, Ne+ and Xe+ ions) which was pioneered

by Wehner [87]. The noble gases are ionized by the electrons emitted from the

cathode of the ion gun. Then, the ionized gases are accelerated with the desired

energy (typically, 0.5-5 keV) and bombard towards the sample.
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Ion bombardment has been consider as an e�ective cleaning method [134]. The

impact site of ion bombardment leads to the degradation of the surface structure.

Thus, the annealing method can be applied in order to restructure the surface

crystallography and to remove the remains of Ar atoms on the surface. This com-

bination method of sputtering and annealing was �rst developed by Farnsworth et

al. [88]. The surface is free of roughening and defect after the cleaning procedure

of sputtering and annealing [86]. In experiment, several cycles of sputtering and

annealing are performed to prepare a well-ordered atomically pristine surface.

In conclusion, the sample cleaning procedure based on the repeated cycles of

sputtering and annealing is widely used to prepare a pristine surface. This com-

bination method can be applied to a variety of polycrystal and single crystal ma-

terials. Nevertheless, the cleaning parameters for a certain surface material has to

be carefully chosen in order to produce the desired cleanliness of the surfaces. The

parameters for the samples in this thesis will be shown in next sections.



33

Chapter 3

Experimental setup

The aim of this chapter is to describe the scanning tunneling microscope (STM)

which has been used for the studies in this thesis. Besides that molecular beam

epitaxy will be introduced in order to explain the deposition process. In addition

the calibration processes of the piezos, and the temperature will be presented.

3.1 THE STM 150 AARHUS

The measurements were performed by means of the STM 150 Aarhus, which is

a commercial STM of the SPECS manufacturer. This STM that has a weight of

approximate 3 kg is designed with a variable temperature scanner [89]. In combina-

tion with a low noise liquid nitrogen (LN2) cooling device, the STM measurement is

expected to be performed with no in�uence of thermally-induced noise. Therefore,

this apparatus gives the chance to investigate the morphological structure, as well

as physical and chemical processes on sample surfaces at the nanometer scale at

various temperatures.

The details of the STM 150 Aarhus are shown in Fig. 3.1. The scanner-unit

including the tip and the scanner tube is �xed in the middle of the cubic metal

block covered by the copper pieces, a so called scanner-platform (Fig. 3.1b). This

scanner-platform is connected through copper braids to the LN2 �ow cryostat to

cool it to the measurement temperature. The metal block can be hanged freely by

the springs by releasing the piston connected to the �ange.

Symmetry in the mechanical design as well as highly de�ned heated �ows in the

physical arrangement of the STM Aarhus 150 systems allows variable temperature

measurements with high thermal and mechanical stability.

The tip that is attached on the tip holder is well-�xed by the clamp on the

scanner tube as shown in the Fig. 3.1c. The etched tip is mounted to the tip plate
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Figure 3.1: The depiction of the STM Aarhus 150: a) Schematic
diagram of STM Aahus 150 [taken from SPECs GbmH [89]]. b)
The front view of the STM. c) The top view of the STM. The tip
is indicated by the arrow.

(Fig. 3.2). There are two short extra wires with a length of roughly 2 mm that

are spot-welded on the tip plate in order to decrease the instability of the tip (Fig.

3.2b). Furthermore, this STM is designed with in-situ tip preparation which is
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Figure 3.2: Schematic illustration of the etched tip before �xing
on the scanner tube (adapted from SPECs GbmH [89]): a) Side
view. b) Front view

achieved by ion sputtering. By using a protection shield the tip is isolated within

the scanner and is bombarded with an ion beam. As a result, the tip is not only

cleaned but also sharpened so that it can be used for several months.

The illustration of the STM core including the scanner tube and the approach

motor of the STM Aarhus 150 is shown in Fig. 3.3. The STM consists of a single

tube scanner for three-dimensional motion during scanning and of an inchworm

motor for coarse approach. All these individual parts which build up the STM are

described and named in Fig. 3.3. With such design the microscope can operate with

fast scanning speed (from 3 to 4 images/min) for all measurements described in

this thesis in a range of temperature from 90 K to 400K. The stage for plate-shaped

holder connected to the piston of the STM can be cooled down to liquid nitrogen

temperature (LN2) temperature by a �ow cryostat. It normally takes around 2

hours to cool the STM down to the LN2 temperature from room temperature. In

addition the STM has approached speed less than 1mm/ minute, and with a scan

range of 1500 nm x 1500 nm.
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Figure 3.3: Schematic illustration of the STM core including the
scanner tube and the approach motor of the the STM Aahus 150
[taken from SPECs GbmH [89]]

3.2 The Ultra High Vacuum (UHV) chamber

Figure 3.4: The Ultra High Vacuum (UHV) chamber

The STM is put into a Ultra High Vacuum (UHV) chamber as indicated in the

Fig. 3.4. The UHV chamber consists of load lock chamber coloured in green using

for transferring the sample from outside into chamber.

The main chamber in red is used for sample preparation and for measurement.

This is the main part of UHV chamber with a pressure in the 10−10 mbar range

during scanning. We can see the main parts mounted on the UHV chambers in Fig.
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3.5b. They are ion sources (so-called sputter guns), sample storage with heating

and sputter stage, the pressure gauge. Fig. 3.5b shows the sputter guns (A), the

heating stage (so-called e-beam) (C), and the sample storage (B) inside the main

chamber. There are two sputter guns: one for tip sputtering and the another one

for sample sputtering. There are at maximum 5 samples, which can be stored

in the sample storage. The e-beam is used for annealing samples. The sample is

heated up by an electron beam produced by a W-�lament. The temperature during

annealing can be measured by a thermocouple type K (NiCr and NiAl) mounted

directly on the sample holder of the electron beam.

Figure 3.5: Illustration of the main parts inside the UHV cham-
ber: a) Sketch of the main parts [taken from SPECs GbmH [89]].
b) The sample storage, the electron beam and the ion sputter gun
in reality. (A) ion sputter guns. (B) sample storage. (C) E-beam

The chamber in yellow, so-called molecular deposition chamber, is used for de-

positing all metals, and molecules such as: Au, Ag, Cu, Co, D2O, HCl, organic

molecules, etc. The pressure during deposition is typically in a range of 10−6 mbar

to 10−9 mbar, whereby the base pressure is in the lower 10−9 mbar.

Brie�y, this section has been described the STM Aarhus 150 and clari�ed the

operation of this apparatus. Beside that, we show the UHV chamber with its

description. In the next section, the molecular beam epitaxy and the deposition

process will be described.



38 Chapter 3. Experimental setup

3.3 MOLECULAR BEAM EPITAXY (MBE)

3.3.1 Theoretical principle and set up design

Molecular Beam Epitaxy (MBE) is well-known as widely-used technique to grow

a crystalline thin �lm in Ultra High Vacuum (UHV) for producing high quality

epitaxial structures with monolayer (ML) control [90]. Since its invention in late

1960s by Arthur and Alfred [91], it has been considered as a powerful technique

for the production of new materials. This technique has been applied not only in

scienti�c studies but also in industrial productions [92, 93].

The principle of the MBE is rather simple: an evaporation material can be evap-

orated using ohmic heating of a �lament or a crucible. The evaporated materials

then migrate in the UHV chamber. They are expected to adsorb on a substrate

surface on which they can di�use or be incorporated in order to grow a thin �lm.

Though the working principle seems to be quite simple, MBE has to ful�ll strict

requirements for example material purity, uniformity, and interface control [94].

The MBE device used for our studies is �xed inside the molecular deposition

chamber and is shown Fig. 3.6. It consists of quartz crystal microbalance (QCM)

(A) and the evaporation material mounted in between the �lament coil inside a

ceramic pipe (B). The Quartz Crystal Microbalance relies on the piezoelectric ef-

fect. It is generally used for controlling and determining the thickness of deposited

material by monitoring deposition rate.

The quartz crystals are cut in the AT form as illustrated in Fig. 3.7. This

form is commonly used for QCM applications and is created by cutting the quartz

crystal that makes the angle of approximately 350 with respect to the optical axis

(Fig. 3.7a). With such design, it stabilizes the frequency with no temperature

�uctuation at room temperature [96]. On the upper and lower sides of the quartz

crystal, there are electrodes so-called thickness shear modes, made of some typical

metals, for instant Au, Pt, etc (Fig. 3.7b).

The electrodes are connected to the oscillators and then to the frequency counter

as can be seen in Fig. 3.8. There are two quartz crystals, one is used for measuring

the deposition rate and the another one for compensating the change in resonance

frequency due to temperature variation. The frequency di�erence is displayed at

the frequency counter. After the evaporation �ux has been established, the shutter

with the quartz crystal is rotated aside for deposition on the sample.
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Figure 3.6: Molecular Beam Epitaxy: (A) quartz crystal mi-
crobalance (QCM). (B) �lament coil inside ceramic pipes

The principle of a quartz crystal microbalance can be shortly described as fol-

lowing: a voltage is applied on the quartz crystals resulting in an oscillation of the

quartz crystal at its resonance frequency through the thickness shear modes (TSM).

Any mass loaded on the crystals causes frequency changes. Based on determining

the change in resonant frequency, one can obtain the deposition rate.

In order to determine quantitatively the mass loading on sample, one can use the

Sauerbrey equation [97]. That equation points out the linear relationship between

the variation in resonant frequency ∆f of the piezoelectric crystal and the loaded

mass ∆mload on that.

∆f = −f∆mload

d · ρq
= −Cf · ∆mload, (3.1)

where f is the resonance frequency, d is the coated layer thickness and ρq is the

density of quartz.
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Figure 3.7: Illustration of quartz crystal: a) Sketch of an AT
quartz crystal (reprinted with permission from Ref. [95]). b) A real
quartz crystal used in experiments.

The Sauerbrey equation is, however, based on the following assumptions:

• The change of frequency is small.

• The deposited material must be rigid and thin so that it does not su�er any

shear force during oscillation.

• The mass deposited on the crystal should be less than the mass of the crystal

itself.

According to [103], at near resonance, the electrical properties of the QCM are

a�ected by mechanical interactions due to the relation between mechanical replace-

ment and electrical potential in the piezoelectric quartz. In order to estimate the

QCM electrical characteristics, the electrical admittance is de�ned by the ratio

of current �ow to applied voltage. With such concept, the information of energy

stored and the power dissipated in both the QCM and the perturbing media is

obtained. Therefore, an equivalent circuit model is applied to describe electrical

behavior of the QCM.
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Figure 3.8: Sketch of the connections from the evaporator to the
frequency counter electronic.

Figure 3.9: Butterworth van Dyke equivalent circuit for the un-
perturbed QCM: C0: parasitic capacitance, R1: resistor, L1: in-
ductor, C1: capacitor

The Butterworth van Dyke (BDV) typical equivalent circuit model is used to

gain electrical behavior of the QCM. The circuit model consist of two branches as

shown in Fig. 3.9. The main branch includes R1, which represents the dissipation

of the oscillation energy, C1 which represents the stored energy related to elasticity

of the quartz and the surrounding medium, and L1 which represents the inertial
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component of oscillation related to the mass replaced during vibration. The second

branch consist of a parasitic capacitance C0. The main function of BDV equivalent

can be described as following: "the parasitic capacitance dominates the admittance

away from resonance, while the main branch dominates near resonance" [103].

In brief, based on the essential equipments mentioned above, we constructed a

device for determining and quantitatively characterizing the evaporation material.

