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CHAPTER 1

Introduction

A general introduction on the subjects, discussed in this thesis, is présertas
chapter. The basic introduction is devoted to general aspects of theustrand
diffusional transport on metal surfaces. The wealth of knowledgeitaddatoms
is contrasted with the relative lack of knowledge on surface vacanchéshviorm
the primary subject of Chapters 3, 4 and 5 of this thesis. We also discriasesu
coarsening phenomena, as an introduction to chapter 6.



2 Introduction

1.1 General background on metal surfaces

Understanding the behavior of metals is relevant because they are waslyiru
everyday applications. Many properties of metals such as the electricdlico
tance, chemical properties, but also color and reflectivity, are affeatd in some
cases even dominated by the surfaces. This aspect is gaining furthificaigce as
the length scale of structures in many applications are shrinking to the namomete
regime (nanotechnology), thereby strongly increasing the surfagehtioae ratio of
these structures. In addition to plain curiosity, this provides a strong téadioal
motivation to investigate the detailed, atomic-scale properties of material esrfac
surface science. The work described in this thesis concentrates diothie-acale
surface properties of a prototypical metal surface: Cu(100).

One can imagine creating a metal surface by cleaving a larger piece of metal.
Such a dramatic process does not take place spontaneously. A certaintasho
energy has to be invested, the surface formation energy. Due to theecedumber
of neighbors, atoms at the surface are less strongly bound than atombirkioéa
metal. In response to the reduced coordination at the surface, the dstagteveen
the outermost atomic layers of metals often deviate from the bulk interlayer cistan
usually starting with a contraction of the distance between the outermost.l&tyers
the case of Cu(100) this contraction has been measureditd - 0.40% [1]. In
spite of this surface relaxation, Cu(100) has been calculated to beasdbstantial
tensile stress of.38 N/m [2]. This means that by itself, the surface would prefer a
shorter in-plane lattice period than the value dictated by the underlying bullelattic

Only in theory a surface can be perfectly flat. In practice however, tmsvsr
the case. A variety of additional structures is usually present in or onftafsor-
face. An atomistic description of these structures has been introducedsseK
and Stranski in the late twenties of the previous century [3, 4]. Their noigih-
guishes terraces, steps, kinks, adatoms and surface vacancieskandinsas the
Terrace Ledge Kink model (TLK-model). The intrinsic surface defegisfthe
TLK-model that are most relevant for this thesis are shown in figure 1.1.

Atoms at these surface defects are even less strongly bound than atoftat in a
terrace. As a consequence, the creation of surface defects ofeatgenrface in-
volves the investment of a certain amount of energy, for example the staption
energy. In addition, there can be an energy barrier that needs tebsoaw in the
defect creation process and in this thesis we will encounter such artfairide
creation of surface vacancies. Although steps can be consideredtgighey can
also host further (point) defects in the form of kinks (figure 1.1), agdth their
own characteristic formation energy.

In principle, these microscopic energies can be determined by atomic-fcale o
servations with suitable microscopy techniques. For example, formatiogieser
can be found directly from the observed densities of spontaneoushetbdefects
at finite temperatures. Equivalently, activation energies can be obtaimedtlie
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Figure 1.1: A schematic ball model of an fcc (100)-surface with several defects as defined in the
TLK-model. The defects shown, are relevant for this thesis.

temperature dependence of the frequencies of the corresponding processes (diffu-
sion, reaction, creation, annihilation). Scanning probe techniques, such as scanning
tunnelling microscopy, are popular tools for these types of observations [5, 6, 7, 8].
These energies form a very fruitful testing ground for theoretical calculations of var-
ious degrees of sophistication. Although the more accurate values come from Den-
sity Functional Theory [9], empirical models, such as the Embedded Atom Model
(EAM), remain very popular tools to guide the intuition and provide first numerical
estimates [10, 11, 12, 13]. For the surface investigated in this thesis, Cu(100), many
formation and activation energies have been predicted by P. Stolze on the basis of
the Effective Medium Theory, an approach closely related to EAM [13]. Extended
surface defects, for example adatom islands and vacancy islands, often consist of a
set of steps and kinks that form a closed contour. The formation energy of the com-
plete structure can be approximated by the corresponding sum of the step formation
energies and the kink formation energies [14].

The roughness of homo- or heteroepitaxially grown crystals can be changed by
the presence surface defects. For example, point defects often act as local growth
centers, where new layers are nucleating easily. A natural role for steps is that
of growth site, since they provide locations with an extra high coordination num-
ber for the new atoms. This makes that often crystal growth proceeds in so-called
step-flow mode [15, 16]. However, G. Ehrlich and R.L. Schwoebel have found in-
dependently in 1966 that diffusing adatoms can experience an extra energy barrier
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for a downward ‘jump’ over a step edge [17, 18, 19]. As a consecpi@f this
Ehrlich-Schwoebel barrier, during growth, newly arriving atoms ternstdg longer

on a terrace rather than to be incorporated immediately at the nearest $tisp. T
enhances the probability with which these atoms encounter each other tadarm
clusters and make the growth three-dimensional, i.e. rough.