The method for determining the deposition rate will be described in detail in the

following section.
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3.3.2 Determination of deposition rate

Determination of the loaded mass on QCM

In order to determine precisely the loaded mass on the QCM, two cases are

considered:

1. If
∆f

f
< 0.02, the Sauerbrey equation can be written as [99, 100]:

Cf =
2nf0

2

√
ρqµq

, (3.2)

Using

∆mload = −
A · √ρqµq

2f0
2 ∆f (3.3)

where

n : number of harmonics at which the crystal is driven

f0: Resonant frequency (Hz)

∆f : Deviation of frequency (Hz)

∆mload: mass change per unit area (gcm
−2)

A : active crystal area (cm2)

ρq: density of quartz (gcm−3)

µq: Shear modulus of quartz

2. If
∆f

f
> 0.02, the Z - match method [101] is applied:

∆mload =
Nq · ρq
πZfL

tan−1[Ztan[π
∆f

fU
]] (3.4)

where

Nq : Frequency constant for AT -quartz crystal

fU : frequency of unload crystal (Hz)

fL: frequency of loaded crystal (Hz)

µf : shear modulus of �lm material

ρf : density of �lm material (gcm−3 )

Z: Z- factor of �lm material Z =

√
ρqµq
ρfµf

According to [99], the Z - method can be applied with a change in frequency

up to 40%.
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Determination of the �lm thickness

The �lm thickness is obtained based on the change in mass, as derived in the

previous chapter through the equation:

df =
∆mload

ρf
(3.5)

where,

∆mload: mass change per unit area (g.cm
−2)

ρf : density of �lm material (g.cm−3 )

df : �lm thickness (cm)

Eq. (3.5) is used to determine the �lm thickness of the material evaporated for

the measurements. The resonant frequency of the quartz crystal microbalance was

chosen at 10 MHz, and ∆f was adjusted to ≈ 10 Hz per minute. Hence
∆f

f
<

0.02, so we can apply Eq. (3.3) for determining ∆mload.

The piezoelectrically active crystal area for the quartz crystal used has a value

of ≈ 0.18 cm2. The density of quartz ρq is 2.643 gcm
−3, and the shear modulus of

the quartz crystal has a value of 2.947 gcm−1s−2. The density of Co is 8.9 gcm−3.

Combining all parameters gives a change in mass ∆mload of ≈ (7 ± 2 )·10−9g /min.
From this, the deposition rate on the QCM is determined to be (3.0±0.6) ML/min

in which one monolayer (ML) is de�ned as one atom per surface atom. Because

the distance from the MBE to the sample is approximately 45 cm, the deposition

rate on the sample surface is only (3.5± 0.5) · 10−2 ML/min.
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3.4 Calibration Processes

In this chapter, my purpose is to show the calibration of the scanner tube in x-, y-

and z- directions. The deviation of these calibration factors are due to the changed

location of the STM and UHV chamber. The Ag(100) sample was measured at

room temperature for the calibration process. Beside that, the calibration for the

cooling procedure and for the electron beam will be discussed in this chapter.

3.4.1 Determination of the calibration factors

Determination of the z-direction calibration factor

Figure 3.10: Clean Ag(100) surface at room temperature: a)
Region of surface with several terraces (Vt = -860 mV, It = 0.4
nA, RT). b) Line pro�le along the line across step edges as shown
in Fig. 3.10a.

Fig. 3.10 reveals that the step height of Ag (100) has a value of
1.037

5
= 0.207

nm. The step height based on theory has a value of
a√
2

= 0.204 nm [102]. The

z-factor is determined by dividing theoretical value and experimental value. Thus,

the value of the z-factor is determined to be 0.99.
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Figure 3.11: Clean Ag(100) surface at room temperature: a)
STM image of the Ag(100) surface at atomic resolution (Vt = -
860 mV, It = 0.4 nA, RT), ~a is unit vector. b) and c) Line pro�les
along the lines as shown in Fig. 3.11a.

Determination of the x- and y-calibration factors

To determine the calibration factors for x and y direction, I examine the atomic

resolution image of Ag(100) surface (Fig. 3.11a). Based on the line pro�les along

the lines as shown in Fig. 3.11a, the factor for distances between two neighboring

atoms (unit vector) in two dimensions are determined to be 1.06 and 0.95 (Figs.

3.11b and c). Then the projections of these distances on the x and y axes are 1

and 0.91, respectively.

In conclusion, we achieve the calibration factors for the three directions which

are summerized in the following table:

X Y Z

Calibration factors 1 0.91 0.99

Table 3.1: Calibration factors in x-, y- and z-directions

These factors will be applied for a quantitative analysis in the following sections.
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3.4.2 Cooling calibration

VTC 20 Temperature Controller

Figure 3.12: The VTC 20 temperature controller.

The temperatures close to the scanner tube and on top of the sample stage close

to the sample inside the STM 150 are displayed on the so-called VTC temperature

controller from SPECS company (Fig. 3.12). This controller can be used to heat

the metal block including the sample by applying a current up to 100 mA at a

voltage of 70 V through each diode. The STM body can be heated with an isolated

diode with a current of up to 40 mA at 70 V. Therefore, it is possible to heat the

sample to the desired temperature while the STM body is not heated. The heat

�ow at low temperature operation is shown in Fig. 3.13a and at high temperature

operation is indicated in Fig. 3.13b. For the measurements performed in this thesis,

the temperature for the STM body was kept at room temperature during cooling

and measuring to assure the functionality of the approach motor and of the scanner

tube.

By using the temperature controller, a set point voltage can be chosen and auto-

matically controlled. Thereby, the displayed voltage in millivolts (mV) corresponds

to a speci�c temperature in Kelvin (K). Thus, it is essential to have a function for
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Figure 3.13: Schematic diagram of heat �ow at di�erent tem-
perature: a) at low temperature. b) at high temperature. Blue
arrow indicates the cooling �ow. Red arrow indicates the heat �ow
(taken from SPECS [89]).

converting the temperature unit from millivolt (mV) to Kelvin in order to evaluate

the temperature more conveniently. The function is:

T = 272.69+0.10264V −6.47× 10−6V 2 +4.10× 10−9V 3−3.80× 10−12V 4 (3.6)

where the temperature T is in Kelvin (K) and the voltage V in Millivolt (mV).

In conclusion, the Eq. (3.6) allows us to determine the exact temperature close

to both, the scanner tube and the sample, measured on top of the sample stage

inside the STM 150. Moreover, by means of the VTC 20 temperature controller,

one can not only read the precise voltage corresponding to a speci�c temperature

close to the scanner and close to the sample also can heat up to the desired tem-

perature.
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Temperature calibration for evaporation procedure

Figure 3.14: Sample is transfered into STM. (A): transfer rod

As indicated in the previous section, the sample only can cool down to low

temperature when it is in the STM head. Due to this design, there is a bad contact

during cooling down, and thus there is always a di�erence up to ≈ 10 K between

the sample temperature and the temperature measured close to the sample, and

displayed at the temperature controller display. For the deposition process, the

cooled sample has to be taken out of the STM head by using the transfer rod

(Fig. 3.14). Due to the fact that the transfer rod can not be cooled down, the

sample temperature increases when the cooled sample is moved out of the STM

and is held by the transfer rod. For that reason, it is also extremely essential to

determine the increasing temperature of the cooled sample when it is withdrawn

from the STM head. The following calibration analysis will allow us to �nd out

the exact temperature for the deposition process.

For such a calibration process, a Pt 1000 sensor thermometer was mounted un-

derneath a dummy sample made of Cu. The results shown in Fig. 3.15 show that

the minimum temperature for cooling is (106± 3) K. After reaching the minimum

temperature, the sample was picked up out of the STM head by the transfer rod

leading to an increase of the sample temperature. The temperature of the cooled

sample increases by (10.1 ± 0.7) K/min while it is held on the transfer rod (Fig.

3.15). This signi�cant increase results from the construction of the STM itself. It
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Figure 3.15: Plot to determine the exact temperature by calibra-
tion procedure

contributes to a systematic error for all the measurements which were performed

in this thesis.

In conclusion, the exact temperature for the deposition process was determined

by a calibration procedure. In the next section, I will show the calibration for the

electron beam heating device used for annealing.



3.4. Calibration Processes 51

3.4.3 Electron beam heating device calibration

In this section, I will describe in more detail the electron beam heating device

(e-beam) using for annealing the sample. Moreover, I will show the calibration

analysis to clarify the exact temperature during annealing of the sample.

Figure 3.16: Illustration of the electron beam heating device:
a) The device in reality. A: �lament, B: thermocouple wires. b)
Sketch of the electron beam design.

I start by discussing the e-beam and the front view illustration of the e-beam

with the �lament (A) and the thermocouple type K (B) (Fig. 3.16). The type

K thermocouple consists of two di�erent alloys that are Nickel-Chromium/Nickel-

Alumel [104]. The principle of the thermocouple is that it produces a small voltage

in proportion to the temperature which can then be converted into a digital signal

and can be displayed in a display device [105]. Due to the fact that there is

no thermocouple attached to the sample, it is not possible to measure the exact

temperature of the sample during annealing. The reading temperature, observed

from the temperature reading controller, thus shows the temperature of the e-

beam, not the real annealing temperature of the sample. Therefore, in order to

determine the exact annealing temperature of the sample, the following calibration

was performed.

For the calibration process, a Pt 1000 sensor was mounted underneath a dummy

sample made of Cu. Then, we apply a current on the �lament of the e-beam. The

temperature of the dummy sample and the emission current are measured at the

same time. The relation of the dummy temperature on the emission current is

plotted as shown in Fig. 3.17.



52 Chapter 3. Experimental setup

Figure 3.17: Plot to determine the dependence of the sample
temperature on the emission current of the sample.

The temperature di�erence between the dummy sample and the electron beam

reading is shown in Fig. 3.17. It reveals that the higher the temperature is, the

bigger the temperature di�erence between the dummy sample and the electron

beam reading is. The dependence of the annealing temperature (T) in oC on the

emission current (Iem) in mA can be expressed by the equation:

T ≈ 90 + 200(1/mA−3) · I
1
3
em (0C) (3.7)

In conclusion, by using Eq. (3.7), we can determine the precise temperature of

the sample during the annealing process.
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3.5 Analysis method

3.5.1 Image processing

In order to characterize the investigated structures, three main image processing

softwares were used. These are STM Image Analysis from SPECS GmbH, SPIPTM

(Image Metrology) and WSxM [106]. All the characteristic values, such as height,

area, and coverage determined by these softwares were approximately the same

using the di�erent softwares.

3.5.2 Determination of island shape

This section will introduce the analysis method to determine the shape of islands,

i.e. adsorbed nano particles. In order to quantitatively analyse the shape transition

of these structures of interest, we base the analysis on two parameters: convexity

and fractal dimension. These parameters will be described in the following.

Determination of the convexity

The convexity is de�ned as the ratio of the convex polygons perimeter and the

perimeter of the island shape itself. Fig. 6.1 illustrates the island perimeter as a

black line and convex polygons perimeter as a green line.

The convexity C is determined by the equation based on the above mentioned

de�nition:

C =
CV
P

(3.8)

where CV corresponds to the convex perimeter, and P corresponds to the island

perimeter.

Eq.( 3.8) reveals that for C tend to 1 when the convex polygons perimeter is

similar to the island perimeter. Thus, a more compact island shape leads to the

convexity C approaching to 1.

Determination of fractal dimension based on the box-counting method

The shape of islands strongly depends on the growth conditions in metal-on-metal

epitaxial systems [134]. Rami�ed islands can be divided into fractal and dendritic
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Figure 3.18: Illustration of convexity determination. The black
line indicates the island perimeter. The green line indicates the
convex polygons perimeter.

islands. Fractal island shape refers to islands showing no preferred direction of their

branches, while dendritic shape to islands showing preferred directions respecting

the surface symmetry. Moreover, fractal can be described in terms of a Hausdor�-

Besicovitch dimension [109]. This factor called fractal dimension in growth stacks

is used to compare the shape of island growth on surfaces.

The determination of the fractal dimension based on the box-counting method

is very common for describing not only various shapes in nature [109,110], but also

in ecology and other system patterns [111, 112]. In this method, grids of boxes

with di�erent box length ε are superimposed over the object of interest and the

number of boxes covered by this object Nε is counted. The deviation of the fractal

dimension (D) is described in the following equation [109]:

D = lim
ε→∞

logNε

log(1/ε)
(3.9)

The fractal dimension of the island shape can be determined by applying this

equation and will be explained in detail in following:

• Cover the island shape with a grid of boxes and count the number of boxes

that touch any part of the island. Repeat for grids of smaller and smaller

boxes.

• Nε denotes the number of grid boxes of side length ε touching any part of the

island. Therefore, the dependence of the number of grid boxes on the side

length is represented as:

Nε = k((1/ε)D) (3.10)
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where k is a proportionality constant, and taking the log of both sides in

Eq.(3.10), we obtain:

logNε = D · log(1/ε) + log(k) (3.11)

In general, the more precise details of islands are deduced by reducing the

number of grid boxes, thus, Eq.(3.11) can be taken as the limit:

D = lim
ε→∞

logNε − log(k)

log(1/ε)
≈ lim

ε→∞

logNε

log(1/ε)
(3.12)

The fractal dimension D is determined by �nding the slope of the best-�tting line

formed by plotting logNε against log(1/ε). For a two-dimensional object pattern,

the fractal dimension varies from 1 (for a straight line) and 2 (for an ideal circle).

For island growth, the fractal dimension reveals a smallest value of 1.67 [113].
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Chapter 4

Upward mass transport and alloying

during the Co/Cu(111) growth

4.1 Cu(111) crystal

The Cu(111) surface has a hexagonal symmetry. The Cu crystal has a face

centered cubic (fcc) structure with a lattice constant of 0.361 nm [107, 108]. The

nearest neighbour distance of Cu(111) is a/
√

(2) ≈ 0.255 nm.

Figure 4.1: Unit cell of the Cu(111) surface. a is the Cu lattice
constant (adapted from [107] with permission from author)

4.1.1 Sample preparation

The commercial Cu(111) single crystal from Matek was exposed to sputtering

of 50 hours to remove the protecting layer on the top of the surface. This step is

essential to avoid contaminating the surface during �rst annealing. As shown in

section 2.7, the Cu(111) single crystal can be cleaned by repeated cycles of sputter-

ing and annealing. In this method, the single crystal was bombarded by an ionized
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Argon gas (after puri�cation) at a pressure of ≈ 3.10−5 mbar, and was subsequently

heated up to 823 K. The parameters used for cleaning are shown in Tab. 4.1.

Preparation method Parameter Temperature (K) Time (min)

Ar+bombardment pAr = 3 · 105 mbar

VAr = 1.3 kV 293 30

IAr = 10 µA

Annealing Iemission ≈ 13 mA 823 30

Ar+bombardment pAr = 3 · 105 mbar

VAr = 0.6 kV 293 15

IAr = 5.0 µA

Annealing Iemission ≈ 13 mA 823 30

Table 4.1: The parameters for cleaning the Cu(111) surface

Figure 4.2: Clean Cu(111) surface at room temperature: a)
large-scale image (Vt = -860 mV, It = 0.6 nA, RT). b) atomic reso-
lution (Vt = -175 mV, It = 1.4 nA, RT)

After the cleaning procedure, the surface exhibits large terraces separated by

bundles of smaller terraces (Fig. 4.2a), here the width of the largest terrace is

around 170 nm. The orientation of the close-packed rows is determined from images

with atomic resolution (Fig. 4.2b).

Sub-monolayer amounts of Co were evaporated by means of a home-built molec-

ular beam evaporator (MBE) onto the sample held by the transfer rod. The evap-

oration material with a purity of 99.99% was outgassed under UHV conditions till

the pressure stayed in the range of 10−10 mbar during evaporation. Co coverages

in a range between 0.03 ML and 0.04 ML (ML: monolayer) were obtained at a
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constant deposition rate of (3.5± 0.5).10−2 ML/min for all measurements. Co was

deposited at (117± 2) K, (144± 3) K and at room temperature. The surface was

transferred immediately to the STM after deposition.
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4.2 Results

4.2.1 Shape of Co islands on Cu (111) at di�erent tempera-

tures

Figure 4.3: Cu(111) surface before and after Co deposition:
(a,b): STM images of pristine surface before deposition. a) large-
scale image (Vt = -805 mV, It = 0.5 nA, RT). b) atomic resolution
(Vt = -175 mV, It = 1.4 nA, RT). c) to h) 0.04 ML Co on terraces
and at step edges deposited at (c,d) 120K (Vt = -860 mV, It = 0.5
nA), (e,f) 150K (Vt = 1160 mV, It = 0.07 nA), (g,h) room temper-
ature (Vt = -860 mV, It = 0.33 nA).

Before discussing the growth mode at di�erent temperatures in detail, we com-

pare the growth structures qualitatively at the same coverage (Fig. 4.3). After

the cleaning procedure, the surface exhibits large terraces separated by bundles of

smaller terraces (Fig. 4.3a), here the width of the largest terrace is around 170 nm.

The orientation of the close-packed rows is determined from images with atomic

resolution (Fig. 4.3b). At all temperatures, well-separated islands are formed on

the terraces (Figs. 4.3c, e, g), and grown at step edges (Figs. 4.3d, f, h). The Co

islands on the terraces are rami�ed at 120 K and at 150 K (Figs. 4.3c and 4.3d). At

150 K, the islands grow with prominent three branches separated by around 1200,

and some additional small branches attached to the thick branches (Fig. 4.3e). The

distinct angles are indicative of a dendritic growth mode [51,117,145,146]. At 300

K, the islands are compact (Fig. 4.3d).

In contrast to the growth on the terraces, the Co islands at step edges are compact

at all temperatures (Figs. 4.3d, f, h). At 120 K and 150 K, Co atoms grow at the
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upper and lower edges of the step, while at 300 K, growth of Co islands is only

at the upper edge. Note that at room temperature, we observe hexagonal vacancy

islands close to the step edge (Fig. 4.3h). Both, on terraces and at step edges the

islands are more compact than at the lower growth temperature. Compact islands

are much closer to the thermodynamic equilibrium shape of epitaxial islands than

the dendritic ones observed at 120 K and 150 K.

The island shapes thus depend on temperature and nucleation site. The geomet-

rical characterization of the Co islands will be discussed in the next sections for

each temperature and nucleation site separately.
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4.2.2 Growth of Co on Cu(111) at 120 K

As mentioned in the previous section, Co islands nucleate both homogeneously

on terraces and heterogeneously at step edges at 120 K. In order to quantify the

geometrical characteristics of these two types of islands, we examined, at a coverage

of 0.03 ML, Co islands grown at 120 K at both nucleation sites.

Density of Co islands on terraces at 120 K

Figure 4.4: Growth of Co islands at 120 K (Vt = -805 mV, It =
0.6 nA, 0.03 ML, 120 K): a) Region of surface with small terrace
widths, 〈d〉 = (25.0±2.7) nm, b) Region with one large terrace of
(121.0±0.5) nm, c) Relation between island density ρ and terrace
width W.

We start by discussing the growth of 0.03 ML Co at the lowest investigated

temperature (Fig. 4.4). At 120 K, Co islands nucleate exclusively at the step edges

of terraces with a mean terrace width of (25.0±2.7) nm (Fig. 4.4a). On larger

terraces, Co islands do not only grow at step edges but also on the terraces, e.g.

for a width of (121.0±0.5) nm (Fig. 4.4b). Indeed, the island density ρ depends on

the terrace width W with a sharp transition between around 27 nm and around 44

nm (Fig. 4.4c). This implies that Co atoms are able to di�use at least 13.5 nm at

the deposition temperature of 120 K. Note that the distance between the islands

at the step edges is considerably smaller than the one on the terraces indicating a

reduced mobility of Co atoms close to the step edges.

In the following, we will describe the geometry of islands grown at step edges

and on terraces, separately.
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Geometric structure of Co islands at step edges

It is known from the previous section that the majority of the Co islands are

grown at step edges at 120 K. This section will clarify the geometry of Co islands

at the step edge, including height and area distributions. Based on this information

the atomistic processes for this growth mechanism will be discussed.

Figure 4.5: Co island growth at step edges at 120 K: a) STM
image of 0.03 ML (Vt = -805 mV, It = 0.4 nA, 120 K). b) Line
pro�le along the line across step edge as shown in Fig. 4.5(a);
dashed line marks the measured height of the Co island at the up-
per edge of the step. c) Height distribution. d) Area distribution.
AM is median value. 〈A〉: is mean value.

First of all, the decoration of the steps by Co islands (Fig. 4.5a) is in good

agreement with other heteroepitaxial growth on Cu(111), such as Fe/Cu(111) and

Co/Cu(111) at room temperature [25,26,135]. It suggests that there are additional

di�usion barriers close to the upper edges of the Cu steps acting as a trap for Co

atoms (Fig. 4.6).
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Indeed, according to empiric interatomic potential calculations [27], Co atoms

attach to the step edges through two pathways, at the very early stages of growth.

In the �rst pathway, Co atoms from the upper terrace push one Cu atom perpen-

dicularly out of the step edge and replace it through an exchange process (path

E, Fig. 4.6a). In the second pathway, the Co atoms from the lower terrace attach

to the atomic rows parallel to the edge through a di�usion process (path D, Fig.

4.6a). These dynamic processes alter the di�usion barriers as shown in Fig. 4.6b.

The extra energies were determined to be 0.24 eV above the Co atom labeled "1"

and 0.10 eV above the Co atom labeled "2". These energies are signi�cantly higher

than the terrace di�usion barrier of 0.04 eV [27]. As a result, these positions are

nucleation centers of subsequently arriving Co atoms on the upper side of the step

edge. The reduced di�usion barrier also explains the higher nucleation density at

the step edge as compared to the one on the terrace.

Figure 4.6: Origin of an additional energy barrier at step edges
adapted scheme from Ref. [27] (with permission of author) illus-
trating: a) Sketch of mobile Co atoms reaching the step edge. The
brighter orange balls are Cu atoms on the upper terrace while the
less bright orange balls are on the lower terrace. The grey balls are
Co atoms. The solid arrows indicate the trajectory of the mobile
Co atom. The dashed arrow shows the trajectory of the mobile Cu
atom. E: Exchange process, D: Di�usion process. b) Energy pro�le
after the incorporation of Co atoms at step edges.

After having clari�ed the high nucleation density of Co islands on the upper step

edge, we now characterize these islands geometrically. The height of Co islands

on the step edges is obtained from line pro�les as shown in Fig. 4.5b along the

line indicated in Fig. 4.5a. The dashed line marks the measured height of the Co

island, revealing a height of ≈ 0.2 nm with respect to the upper terrace. Based

on the �rst maximum in the height distribution gained by measuring the height

of several islands (see Fig. 4.5c), we determine an average value of (0.20±0.02)
nm for the Co islands grown at step edges at 120 K. This height is identical to
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the height of (0.20± 0.01) nm measured at room temperature for monatomic layer

high Co islands on Cu(111) surface [25,26]. In addition, we note that the height of

Co islands is consistent with the height of 0.209 nm for Cu steps (Fig. 4.5b). The

majority of the islands is thus of monolayer height. There are very few islands with

a height of (0.38±0.02) nm with a percentage of about 4%. This low percentage

suggests that these higher islands result from statistical deposition of some atoms

on top of existing islands. We conclude that no upward mass transport takes place

at 120 K.

The area of the islands is determined by the region of an island that is higher

than its full width at half maximum (FWHM). The variation in lateral dimension

of the islands at step edges is shown in the area histogram (Fig. 4.5d). The area

varies in a range from around 1 nm2 to around 20 nm2. The mean value of the

island area 〈A〉 has a value of (7.2±3.9) nm2 and the median AM has a value of 6.9

nm2 (Fig. 4.5d). The area distribution shows the typical behaviour as described

in the theory of nucleation and growth by Venables with one maximum and two

asymmetric �anks [138].