In addition to the potential nucleating role of surface impurities, it has been
found in the heteroepitaxial growth of semiconductors, that the additioarttplar
types of impurities leads to two-dimensional growth, resulting in surfacesote gr
flat [20, 21, 22, 23, 24, 25, 26, 27]. The first report of a metalemar growing flat
by the addition of an impurity in the form of of a tiny amount of Pb on Cu(111),
was published in 1988 [28]. Other combinations of metal surfaces and itiepur
were found later [29, 30, 31, 32, 33]. The required type of impurity isréastant,

a substance that lowers the surface tension. The surfactant atoms tersid®

in the top layer in stead of being incorporated in the bulk of the crystal. Anothe
essential property for the impurities added in epitaxial growth is that they stienula
interlayer transport [34, 35]. A detailed study of surfactant action o(l@0) has
been described in [36, 37].

Indium acts as a surfactant on Cu(100). In chapter 3, indium is usadraser
particle to track the effect of the formation, diffusion and annihilation ofas&
vacancies [36, 38, 39, 40, 41, 42, 43]. Van Gastel et al. havendieted previ-
ously that the indium atoms are the surfactant of choice for tracking easanlI-
though indium locally changes the properties with respect to the perfectritgipu
free Cu(100) surface, it was proven that its effect does not shpoww the measure-
ment of jump frequencies. Indium used as a tracer patrticle, is a closexapgation
of a "marked” copper atom.

1.2 Diffusion transport on metal surfaces

This thesis concentrates on one of the atomic-scale mechanisms of matesal tran
port, namely surface diffusion. Traditionally, this phenomenon is assdciete

the motion of adatoms, hopping over the surface between lattice positiong- In fi
ure 1.2 the corresponding energy landscape is shown. An adatom iateulio

the figure on the upper terrace. It resides in a local energy minimum, picasre

a hollow site between terrace atoms. Diffusion is a thermally activated prdecess
order to get to one of the neighboring energy minima, the adatom has tomowerc
the energy barrier for diffusio’p. The direction in which the adatom makes its
next move is left to chance. The attempt frequengywith which the adatom tries

to overcomeF, is in the order of a typical phonon frequency f'> Hz. The
successful fraction of these attempts to jump is governed by the absoluterdempe
tureT. The average jump rate, of adatom diffusion on the surface is expected to
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Figure 1.2: The energy landscape of an adatom diffusing over a terrace and siog a step. The
activation energy barrier for diffusion over the terrace iBp. In order to cross the step edge, the
adatom has to overcome the Ehlich-Schwoebel barriég s. After crossing the step, the adatom is
attached to the downward side of the step. The activation energy barried&achment from the
stepFEq.: has to be overcome, before the adatom can proceed diffusing ovelother terrace.

follow the Arrhenius relation
_Ep
Vp = 1pe kpT (1'1)

wherekg is the Boltzmann constant.

In the energy landscape of figure 1.2 the adatom that encounters aveoidvn
step experiences an energy barrier to jump over the step that is higheh¢heay-
ular energy barrie? for terrace diffusion. The excess activation energy at the
step edge is the Ehrlich-Schwoebel barriers that was already mentioned be-
fore [17, 18, 19]. The deep minimum in the energy landscape in figure diaites
that the energetically most favorable position for an adatom is at the lower sid
of the step. One should imagine that in addition to the one-dimensional situation
depicted in figure 1.2 the step adatom can diffuse along the step (usually with a
relatively modest activation barrier) until it reaches a kink position wiitevéll
lose its ‘adatom’ character. The deep energy minimum at the step corossiooan
almost prohibitively high barrieE,., for a step adatom to escape onto the terrace.

Adatoms are not the only species responsible for atomic scale mass ttanspor
on a surface. In this thesis, the ‘life cycle’ of the morphological couratierpf an
adatom, a surface vacancy, is investigated. In chapter 3 and chafitercteation
and annihilation of surface vacancies in Cu(100) is discussed. Tiehskea the
activation energy for the diffusion of a surface vacancy, throughi@@) terrace
is described in chapter 5. We will see that in the case of Cu(100) the ciasasiay
a significant role in the mobility of the surface as a whole.