We conclude that during growth at 120 K, the step edge is modi�ed such that Co

atoms are trapped in a one-dimensional well close to the upper step edge. In this

well, they nucleate according to classical nucleation theory as islands of monolayer

height.
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Geometric structure of Co islands on terraces

In this section, we investigate the same geometrical properties, height and area,

for the islands grown on terraces in order to reveal similarities and di�erences for

the homogeneously as compared to the heterogeneously nucleated islands at 120

K.

Figure 4.7: Growth of Co islands on terraces at 120 K: a) STM
image (Vt = -800 mV, It = 0.5 nA, 0.03 ML, 120 K). b) Line pro-
�les along the lines shown in Fig. 4.7a; the dashed line indicates
measured height of Co island. c) Height distribution. d) Area dis-
tribution. 〈A〉 is mean value, AM is median value.

Concerning the island shape, it is fractal on terraces, in contrast to the compact

island shape at the step edges. For the example in Fig. 4.7a, there are two main

branches and one minor one. The angle between the branches is 122◦. The average

width of the branches has a value of (1.38 ± 0.04) nm. The shape and fractal

dimension of these islands will be discussed in chapter 6.
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The height of these fractal islands is determined from line pro�les as shown for

two directions in Fig. 4.7b. As marked by the dashed line, the same height of

≈ 0.21 nm is found as for the islands at the step edges. As in the case of the

islands at the step edge, the Co islands grown on the terraces exhibit two di�erent

heights, at values of (0.21±0.02) nm and (0.40±0.01) nm (Fig. 4.7c). The former

value likewise matches with the height of monatomic layer high islands measured at

room temperature [25,26]. Also here, the percentage of bilayer high islands is very

small, only about 5%. This small percentage suggests that also here, the two-layer

high islands result from statistical deposition of Co in the second layer.

Having established the height of the structures, we now investigate the size of the

Co islands. The island area varies in a wider range from 1 nm2 to around 50 nm2

than the islands on the step edges and the whole distribution is widened. The mean

size of 〈A〉 = (15.9±8.4) nm2 is around twice the one at step edges (see Fig. 4.7d).

Nonetheless, the size distribution also follows the shape predicted by the theory of

Venables as described in the previous section with the mean approximately equal

to median at around AM = 13.8 nm2.

In conclusion, all parameters, range of size, mean and median are about twice as

large for islands on the terraces as on the step edges. This is consistent with the

reduced di�usivity of the Co atoms close to step edges as compared to the one on

terraces. Most importantly, the growth on both, terraces and step edges, at 120 K

shows a dominance of monatomic high islands. The upward mass transport of the

Co islands on terraces does not occur at 120 K.
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4.2.3 Growth of Co on Cu(111) at 150 K

This section's aim is to determine the energy barrier for upward mass transport,

an atomic mechanism explanation for this process and how this in�uences both the

growth of Co islands at step edges and on terraces at the higher growth temperature

of 150 K.

Determination of energy barrier for upward mass transport

Figure 4.8: Illustration of upward layer transport: Schematic
top-view of dendritic island before (a) and after (b) upward mass
transport. Yellow balls are Cu atoms, grey balls are Co atoms in
the �rst layer. Dark grey balls are Co atoms in the second layer.
Dashed circles in (b) indicate atoms that moved from the �rst to
the second layer.

It is surprising that the Co islands grown at 120 K are predominately of monatomic

layer height, while bilayer high islands were reported at room temperature [25,26].

The processes behind the transformation from monatomic to bilayer high islands

can be described as follows (Fig. 4.8): the deposited Co atoms di�use on the

Cu(111) terrace with the di�usion energy of 0.04 eV [12] and form a dendritic is-

land of monatomic height (Co in grey) (cf. Fig. 4.3c). Only if the temperature is

high enough, the atoms can ascend to the top of the existing island (Fig. 4.8b). This

material transport leads to a decreasing area of the �rst layer island and nucleation

of an island in the second layer. As this only happens at elevated temperature,

there must be an additional barrier for this process, which we aim to determine.

In order to �nd the temperature, at which the kinetic limitation, which limits

upward mass transport, is surmountable, we followed the transformation of mono-

layer high to bilayer high islands in the temperature range between 145 K and 165

K. At 165 K, an upward mass transport takes place on the time scale of a few
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minutes, thus, the Co islands transform to bilayer high islands (Fig. 4.9). At four

di�erent temperatures (146 K, 149 K, 160 K, and 165 K), we observed that the

monolayer high island transformed to bilayer high island within 56 s, 96 s, 40 s,

and 48 s, respectively.

Figure 4.9: Transformation from monatomic layer to bilayer high
island on terrace: a) 3D STM image of an island on false-color
scale. b) 3D STM image of same island after 2 min (Vt = -860
mV, It = 0.6 nA, 0.04 ML, 165K).

In order to determine the energy barrier for the upward mass transport from these

experimental observations, we use the theory of di�usion-limited ripening [41].

In this theory, the mass transport of atoms from or to an island is considered.

From the two processes involved, di�usion to the island and attachment to or

detachment from the island, the di�usion is considered to be the rate-limiting step.

This di�usion is characterized by gradients in the chemical potential (the adatom

density) and a steady variation of the chemical potential across the island edge.

Based on this theory, mass conservation relates the change of island area A to the

total �ux J of atoms from and to the island through:

dA

dt
= −J

n
(4.1)

where n is the atomic density in the surface layer. The total �ux J is obtained by

integrating the �ux j along the island edge. The �ux j of atoms per unit length

attaching or detaching from the island boundary is given by Fick's law:

j = −D∇ρ (4.2)

where D is the adatom di�usivity, and ρ is the adatom density of the atomic gas

on the surface as given by the Gibbs - Thomson relation.
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ρr = ρ∞e
γ

kBTnr̂ (4.3)

with γ the step energy, kB the Boltzmann constant, T the temperature, n the

atomic density in the surface layer, r̂ radius of curvature for a circular island,

ρ∞ = e
− ∆E
kBT the equilibrium adatom density in front of a straight step, and ∆E

the two-dimensional condensation energy, that is the energy needed to take an

atom out of an in�nite large island onto a terrace.

For the case of isotropic di�usion-limited decay in two dimensions, the shrinking

area A of islands is described as [41,128,129]:

dA

dt
≈ −Dn∞γ
A1/2ln(〈ACZ〉/〈A〉)

(4.4)

with D = D0exp(−βEd) the terrace di�usion coe�cient and Ed the activation

barrier for di�usion. The term n∞ = exp(−βEform) with β =
1

kBT
. Eform usually

denotes the formation energy corresponding to the energy cost to release an adatom

from a large 2D island to the adatom gas on the terrace. We here use this method to

unravel the energy barrier for the upward mass transport. Thus Eform corresponds

to the release of an adatom from the egde of the existing Co island to its top,

A the area of the island, and ACZ the "capture zone" area. The "capture zone"

(CZ) describes an area around an island where atoms deposited in these region

typically aggregate with the corresponding island. Note that (〈ACZ〉/〈A〉), the
ratio of average areas, can be replaced by the square of the ratio of the island

separation [see Ref. [137]].

Eq. (4.4) can be rewritten as:

dA

dt
≈ −D0γexp[−β(Ed + Eform)]

A1/2ln(〈ACZ〉/〈A〉)
= −νexp(−βEA) (4.5)

where Ed+Eform = EA corresponds to the activation energy for the detachment

process and ν =
D0γ

A1/2ln(〈ACZ〉/〈A〉)
corresponds to the temperature independent

pre-factor.

In order to determine the energy barrier for the upward mass transport, we now

plot the change in area of the monatomic layer island half-logarithmically versus

the inverse temperature.
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Figure 4.10: Arrhenius plot for transformation of monatomic
layer to bilayer high island. The red line is apparent linear �t
yielding EA ≈ (0.19 ± 0.04) eV and a pre-factor of ν ≈ (1.8 ±
0.5) ·1011/s. The green curved lines show the con�dent band of the
�tting process.

The points in the Arrhenius plot fall on a straight line yielding an activation

energy of EA = (0.19±0.04) eV (Fig. 4.10). Based on the theory discussed above,

the activation energy consists of the energy Eform for Co atoms moving upward

from the �rst to the second layer of the island and the energy barrier Ed for atoms

di�using on top of this monolayer island. The terrace di�usion energy on top of a

Co island on Cu(111) was determined to be 0.07 eV or 0.08 eV [12,26]. This yield

Eform = (0.11± 0.04) eV.

Figure 4.11: Schematic side-view of the processes for Co atoms
climbing up on top of the monatomic high island. Hopping process
in red (H), exchange process in blue (E). Solid arrows for upward
transport pathways. Dashed arrows for di�usion pathways.

Two possible processes for the motion of an atom to the top of an island were

discussed as illustrated by Fig. 4.11: hopping (H) and exchange (E). The energy
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barriers for the exchange process were calculated by the molecular static (MS)

method, revealing values of 0.66 eV at a B step and 0.91 eV at an A step [12].

These barrier energies are signi�cantly larger than the activation barrier of EA =

(0.19±0.04) eV determined above. Moreover, based on the theory of self-di�usion,

the energy for the hopping process is signi�cantly higher than for the exchange pro-

cess, because the atoms have to gain more energy to break the bonds for hopping

than for exchange [144]. We thus conclude that upward mass transport can not

occur by the hopping process at this investigated range of temperature. Neverthe-

less, the activation barrier determined by the STM measurements is considerably

lower than the theoretical results for the exchange process. Note that the the-

oretical results are calculated for an exchange at the straight step edges of an

equilibrium shaped island, while the experimental results are achieved by examin-

ing the dendritic islands with branches. This suggests that the di�erent barriers

result from a di�erence in step morphology. This assumption is supported by the

results of the growth of Pt on Pt(111), which showed that the kink positions have

a lower activation barrier than step positions [142, 143]. Therefore, we conclude

that the exchange process (Fig. 4.11) at the low temperature islands of irregular

shape mainly proceeds at kink positions with a much lower energy barrier than the

process at straight step edges allowing upward mass transport already at cryogenic

temperature.

In conclusion, the transformation of Co island from 2D to 3D was observed at ≈
150 K. The activation barrier for the upward mass transport is determined to be

(0.19±0.04) eV.



4.2. Results 73

Density of Co islands on terraces at 150 K

Figure 4.12: Growth of Co islands at ≈ 150 K: a) Region of sur-
face with small terraces, 〈d〉 = (20.1±7.2) nm (Vt = 860 mV, It =
0.5 nA, 146 K, 0.03 ML). b) Region of surface with a wide terrace,
d = (244±2) nm (Vt = -800 mV, It = 0.42 nA, 154 K, 0.04 ML).
c) Dependence of island density ρ on terrace width W.

As discussed in the previous section, the transformation from monatomic layer

to bilayer high islands results from upward mass transport that is observed on the

timescale of the experiment in the temperature range of 145 K to 165 K. We thus

expect that at around this temperature, more islands should exhibit bilayer height

than consistent with a random deposition of Co atoms on top of existing island.

Hence, we investigated the growth at around 150 K in detail at both, step edges

and on terraces.

No Co islands grow on terraces with a mean width of (20.1±7.2) nm (Fig. 4.12a),

but a high density of islands grow on a terrace with a width of (244±2) nm (Fig.

4.12b). The dependence between the island density ρ on the terrace width W re-

veals a sharp transition at between around 23 nm and around 45 nm (Fig. 4.12c).

This transition is in the same range as the one for the islands grown on terraces at

120 K. In the following, we will investigate the geometric properties of the islands

both at step edges and on terraces separately and point out similarities and di�er-

ences to the growth at 120 K, discussed above.
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Geometric structure of Co islands at step edges

In the previous section, it was shown that the Co islands grow exclusively at

step edges on terraces with widths that are smaller than 23 nm at around 150 K.

In this section, we investigate the geometric properties of these islands in order to

explore whether the upward mass transport observed for islands on terraces is also

possible at step edges.

Figure 4.13: Co island growth at step edges at ≈ 150 K: a) STM
image with a mean terrace width of (20.1±7.2) nm (Vt = 860 mV,
It = 0.5 nA, 146 K, 0.03 ML). b) Line pro�le across step edges
along the lines as shown in Fig. 4.13(a); dashed lines mark the
measured heights of the Co islands. c) Height distribution. d)
Area distribution of all islands in grey. Bilayer high island dis-
tribution in blue. AM is median value. 〈A〉 is mean value.

The Co island growth at the step edges at 150 K di�ers quantitatively from the

growth mode of islands at step edges at 120 K with respect to their height and area
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(Fig. 4.13a). The determination of the Co island height is based on line pro�les as

shown in Fig. 4.13a, revealing values of around 0.18 nm and 0.38 nm with respect

to the upper terrace. The height distribution shows two sharp peaks, having values

of (0.21±0.02) nm and (0.39±0.02) nm (Fig. 4.13c). These heights correspond to

the two islands of di�erent height in Fig. 4.13a and b, matching with monatomic

layer islands and bilayer islands as at 120 K [25, 26]. However, the percentage of

bilayer high island is with 26% at ≈ 150 K around 5 times larger than that at 120 K

with 4% and far too large to be explained by statistical deposition into the second

layer. The height analysis thus con�rms that the upward layer mass transport is

possible during growth at 150 K also for island at the step edge.

Concerning the lateral size, the island area varies from around 1 nm2 to around

42 nm2 (Fig. 4.13d) with the median value of 13.9 nm2. In contrast to the growth

at 120 K (c.f. Fig. 4.5d), the area distribution is bimodal. As discussed above,

the Co islands grow as monatomic layer islands and bilayer islands at step edges.

Determining the areas for the two island types separately, we con�rm that the �rst

maximum in the bimodal is caused by islands of bilayer height. Their mean area

is at (3.4±1.9) nm2, considerably smaller than the one for monatomic layer height

island at (18.2±9.4) nm2, con�rming that upward mass transport is responsible for

the formation of the bilayer island area according to the processes sketched in Figs.

4.8 and 4.11.

In the following we compare these results to the same properties, height and

area, for the islands nucleated on terraces at 150 K.
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Geometric structure of Co islands on terraces

As discussed above, the upward mass transport leads to a bimodal distribution

for both height and area of the islands grown at the step edges. In this section, we

explore whether the same is observed for the islands grown on the terraces.

Figure 4.14: Growth of Co islands on terraces at ≈ 150 K: a)
STM image of the Co islands (Vt = -1740 mV, It =0.1 nA, 150
K, 0.04 ML). b) Line pro�les along the lines as shown in Fig.
4.14(a); dashed lines mark the measured height of the Co islands.
c) Height distribution. d) Area distribution of all islands in grey,
only bilayer high island in blue. AM is median value. 〈A〉 is mean
value.

The most striking di�erence between the islands grown on the terrace as com-

pared to those grown at the step edges is their shape. The Co islands on the

terraces exhibit longer and more branched arms. The island shape is dendritic.
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Also for the islands grown on terraces, the line pro�les indicate two di�erent

heights (Figs. 4.14a and b), corresponding to monatomic layer high island and

bilayer high islands (as marked by the dashed lines in Fig. 4.14b). Indeed, as for

the islands on the step edges, the height distribution has two maxima at (0.21±0.03)
nm and at (0.38±0.02) nm (Fig. 4.14c). The percentage of bilayer high islands is

at approximately 19 % (Fig. 4.14c), somewhat smaller than the one for the islands

at the step edges. However, as compared to a percentage of 5% at 120 K, the larger

amount of bilayer high islands strongly con�rms that upward mass transport has

taken place also for the islands on the terraces.

Interestingly, the size distribution of the Co islands grown on the terrace at

150 K is neither bimodal nor does it re�ect the typical size distribution of the

classical growth mode scenario by Venables as compared to the area range at step

edges (Fig. 4.13d). The area extends almost double the size range reaching from

≈ 1 nm2 to ≈ 90 nm2 with a median value of 12.8 nm2 (Fig. 4.14d). Strikingly,

the area distribution of the bilayer high islands spreads around the same range

as the monolayer high islands. We determine the mean area separately for the

two di�erent island heights. They are (18.8± 17.2) nm2 for monatomic layer high

islands and (37.1±21.7) nm2 for bilayer high islands. The mean area of (18.8±17.2)

nm2 for the monolayer islands on the terraces is consistent with the mean value of

(18.2± 9.4) nm2 for the islands of the same height at the step edges. However, the

area of bilayer islands at (37.1 ± 21.7) nm2 on the terraces are signi�cant larger

than the same island type at (3.4± 1.9) nm2 at step edges.

In conclusion, the height distribution of the Co islands grown at ≈ 150 K is the

same for islands grown at step edges and on terraces. The much larger percentage

of bilayer high islands con�rms upward mass transport. The size distribution di�ers

quantitatively, which is consistent with the larger di�usivity of the Co adatoms on

the terraces than close to the upper step edge. Qualitatively, the area distributions

does not �t to Venables theory in both cases. Area distributions of this type were

observed in simulations of growth, during which the nuclei are mobile [150].
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4.2.4 Growth of Co on Cu(111) at room temperature

In the previous sections, we showed that upward mass transport leads to a mea-

surable increase in height of Co islands already at a temperature of 150 K. It sug-

gests that the amount of bilayer high islands increases with temperature. Other

studies only investigated the Co growth with coverages larger than 0.1 ML and at

room temperature [25, 26]. These studies discussed only bilayer high islands nu-

cleated on terraces. These islands are triangular in shape, and very di�erent from

the shape that we observe at lower temperature and coverage. We thus investigate

the growth of Co at room temperature at the lower coverage of our experiment of

around 0.04 ML, in order to compare to our study at lower temperature with the

focus on the height and area of the islands. Indeed, a di�erent type of island is

found which we compare to the earlier studies [25, 26].

Density of Co islands on terraces at room temperature

Figure 4.15: Growth of Co island at room temperature: a) Re-
gion of surface with small terraces width 〈d〉 = (14.8 ± 4.9) nm
(Vt = 860 mV, It = 0.5 nA, RT). b) Region of surface with a wide
terrace of W = (65±1) nm (Vt = -860 mV, It = 0.6 nA, 0.04 ML,
RT). c) Dependence of island density ρ on terrace width W.

At room temperature, Co islands decorate exclusively the step edges for small

terraces with a mean width of (19.9±4.2) nm (Fig. 4.15a). Co islands grow only on

rather broad terraces, e.g. with a width of (65±1) nm (Fig. 4.15b). The dependence

of island density ρ on terrace width W shows that the transition is between around

52 nm and around 70 nm (Fig. 4.15c). Thus, we conclude that the Co atoms can

di�use at least 26 nm at room temperature around double the distance as at the

lower deposition temperatures. The smaller distances between the islands at step
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edges than on terraces, as at 120 K and 150 K, shows that also at room temperature

alloying reduces the mobility of the adatoms close to the step edges.
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Geometric structure of Co islands at step edges

As shown in the previous section, Co islands grow at room temperature exclu-

sively at step edges for terraces with widths smaller than around 52 nm. In this

section, we will investigate the height and the area of the islands grown at step

edges.

Figure 4.16: Co island growth on step edge at room tempera-
ture: a) STM image (Vt = 860 mV, It = 0.6 nA, 0.04 ML, RT). b)
Line pro�le across step edge along line as shown in Fig. 4.16(a);
dashed lines mark the measured height of Co islands. c) Height
distribution. d) Area distribution of all islands in grey. Bilayer
islands in blue. AM is median value. 〈A〉 is mean value.

Examination of the islands at step edges grown at 300 K shows that they nucleate

at the upper edge of the steps as at 120 K and 150 K (Fig. 4.16a). The same
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additional energy barriers due to alloying, described at 120 K, cause also at 300 K

island formation at the upper step edge [27].

The line pro�le shown in Fig. 4.16a yields Co island heights of around 0.19

nm and 0.39 nm (Fig. 4.16b). The height histogram reveals two sharp maxima

corresponding to mean values at (0.20±0.01) nm and at (0.40±0.02) nm, the same
heights as found at 120 K and 150 K (Fig. 4.16c). Surprisingly, the amount of

bilayer high islands is with a percentage of 32 % only slightly higher than at the

lower growth temperature of 150 K. Note that the Co island edges at step edges are

straighter than the ones at lower temperatures with considerably less kink sites.

Therefore, the calculated larger energy barrier for upward mass transport of 0.66

eV at a B step and 0.91 eV at an A step [12] limits upward mass transport and

not the lower energy barrier of (0.19±0.04) eV determined above for upward mass

transport at kink sites. This explains why the percentage of bilayer high islands at

room temperature is only slightly higher than at 150 K.

Also the island area varies in a similar range from around 1 nm2 to around 41 nm2

as the one at 150 K growth with a median value of 5.5 nm2 (Fig. 4.16d). For the

two types of islands of di�erent heights, the mean island areas di�er considerably

at (5.4±4.2) nm2 and (18.8±8.3) nm2 for monatomic layer islands and bilayer high

islands, respectively. The mean area of bilayer high islands is at room temperature

signi�cant larger than the one of (3.4±1.9) nm2 at 150 K. Only on islands larger

than 10 nm2 the second layer is stable.

We conclude that only slightly more islands at the step edges are of bilayer height

at room temperature than at 150 K. Our result is in contrast to the previous stud-

ies [25, 26], which found exclusively bilayer high islands at room temperature. As

these studies analyzed only islands on terraces, we will characterize the island

height and area on terraces at room temperature in the next section.
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Geometric structure of Co islands on terraces

In the previous section, we showed that the amount of bilayer high islands in-

creases at step edges at room temperature but to a smaller amount than expected.

We now investigate the height and area of islands grown on terraces.

Surprisingly, there are two types of islands that di�er in shape and size as shown

in Figs. 4.17a and 4.17b. One type is rather compact and hexagonal in shape

(Fig. 4.17a), and the other one is more irregular and triangular in shape (Fig.

4.17b). Note the bright rim around the island in Fig. 4.17b. Compact Co islands

but with triangular shape were observed in other studies of epitaxial growth of

Co/Cu(111) at room temperature [25,26]. A compact hexagonal shape is possible, if

the energy barriers for crossing the island corners can be overcome in both directions

with equal probability, while a triangular shape points to an asymmetry in this

barrier [142, 143]. These barriers for corner crossing were determined to be 0.58

eV from A steps to B steps and 0.64 eV from B steps to A steps [12], values that

are indeed important at room temperature. However, it is surprising that at the

same growth temperature, the barrier can be surmounted in both directions for our

islands, but not in the previous works [25, 26]. As the kinetics depends not only

on temperature, but also on deposition rate, the di�erent shape can be explained

by the di�erent deposition rates of (3.5 ± 0.5) · 10−2 ML/min in our case and ≈
2.4 ML/min in [26]. The two orders of magnitudes lower deposition rate gives the

islands enough time for equilibration to the thermodynamically preferred hexagonal

shape.

To reveal di�erences between the two types of islands in our study, we examine

their geometrical properties starting with their heights from the height pro�les

(Figs. 4.17c and 4.17d). The dashed lines indicate that the island heights are around

0.42 nm and around 0.60 nm. The bimodal height distribution indicates two island

heights with two maxima at (0.40±0.01) nm and (0.61±0.01) nm (Fig. 4.17e).

These heights are in good agreement with bilayer high islands and trilayer high

islands. No purely monolayer high islands are observed on the terraces, consistent

with earlier studies [25, 26]. In addition, growth in the third layer is thus possible

at room temperature, at a considerable percentage of around 22%, but only for the

compact hexagonal islands.

The major di�erence between the two islands is their lateral dimension (Fig.