1.3 Vacancies versus adatoms

The TLK model defines adatoms as single atoms placed on top of a terratae, wh
vacancies are positions in a terrace, where one single atom is absetamA&dand
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vacancies are each others morphological counterpart (figure loff).species can
play a major role in transport on surfaces.

In spite of the obvious symmetry between adatoms and vacancies, most exper
imental and theoretical research on atomic-scale surface diffusiorobased on
adatoms. The activation energy for the diffusion of adatoms on Cu(ld@9péen
experimentally determined to be betwe®f6 ¢V and0.40 eV [44, 45, 46, 47].
Experimental work on step-flow growth on this surface has revealedxibece
of an Ehrlich-Schwoebel barrier for adatoms descending from a 4&plh more
detailed studies, the Ehrlich-Schwoebel barrier for adatoms on CugiOyeter-
mined to be).15 eV [49]. However, in the same work a different path was revealed
for the descent of an adatom from a step via a kink (Kink-Ehrlich-Sefbbarrier
~ 0.41 eV). The activation energy for the detachment of an adatom from a kink was
found to be 0.6%V [50], while the activation energy for the diffusion of an adatom
along a step edge 845 + 0.09 eV [51]. Next to experimental work, effective
medium theory calculations [13] and embedded atom model calculations3b2, 5
have been performed to investigate the life cycle of adatoms. Two mechanysms b
which adatoms diffuse over a flat Cu(100) surface are conceivaktbange diffu-
sion and simple hopping. Calculated diffusion barriers for adatoms onGLi{a00)
surface are in favor of the simple hopping mechanism [54, 55].

The large body of available knowledge on the formation, diffusion and re-
incorporation of adatoms contrasts with how little is known about surfacenvac
cies. Early STM observations by Flores et al. of the diffusion of margmire
corporated in Cu(100) have been interpreted as an indication thatswdaancies
indeed contribute to atomic mobility on/in a metal surface [56, 57]. The interpre-
tation in terms of vacancy mediated diffusion on Cu(100) was further pgbbd,
guantitative ground by Van Gastel et al., who indicated the analogy with the re
arrangement that is possible in the square lattice of a slide puzzle andotikeeref
named the phenomenon "the atomic slide puzzle” [38, 39]. In the experimgnts b
Van Gastel, indium atoms, incorporated in the top layer of Cu(100), were as
tracer particles. The motion of the indium atoms, like the manganese atoms in
[56, 57], reflects the vacancy mediated diffusion of all the copper atortheigur-
face. Somfai et al. have performed both analytical and numerical catmdaf the
probabilities for a vacancy to return to an embedded indium atom from dadhb o
four nearest-neighbor sites, following a previous encounter. An impioglament
in these calculations is that the vacancy is given a non-zero probabilitg neturn
to the indium atom but to annihilate in stead and, thus, terminate the sequence of
displacements of the indium atom. Using the calculated return probabilities, Som-
fai et al. were able to compute the distribution of vacancy-induced displaats
of the indium atoms [42]. Although the shape of this distribution immediately cor-
responded convincingly with the measurements of Van Gastel et al., a gtramtita
fit was only possible when also the attractive interaction between the embedde
dium atom and the surface vacancy was taken into account. This attracti@s ma
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the jump length distribution of the indium tracer particles wider, but hardlyctsdfe
the shape of this distribution. Van Gastel et al. have further measuredhthat
temperature dependence of the jump rate of the indium atoms in Cu(100) follows
Arrhenius behavior (equation 1.1), demonstrating the thermally activatedenat
the process. From the slope of the Arrhenius plot they derived thauitheo§the
formation energy of a surface vacancy and the activation energy fdiffitsion
is 717 + 30 meV [41]. First-principle calculations by Grant et al. predict a value
for the formation energy of a surface vacancy in Cu(100}of meV [58]. The
high formation energy means that at room temperature, the density ofciasas
very low, only approximatelyl in 10° atoms is missing. On the other hand, the
low activation energy for the diffusion of surface vacancies, whiatukhbe the
difference717 — 474 = 243 meV, makes their jump rate at this temperature very
high~ 10® Hz. The product of these two extreme numbers, vacancy density times
vacancy jump rate, is in the order 0fl H z, which shows that surface vacancies
are indeed important for transport on the surface at room temperatuigerage
every ten seconds, all atoms in Cu(100) are displaced by a surfamacyac