4.17f). The area of all islands varies within a wide range from around ≈ 5 nm2 to

≈ 326 nm2. However, the range di�ers for the two types of island shapes. The areas

of the compact hexagonal islands are all smaller than ≈ 120 nm2 with a median
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Figure 4.17: Growth of Co islands on terraces at room tempera-
ture: a) STM image of islands with compact hexagonal shape (Vt
= 860 mV, It = 0.5 nA, 0.04 ML). b) STM image of island with
irregular triangular shape (Vt = -860 mV, It = 0.6 nA, 0.03 ML,
RT). (c,d) Line pro�les along the lines as shown in (a) and (b);
dashed lines are measured heights of Co islands. e) Height distri-
bution for both type of islands: compact hexagonal islands in red,
irregular triangular islands in blue. f) Area distribution. AM is
median value. 〈A〉 is mean value.
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value of 32.4 nm2, while the areas of irregular triangular islands range from ≈ 135

nm2 to ≈ 326 nm2 with a median at 189.3 nm2. The mean values of the areas of

(37.5±26.9) nm2 for compact hexagonally shaped islands and of (203.2±62.1) nm2

for irregular triangular shaped islands di�er by almost an order of magnitude.

A striking di�erence between the two island types is deduced from the line pro�les

across the monolayer region (cf. line number 4 in Fig. 4.17c to line number 3 in Fig.

4.17d). The island surface is smooth for the compact shaped island (Fig. 4.17c),

while it is rough for the triangular shaped island (Fig. 4.17d). The border around

the triangular shaped islands is higher than the inner part and the inner part is

lower than the one of the compact island. The rough surface of the triangular

shaped structures indicates that they are an alloy [140], while the smooth surface

of the hexagonal shaped island indicates that it consist of one element only.

In summary, the two island types di�er in shape, size, and surface structure.

In order to reveal, why islands of two di�erent shapes form on terraces and what

the mechanism for the growth of irregular shaped islands is, we refer to a study

of Gomez el al. [27] based on Monte Carlo simulations. Starting from an epitaxial

triangular island, this island lifts Cu atoms from the surface below leading to the

growth of an intermixed Co/Cu island and the appearance of a vacancy island. At

room temperature the distinct size ranges of the two shapes observed here suggests

that alloying is only feasible above an island size of approximate 135 nm2. This

explanation is in line with the fact that the island's surface is mainly rough at its

border and less so in its interior. This border alloy can also explain the irregular

shape of the islands as it will in�uence the step di�usion barrier similar to the

e�ect of the step edge alloy on terrace di�usion discussed above [27]. Finally, the

reduced mobility along the step edge a�ects the island shape.

In conclusion, at room temperature both monatomic layer and bilayer high is-

lands are grown at step edges as at 120 K and 150 K. However, Co islands grow

bilayer and trilayer high islands on terraces. The islands that are smaller than ≈
135 nm2 consist of Co only, while larger islands are an alloy at their border. In the

following we relate the alloying to the vacancy islands found (cf. Fig. 4.3g).
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Etching of vacancy islands close to step edges

Figure 4.18: Growth of Co islands at step edge, at room temper-
ature: a) STM image of region with small terraces with a vacancy
island next to a step edge (Vt = -860 mV, It = 0.8 nA, 0.03 ML,
RT), inset: region of surface with two hexagonal vacancy islands
on a terrace (Vt = 856 mV, It = 0.6 nA, 0.03 ML, RT). b) Line
pro�les along the lines as shown in Fig. 4.18(a); dashed lines indi-
cate measured heights of an atomic layer of Cu(111). c) Vacancy
island depth distribution. d) Vacancy island area distribution.

In Fig. 4.3h, we pointed out an apparent depression of hexagonal shape that we

named a vacancy island. Such regions with lower height are created mostly, but

not exclusively close to step edges (Fig. 4.18a). The depth of the dark regions is,

at ≈ 0.2 nm, comparable to the height of Cu steps of 0.209 nm (Fig. 4.18b). This

is con�rmed by the depth distribution, which is sharply peaked at (0.21±0.01)
nm (Fig. 4.18c). Dark regions are indeed monolayer deep vacancy islands. Their
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appearance was related to the etching of Co into Cu as discussed in the previous

section [27]. The thus created small clusters of vacancies are mobile at room tem-

perature [45]. They thus agglomerate to larger vacancy islands of the observed

hexagonal shape. The area histogram of the vacancy islands re�ects this Smolu-

chowski ripening [147,148] with a wide range of areas from around 1 nm2 to around

250 nm2, but with the majority of the vacancy islands having areas of less than

50 nm2 (Fig. 4.18d). Their hexagonal shape represents the equilibrium shape of

vacancy islands on fcc(111) surfaces [137] and is consistent with other observations

at room temperature [25, 26].

In conclusion, the appearance of vacancy islands on terraces supports the idea

that intermixed islands are formed at room temperature. Reversely, the absence

of vacancy islands at the lower investigated temperatures suggests that the islands

are pure Co islands.
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4.3 Discussion

Figure 4.19: Dependence of Co islands density ρ on terrace
width W at indicated temperatures

Though we have already pointed out similarities and di�erences between islands

grown at the three investigated temperatures in the result section above, we now

compare their density, height, and area directly for a �nal discussion. The depen-

dence of the Co island density ρ on terrace width W shows that for homogeneous

nucleation larger terrace widths are needed at high temperature due to the in-

creased mobility of the atoms (Fig. 4.19). However, the increase is smaller than

expected, which implies that the nucleation density does not di�er by a large factor.

This surprising observation suggests that the di�usion barrier must be reduced at

higher temperature. We propose that embedded Co adatoms in the surface lead

to the reduction of the surface di�usion barrier. This barrier in�uences the di�u-

sivity of Co on Cu(111). Such a decreased di�usion energy caused by embedded

atoms were observed both in experiment on Pb/Cu(111) [151] and in theoretical

calculations on Cu/Sn(111) alloy surfaces [152].
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Next, we now compare the abundance of bilayer high islands at the three inves-

tigated temperatures both on terraces and at step edges (Tab. 4.2).

at step edge on terraces

Height 1 ML 2 ML 1 ML 2 ML 3 ML

120 K 96% 4% 95% 5% 0%

150 K 74% 26% 81% 19% 0%

300 K 68% 32% 0% 78% 22%

Table 4.2: Ratio of 1 ML, 2 ML, 3 ML high islands at step edges
and on terraces.

The increase of bilayer high islands from 120 K to 150 K is comparable both

at step edges and on terraces. However, there is a large increase of this island

type between 150 K and 300 K on terraces, while there is only a moderate one

at step edges. In addition, trilayer high islands have a signi�cant amount only on

terraces at 300 K. While this suggests that the transition from bilayer islands to

trilayer islands occurs at room temperature, the absence of only monatomic layer

high islands on terraces at 300 K indicates that Co atoms di�use to the second

layer more easily on the terrace grown islands than on the step edge grown ones.

We suggest that the in�uence of additional di�usion barriers of 0.10 eV and 0.24 eV

close to the step edges due to alloying [27] also lead to the increased binding energy

of the Co atoms on the Cu substrate and thus to less upward mass transport. The

prerequisite for forming a third layer, i.e. the existence of bilayer high islands is

thus much more abundant on the terraces than at the step edges.
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Figure 4.20: Normalized area histograms at indicated tempera-
tures: a) at step edges, b) on terraces.

at step edge on terraces

Area (nm2) 1 ML 2 ML 1 ML 2 ML 3 ML

120 K 7.2±3.9 x 15.9±8.4 x x

150 K 18.2±9.4 3.4±1.9 18.8±17.2 37.1±21.7 x

300 K 5.4±4.2 18.8±8.3 x 49.6±30.9 6.0±1.2

Table 4.3: Mean areas of 1 ML, 2 ML, 3 ML high islands at step
edges and on terraces.

Next we compare the normalized area of the islands both at step edges and on

terraces (Fig. 4.20 and Tab. 4.3). Both at step edges and on terraces, the area

of the islands at 150 K and 300 K varies in a wider range than at 120 K. The

evolution of the normalized island area of the Co growth on terraces follows the

trend expected for activated processes; the area distribution of the islands at higher

temperature varies in a wider range with lower maximum than the ones at lower

temperature. However at the step edges, the evolution di�ers. The area ranges at

150 K and 300 K both are approximately twice as broad as at 120 K. In addition

the N vs. A distribution is less monotonous. As explained above, such a non-

monotonous distribution indicates mobility induced Smoluchowski ripening. The

higher nucleation density at the step edges facilitates this type of ripening. Thus,

the additional energy barrier close to step edges leads to this di�erent behaviour.

This behaviour is supported by comparing the mean island areas at step edges

(Tab. 4.3).

We �nally discuss the mean island areas as shown in Tab. 4.3. At step edges, for
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the monatomic high islands, the mean island area at 150 K is larger by factor of

around 2 than the one at 120 K, but it decreases by factor of 7 at 300 K as com-

pared to the one at 150 K. For the bilayer high islands, the mean areas increase by

a factor of 5 from 150 K to 300 K. While the increase in mean island size of bilayer

high islands just re�ects the larger mobility of Co adatoms at higher temperature,

the decrease of the mean island size of monolayer high islands implies that larger

islands facilitate upward mass transport transforming monolayer high islands into

bilayer high islands. On terraces, for the monatomic layer high islands, the mean

areas, both at 120 K and at 150 K are comparable. This island type does not

exist at 300 K. Note that the growth of bilayer high islands does not take place at

120 K, because the upward mass transport barrier can not be surmounted. This

existence of monolayer high islands at the step edges contrasts their non-existence

on the terraces at 300 K. We propose that the additional di�usion barriers close

to step edges limit the upward mass transport necessary to make the transition to

form higher islands. Also for the bilayer high islands from 150 K to 300 K, the

mean island areas do not di�er markedly. Trilayer high islands only appear at 300

K, but the mean area is around 8 times smaller than the bilayer high island at

the same temperature. This shows that sub sequently higher islands may grow at

room temperature.
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Chapter 5

Determination of the step formation

energy based on shape �uctuations

of medium-sized vacancy islands on

Ag(100)

5.1 Ag (100) crystal

5.1.1 Sample preparation

Ag is a face centered cubic (fcc) crystal with a lattice constant of aAg = 408.6

pm [125]. The nearest neighbor distance of the quadratic (100) surface has a value

of aAg(100) = aAg/
√

2 = 288.9 pm. The step height of Ag (100) surface has a value

of aAg/2 = 204.3 pm.

The commercial Ag (100) single crystal from Matek was exposed to sputtering

of 50 hours to remove the protecting layer on the top of the surface. This step is

essential to avoid contaminating the surface during �rst annealing. The Ag (100)

single crystal was bombarded by the ionized Argon gas (after puri�cation) at the

pressure of ≈ 3.10−5 mbar, and was subsequently heated up to 823 K. The param-

eters used for cleaning are shown in Tab. 5.1.
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�uctuations of medium-sized vacancy islands on Ag(100)

Preparation method Parameter Temperature (K) Time (min)

Ar+bombardment pAr = 3 · 105 mbar

VAr = 1.3 kV 293 60

IAr = 10 µA

Annealing Iemission ≈ 13 mA 823 30

Ar+bombardment pAr = 3 · 105 mbar

VAr = 0.6 kV 293 15

IAr = 5.0 µA

Annealing Iemission ≈ 13 mA 823 30

Table 5.1: The parameters for cleaning the Ag (100) surface

Figure 5.1: Clean Ag(100) surface at room temperature: a) Re-
gion of surface with a wide terrace and smaller terraces (Vt = -
860 mV, It = 0.4 nA, RT). b) STM image of Ag (100) surface at
atomic resolution (Vt = - 860 mV, It = 0.4 nA, RT).

The STM images of the pristine Ag (100) surface after preparation are shown

in Fig. 5.1. The surface exhibits a region of small terraces, the mean width has

a value of (18.2±4.3) nm (Fig. 5.1a). Moreover, the Ag (100) surface at atomic

resolution con�rms the quadratic structure of fcc (100) surface (Fig. 5.1b).



5.1. Ag (100) crystal 93

5.1.2 Vacancy island creation

Figure 5.2: Vacancy islands on Ag(100) surface: a) STM image
of vacancy island (Vt = 860 mV, It = 0.7 nA, 168 K). b) STM
image of vacancy island (Vt = 760 mV, It = 0.9 nA, 159 K)

The vacancy islands were created by Ar+ ions sputtering with an energy of ≈
0.4 keV, with an emission current of ≈ 1.2 · 10−2µA , and at an Ar+ pressure

of ≈ 4.10−7 mbar for 3 seconds. After sputtering, various sizes of vacancy island

have been observed. For example, the size of the vacancy islands corresponds

approximately 4 missing (Fig. 5.2a) atoms and 10 missing atoms (Fig. 5.2b).
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�uctuations of medium-sized vacancy islands on Ag(100)

5.2 Results

5.2.1 Shape �uctuation of vacancy islands

Figure 5.3: Shape �uctuations of a vacancy island on Ag (100)
at T = 177 K: a) to c) STM images at indicated times (Vt = 880
mV, It = 0.6 nA). d) Overlap of vacancy island perimeters (dashed
lines) derived from the vacancy islands inside the circle as shown
in (a) to (c). CM: center of mass.

As an example, we discuss the shape �uctuations of a vacancy island followed

at 177 K on Ag(100) for 81 s as shown in Fig. 5.3. The perimeters of the vacancy

island at di�erent times are identi�ed by the determination of the border of the

region of the island that is lower than the full width of half minimum (FWHM).

The boundary in yellow of the vacancy island at t = 0 s is trapezoidal with two right

angles, three almost straight edges, and one long curved edge (Figs. 5.3a,d). After

54 s, this vacancy island remains trapezoidal in shape, but with �ve edges that

are mostly less straight (Figs. 5.3b,d). Then after 81 s, the shape of the vacancy

island changed to a pentagonal shape with two straight edges and three curved

edges (Figs. 5.3c,d). The overlay of the vacancy island perimeters demonstrates

the �uctuation of the shape of this vacancy island (Fig. 5.3d). Note that the

diameter of this vacancy is with less than 2 nm considerably smaller than islands

whose shape �uctuations were investigated before [44,45,124]

We next characterize the geometrical properties of all investigated vacancy is-

lands such as height and area. The depth distribution of all the measured vacancy

islands reveals a sharp peak (Fig. 5.4a). The Gaussian �t delivers a mean depth

of all the vacancy islands of (0.17 ± 0.03) nm. This result is consistent with the

theoretical theoretical distance between two monatomic layers of Ag(100) with a

value of 0.204 nm [125]. All investigated islands are thus of monolayer depth.

The areas of the vacancy islands vary in a range from around 0.5 nm2 to around

3.5 nm2 (Fig. 5.4b) corresponding to around 8 to 53 missing atoms. All the vacancy

islands within this range �uctuate within the investigated temperature range from
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Figure 5.4: Geometrical characterization of investigated vacancy
islands: a) Depth distribution with Gaussian �t. b) Area distribu-
tion.

165 K to 177 K. In the next section, we will exemplify the quantitative determina-

tion of the island shape �uctuation for one speci�c island.
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�uctuations of medium-sized vacancy islands on Ag(100)

5.2.2 Determination of step free energy

Figure 5.5: Shape �uctuations of a vacancy island at (169±1) K:
(a) to (c) Snapshots of a movie at indicated times (Vt = 880 mV,
It = 0.6 nA). The peripheries of the vacancy island are marked
by a green line, a red line, a and blue line, respectively. d) Over-
lay of the peripheries of the vacancy islands: dotted lines: from
the vacancy islands shown in (a) to (c); solid line: time-averaged
shape of vacancy island from whole movie. The thin dashed lines
mark the measured directions for step formation energy determi-
nation. ~r(θ) is the radius of the vacancy island perimeter in the
indicated direction at 461 s, and ~R(θ) is the radius of the time-
averaged shape.

This section will demonstrate the determination of the step free energy based

on the theoretical approach discussed in section 2.6. The shape �uctuation is

determined from the particular vacancy island shown in Figs. 5.5a to c, which was

imaged every ≈ 30 s.

In order to make the border of the vacancy island more easily visible, we changed

the color scale such that the surface is completely yellow, the island black and its

border red. Then we overlay the perimeters of 40 images from snapshots of the

movie in order to determine the time-averaged shape of this speci�c vacancy island

(Fig. 5.5d).

To determine the step formation energy based on the shape �uctuations of such

vacancy islands, we can apply Eq. 2.38. Theoretical and experimental studies

indicate that when α, which describes the vacancy island shape, is exactly one

the vacancy island is a perfect circle [42, 122, 123]. If α varies by 20%, the term∑
|n|>1

1

(n2 − α)
(Eq. 2.39) only deviates by 3.5% [42]. For the measured data, α varies

indeed by less than 20% and therefore, the term α can be chosen as ≈ 1 simplifying

the application of the theory. By applying α ≈ 1 to the Eq. 2.39, the left hand side

in Eq. 2.39 is approximately 3/2 yielding 〈G(t)〉t ≈
3kBR̄T

4πβ̄
. This approximation

has been used for shape �uctuation determination in previous studies [42,44,123].
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To determine the step formation energy based on this approximation of the

averaged �uctuations, the investigated vacancy islands were divided into sub-groups

in which the perimeter of the vacancy islands does not change in size by more than

10%. The individual island area was normalized to match the mean island area

of all subgroups. For all vacancy islands in each sub-group, the radius of the

periphery with respect to its center-of-mass does not change by more than 15%

when measured in 16 angular directions (each direction di�ers by 22.5o as shown

in Fig. 5.5d).

Figure 5.6: Linear plot of averaged �uctuations 〈G〉t against the
product of the temperature T and the mean island radius R̄. The
red line is an apparent linear �t yielding (7.5 · 10−5 ± 1.3 · 10−5)
nm/K. The green curved lines show the con�dent band of the �t-
ting process.

For determination of the step formation energy, the time averaged �uctuation

〈G(t)〉t was calculated separately for each sub-group. Then, we plot the dependence
of the �uctuation function 〈G〉t versus the product of the temperature T and the

mean island radius R̄ (Fig. 5.6). There is a clear linear dependence. A linear �t

yields a slope of
3kB
4πβ̄

= (7.5 ·10−5±1.3 ·10−5) nm/K. From this, we calculate a step

formation energy of β̄ = (273± 48) meV/nm = (79± 13) meV/aAg(100) (aAg(100) =

0.289 nm: lattice constant of Ag(100) [125]). This result is in excellent agreement

with the result determined theoretically by e�ective medium theory (EMT) for Ag

(100) surface with a value of 85 meV/a [48].
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�uctuations of medium-sized vacancy islands on Ag(100)

5.3 Discussion

The determined step formation energy of Ag(100) of (273± 48) meV/nm is not

only consistent with the e�ective medium theory (EMT) calculation [48] but also

comparable to other experimental results. The step formation energy of Ag(111)

was determined to be (233 ± 13) meV by the �uctuation method and (250 ± 30)

meV by the equilibrium shape method however for much larger islands [40, 44]. It

is reasonable that these energies are not much di�erent for fcc(100) and fcc(111)

surfaces. Also the energies for Cu(100) determined to be (220±11) meV and for

Cu(111) to be (256±22) meV by the shape �uctuation method are in the same

range as expected for both Ag and Cu surfaces. The energy variation between these

surfaces is of the order of the intrinsic error of the method, which however, is the

best available experimental method at present. Therefore, there is a large demand

for more precise theoretical methods than EMT to be applied to the calculation of

the step formation energy in future.

Note that the average diameter of the here investigated vacancy islands on

Ag(100) is around 2 nm only, while the average diameter is, at around 100 nm,

orders of magnitude larger for the vacancy islands in other studies, e.g. on Ag(111)

[40, 44]. Also the size of our islands are in a range in which kinetic Monte Carlo

simulation showed that the di�usion coe�cient deviates from a monotonous pro-

portionality on island size [126]. This medium-sized regime is thus conventionally

thought of as unsuitable to be analyzed by continuum theory. We here demon-

strate that the shape �uctuation method can be applied for a much wider range of

vacancy island sizes than assumed so far provided that the temperature range is

adapted appropriately.
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Chapter 6

Dependence of Co island shapes on

temperatures

In chapter 4, we have shown the characterization of the Co islands grown at sev-

eral temperatures. The details of morphological structures including area, height

were revealed. The transformation from one monolayer high islands to two mono-

layer high islands was followed in time-lapsed sequences between 145 K and 165 K.

A surprising low energy barrier for upward mass transport of (EA ≈ 0.19 ± 0.04)

eV was determined for islands on terraces. At 120 K and 150 K, the islands are

pure Cu in contrast, at room temperature islands larger than ≈ 120 nm2 alloy at

their border. We also show the Co island shapes changes from 150 K to 300 K. The

studies of the Co/Cu(111) growth reveals that Co forms dendritic shaped islands at

low temperature and compact shaped islands at room temperature [25, 114]. The

shape transition of Co islands was reported by Negulyaev et al. [12] based on the

kinetic Monte Carlo simulation. According to this study, the energies involved to

the shape transition were revealed. It suggests that the shape change of the islands

resulted from the temperature-dependent di�usion of Co atoms along the island

step edges.

In this chapter, I will investigate the temperature-dependent transition of the

island shapes by a quantitative determination of the shape of the Co islands on

Cu(111) at di�erent temperatures. The island shapes were investigated at 150 K,

200 K, 250 K and 300 K, respectively. The atomic process and the e�ect of local

conditions will be discussed.

The sample preparation is described in chapter 4. To determine the fractal di-

mension, we use three programs. They are self-written programs based on Labview,

Matlab and Fraclac for Image J program [153, 154]. The fractal determination re-

lying on Fraclac has been widely used for long time [155�158].
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6.1 Shape transition of Co islands from 150 K to

room temperature

Figure 6.1: Co islands on Cu (111) surface at di�erent tempera-
tures, 0.04 ML: a) 150 K (Vt = -1740 mV, It = 0.1 nA). b) 200 K
(Vt = -1280 mV, It = 0.1 nA). c) 250 K (Vt = -1280 mV, It = 0.1
nA). d) 300 K (Vt = -860 mV, It = 0.3 nA).

We start to examine the shape transition by discussing the Co island shapes at

same coverage at di�erent temperatures as shown in Fig. 6.1. At all investigated

temperatures, the Co islands are well-separated on terraces. The Co islands on

the terraces are rami�ed at 150 K and at 200 K (Figs. 6.1a and 6.1b). At both

temperatures, the islands grow with three prominent branches separated by around

120◦ respecting the surface symmetry. Some additional small branches are attached

to the thick branches. These observations were already reported in chapter 4. At

250 K, the islands are still rami�ed, but the branches are wider (Fig. 6.1c). At 300

K, only compact shaped islands are observed (Fig. 6.1d).

In conclusion, the Co island shape changes completely from rami�ed to com-

pact within a temperature range from 150 K to 300 K. This transition will be

quantitatively analysed in the next section.
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6.2 Quantitative determination of island shapes

6.2.1 Determination of convexity

Figure 6.2: Convexity distributions at di�erent temperatures: a)
At 150 K. b) At 200 K. c) At 250 K. d) At 300 K. e) The depen-
dence of the convexity factor on temperature. The red line is an
exponential �t yielding a rate factor of (15.4± 3.2) · 10−3 (1/K).

To quantitatively determine the island shapes at di�erent temperatures, we �rstly

examine their convexity. As explained in section 3.5.2, the convexity is determined

by the ratio of the convex polygon perimeter to the perimeter of the island shape

itself. Note that the convexity varies from 0 to 1. The larger the convexity is, the

more compact the island shape is.
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The convexity distributions vary in a wide range at 150 K, 200 K and 250 K

(Figs. 6.1a to c). Thus the island shapes are di�erent at these temperatures. The

variety of island shapes is supported by a large variation to compare with the

mean convexity values at these temperatures. At 300 K, the convexity distribution

reveals a sharper peak with a variation which is signi�cant smaller than the ones at

lower temperatures. It indicates that the most island shapes are identical at 300 K

(Fig. 6.1d). As discussed in the previous chapter, the Co island shape is compact

at 300 K. Therefore, the convexity of the Co islands at this temperature are similar

and close to 1. We thus conclude that the islands at 300 K are more compact than

the ones at lower temperatures.

The convexities are determined to be (0.55 ± 0.05), (0.62 ± 0.06), (0.70 ± 0.05)

and (0.93± 0.02) at 150 K, 200 K, 250 K and 300 K, respectively. The convexity

increases from 150 K to 300 K. Note that the convexity increases in a small range

from 150 K to 200 K and from 200 K to 250 K. However, a signi�cant increase of the

convexity is obtained from 250 K to 300 K. By �tting an exponential function to the

data, we obtain the relationship between the convexity (C) and the temperature

(T) (Fig. 6.1e):

C = (0.51± 0.03) + (40.5± 14.2) · 10−4exp[(15.4± 3.2) · 10−3(1/K) · T ]

(6.1)

The Eq. 6.1 shows an exponential dependence of convexity on temperature.
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6.2.2 Determination of fractal dimension

Figure 6.3: Fractal dimension distributions at di�erent tempera-
tures: a) At 150 K. b) At 200 K. c) At 250 K. d) At 300 K. e) The
dependence of the fractal dimension on temperature. The red line
is an exponential �t yielding a rate factor of (16.7 ± 2.4) · 10−3

(1/K).

After having discussed the convexities of the Co islands at di�erent temperatures,

we will examine the fractal dimension of the grown islands in this section. The

fractal dimension is obtained by the box-counting method which is described in

detail in section 3.5.2. The fractal dimensions are determined to be (1.75± 0.02),

(1.78 ± 0.02), (1.82 ± 0.02) and (1.93 ± 0.02) at 150 K, 200 K, 250 K and 300 K

respectively (Figs. 6.3a to d). In contrast to the convexity distributions, the fractal
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dimension distributions varies in a smaller range at the investigated temperatures.

The error bars are small compared to the mean values at all temperatures. We can

see the increase of the fractal dimension from 150 K to 300 K consistent with the

fact that the Co island shapes are more compact at higher temperatures than at

low temperatures.

Similar to the convexity, the dependence of the fractal dimension on temperature

can be described by an exponential function. Therefore, we apply an exponential

�t to the plot of the fractal dimension (D) versus the investigated temperatures

(T) (Fig. 6.3e).

D = (1.74± 0.01) + (12.8± 9.6) · 10−4exp[(16.7± 2.4) · 10−3(1/K) · T ]

(6.2)

The Eq. 6.2 indicates an exponential dependence of the fractal dimension on

temperature yielding a rate factor of (16.7± 2.4) · 10−3 (1/K).
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6.2.3 Discussion

The convexities and the fractal dimensions of the Co islands at the investigated

temperatures re�ect the in�uence of temperature on the island shapes. The increase

of these factors on temperature is revealed. In other words, these factors con�rm

the fact that the island shapes are more compact at higher temperatures than at low

temperatures. The �tting processes for both fractal dimension and convexity shows

an exponential dependence on temperature yielding the same order of magnitude.

Figure 6.4: Simulation of island growth at di�erent tempera-
tures: a) Aggregation simulation of 3600 atoms on a square lattice
at low temperature (taken from Ref. [113]). b) kinetic Monte Carlo
(kMC) simulation of 0.4 ML Co growth at 250 K with the area of
100 x 100 nm2; insert image: atomic resolution in scale of 5 nm x
5 nm (taken from Ref. [12] with permission of author). c) Di�usion
energy barriers of Co atoms along the island edges, and energy
barrier for crossing island corners (taken from Ref. [12] with per-
mission of author). Black balls are Cu atoms, grey balls are Co
atoms.

Our experimental results are consistent with other studies, investigated at low

temperature [51, 117] and theoretical results [12, 115, 116, 118]. For example, the

exponential dependence of the island branches on inverse temperature indicates

a similar growth of Ag/Pt(111) and of Ag/Ag(111) based on an Arrhenius be-

haviour [120] and the theory in DLA with peripheral di�usion [113]. This observa-

tion follows the classic di�usion-limited-aggregation (DLA) growth mode. "In this

growth mode, an atom di�uses on the host metal surface and sticks irreversibly to

an island at its impact site" [134]. The island shapes are rami�ed when the di�u-

sion along the island edges is hindered at low temperature. Note that the island in

the classic DLA theory forms fractal shape with an average arm thickness of about

one atom width (Fig. 6.4a), but, in real growth, an atom always tries to �nd an

energetically more favorable site. Thus, experimental results show branches with

more than one atom width.
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At higher temperatures, Co atoms start to di�use along the A and B steps of an

island or even ascend to the top of the island as shown in chapter 4. The di�usion

energy barriers Ed for atoms along the A step and B step are determined to be

0.53 eV and 0.38 eV, respectively [12], values that are indeed important at room

temperature (Fig. 6.4c). Hence, the island shape changes due to the mobility of

the atoms along the island steps or upward mass transport. At 250 K, the corner

mass transport of Co atoms from an A to a B step is hindered leading to growth of

island with thick arm and irregular shape (Fig. 6.4b). This simulation contrasts to

the STM results as shown in Fig. 6.1c. The island shapes in our measurements are

dendritic on terraces at 250 K. As the kinetics depends not only on temperature,

but also on deposition rate, the di�erent shape can be explained by the di�erent

rate of (3.5± 0.5) · 10−2 ML in our case and 0.4 ML in [12].

At 300 K, the Co island shapes are compact. This observation is consistent with

other experimental results, for example with Pt/Pt(111) [51], Ag/Ag(111) [117],

Co/Cu(111) [25,114], Co/Pd(111) [119]. The formation of the compact Co islands

results from the crossing the island corners (Fig. 6.4c). The energy barrier for

crossing island corner from B step to A step is determined to be at 0.64 eV and

from A step to B step is 0.58 eV at room temperature [12] (Fig. 6.4c). Moreover,

the upward mass transport, which is discussed in chapter 4, also causes the shape

transition of the Co islands. These mobile processes for Co atoms lead to the large

evolution of the island shapes. Thus most Co islands form compact shape at 300

K. Such compact islands are much closer to the thermodynamic equilibrium shape

of epitaxial islands than the dendritic ones observed at lower temperatures. The

detail discussion of the island formation is clari�ed in chapter 4.

In summary, Co atoms grow dendritic shaped islands at 150 K due to di�usion-

limited-aggregation model. At higher temperature, the dendritic shaped islands

become more compact with very thick branches due to the di�usion of Co atoms

around one corner of the island. At room temperature, the dominance of di�usion

along the island edges and the upward mass transport results in the formation of

compact shaped islands.
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Chapter 7

Conclusion and Outlook

In this work, the growth of sub-monolayer Co on Cu(111) was investigated

by means of variable temperature fast-scanning tunneling microscopy at several

temperatures between 120 K and 300 K. I also studied the shape �uctuations of

medium-sized two-dimensional vacancy islands on Ag(100) within a temperature

range from 165 K to 177 K.

In chapter 4, I presented an extensive data set for the growth of Co on Cu (111)

at a coverage between 0.03 ML and 0.04 ML from 120 K to 300 K for understanding

the growth of this important material combination in a wide range of temperatures.

Co islands nucleate heterogeneously at step edges and homogeneously on terraces.

The height and area distribution di�erence between these two types of di�erently

nucleated islands is attributed to an step edge alloy. I showed that surface alloy

formation is an important factor to be considered in nucleation at the step edges

already at cryogenic temperature. I determined a rather low activation energy

for upward layer mass transport of EA = (0.19±0.04) eV at low temperature. I

explained this low value by the kinked nature of the step edges at low temperature,

which leads to a di�erent value than calculated [12]. At 120 K and 150 K, the

islands are pure Cu in contrast, at room temperature islands larger than ≈ 120

nm2 alloy at their border. This alloying will in�uence the magnetic properties of

the nanostructures.

In chapter 5, I showed that the step formation energy can be determined by a

shape �uctuation analysis of medium-size vacancy islands on Ag(100) in the size

range of ≈10 to ≈50 atoms at cryogenic temperature. It shows both that the

equilibrium shape can still be reached at ≈ 170 K and that the equilibrium theory

is valid for nanometer sized island. The experimental result of β̄ = (273 ± 48)

meV/nm is consistent with EMT calculations and with other experimental studies

that analyzed two orders of magnitude larger islands. The determination of the
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step formation energy as presented in this study can be applied to examine vacancy

islands of similar size on other surfaces.

In the �nal chapter of this thesis, chapter 6, I revealed the quantitative determi-

nation of the Co island shapes based on the convexity and the fractal dimension fac-

tors at di�erent temperatures. These results con�rm that Co atoms grow dendritic

shaped island at 150 K due to di�usion-limited aggregation. At higher tempera-

ture, the dendritic shaped islands become more compact with very thick branches

due to the di�usion of Co atoms along the step edges of the island. At room

temperature, the dominance of di�usion along the island edges and the upward

mass transport result in the formation of compact islands. The results revealed

a shape transition of Co islands from 150 K to 300 K. In this temperature range,

the increase of the convexity from (0.55± 0.05) to (0.93± 0.02) and of the fractal

dimension from (1.75±0.02) to (1.93±0.02) showed an exponential dependence of

the island shapes on temperatures. The quantitative determination presented here

can be used for examining the shape of a large variety of supported nanostructures.

The results obtained in this thesis open new interesting questions for future

investigation. The approaches used in the growth study can be applied to investi-

gations of the growth of Co on other metal substrates. On a more general footing,

alloying is an important issue to consider in transition metal growth. The shape

�uctuations methods used to determine the step formation energy can be extended

to larger time scales in order to investigate down to which sizes the scaling of the

di�usion constant is valid. Finally, the quantitative determination of island shapes

can be applied to examine the shape of other nano-objects adsorbed on surfaces.

Furthermore, for extension of the shape �uctuation method, it can be applied to

examine the similar-size vacancy island �uctuations on di�erent surfaces such as

metal surfaces or semiconductor surfaces. For Co/Cu(111) growth, the in�uence

of Co islands at di�erent temperatures on spin polarization and local density of

state (LDOS) induced by the growth of the two island types on terraces at 300 K

will be a very interesting topic for further studies. Furthermore, the investigation

of molecules adsorbed on these systems will answer the question of interaction

between the surface and adsorbate.

All in all, based on the �ndings presented in this thesis, the atomistic kinetics far

from equilibrium of nanostructures on noble metal surfaces have been enlightened

by means of fast scanning tunneling microscopy. In other words, the presented

strategies brings a great chance to discover origins hidden behind the physical pro-

cesses at the nanoscale, which promises to bring many astonishing discoveries for
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catalysis and growth studies.
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List of Abbreviations

STM Scanning Tunneling Microscopy

STS Scanning Tunneling Spectroscopy

WKB Wentzel-Kramers-Brillouin

LDOS Local density of state

LN2 Liquid nitrogen

UHV Ultra high vacuum

MBE Molecular beam epitaxy

ML Monolayer

QCM Quartz Crystal Balance

TSM Thickness shear modes

BVD Butterworth van Dyke

FW Frank and van der Merve

VW Volmer and Weber

SK Stranski and Krastanov

EMT E�ective Medium Theory

DFT Density function theory

FCC Face Centered Cubic

HCP Hexagonally Close-Packed

LEED Low Energy Electron Di�raction
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