Several intriguing questions about surface vacancies have remaiaesivered.
For example the work of Flores et al. and Van Gastel et al. containedintiar
cations that surface vacancies are created (and annihilated) primastigpst In
this respect, we are interested in precise formation mechanisms and the farmatio
and activation energies involved. An important aspect of this matter is fobyed
the difference between the two sides (upper and lower) of the step, whishbe
present in the creation and annihilation behavior of surface vacaf@esxample,
it may well be that a surface vacancy experiences an extra enenggrbaquiva-
lent to the Ehrlich-Schwoebel barrier for adatoms, when it approdabkestep from
one of the two sides. These issues form the core of Chapters 3 and i4 &htb
thesis. Another issue is the combination of the vacancy formation energghand
vacancy diffusion barrier. As explained above, Van Gastel's meamnts have
provided an experimental value for the sum of these energies. Chaptesénts a
low-temperature experiment from which we obtain an accurate estimate offthe d
sion barrier and thereby can also determine the vacancy formation efeggther,
these energies provide a detailed energy landscape, quantifying émtigssspects
of the formation, mobility and annihilation (‘birth, life and death’) of vacandies
the Cu(100) surface.

1.4 Evolution of surfaces with vacancy islands

The last chapter of this thesis is devoted to the evolution in time of surfaces with
a high density of vacancies, much higher than the equilibrium density ofl @'§.

at room temperature, mentioned in the previous section. High vacancitieiens
can be obtained by deliberate ion erosion of a flat metal surface [5%B16@2].
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When given enough mobility, the vacancies cluster into vacancy islands withi-a
defined equilibrium shape and with a depth of a single monolayer. As a faraftio
time, the configuration of vacancy islands will tend to evolve to larger lengilesc
thus steadily reducing the density of steps on the surface.

Two main general coarsening mechanisms can be recognized [63, I6idh w
apply to the evolution of ensembles of both adatom islands and vacancysisland
and will be briefly discussed here in the framework of the coarsenin@adncy
islands. In the process of Ostwald ripening, single vacancies arer@thhetween
the vacancy islands [65]. This type of coarsening is driven by thelatthe local
density of surface vacancies, in the direct vicinity of a small vacancydstamigher
than that close to a large vacancy island.

The alternative coarsening mechanism is coalescence dynamics, \abarey
islands fluctuate in position and shape. When two of these structureséeceach
other they merge into a single, larger island which evolves towards its equitibriu
shape [66].

Shape and position fluctuations of a vacancy island can take place bsialiffu
of individual vacancies or adatoms across the island or along its perinmdigitive
statistics of the exchange of vacancies between the island and its sungsi8,
67]. The merger of islands leads to a reduction in the total step length, wipih a
serves as the energetic driving force for the evolution. This ripenindhamgsm is
also called Smoluchowski ripening, after Smoluchowski, who formulated gwoayh
for kinetic coalescence in 1916 [68]. Static coalescence is only olzbeiweng
growth, when immobile islands touch because of their increasing sizes.

In chapter 6, we investigate the dynamic coalescence events of neiginlarin
cancy islands in the Cu(100) surface. Our observations revealwigrefeature.
Vacancy islands are found to always merge prematurely, i.e. beforelé#melss
touch. An explanation for this early coalescence behavior is presentethis of
the tensile stress in the surface, which is argued to lead to a mechanicallinstab
ity for the remaining portion of the first atomic layer between two nearby \@can
islands.



CHAPTER 2

Experimental setups

This chapter presents the principles of the programmable temperaturéngcam
nelling microscope (STM) used for the experiments performed in this thebis. T
experimental setups on which the experiments were performed are @esdrib
cluding the design for a pre-vacuum system for a new, combined vat&bigera-

ture setup. This new setup has two main chambers where two scanning tunnellin
microscopy experiments can run independently at the same time.
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2.1 Introduction

All measurements in this thesis were performed in ultrahigh vacuum (UHW). Tw
different setups were used. The measurements of chapter 3 weoenpedifin the
Artist STM vacuum system, described in [69, 70, 71, 72]. The measuntsnoé
chapter 5 were performed in the improved programmable temperature STiMnac
system, described in [73]. In section 2.2 the principle of the programmabletamp
ture STM is explained. Sections 2.3 and 2.4 briefly describe these two BHligs
Finally, in section 2.5, a design for a pre-vacuum system for the combigrsibn

of the Artist setup and the improved programmable temperature STM setup is pro
posed, which enables users to simultaneously use the two setups.

2.2 Programmable temperature STM

Many atomic processes on surfaces can be monitored using a scanniegimgn
microscope. Since the birth of the STM technique in the early 1980's [74, 75
scanning probe microscopy has developed in several directionsniSgannnelling
microscopy makes use of the tunnel current between two (semi-)comsltitéd are
biased with respect to each other by a modest voltage. When one of the two is
a flat surface and the other is shaped in the form of an atomically sharpisip, th
tunnel current has a typical magnitudelaf A when the two (semi-)conductors are
betweenD.5 and1.0 nm apart. The tip is usually addressing a rectangular area of
the surface, by scanning over it line-by-line, building up a two-dimensimag@ of

the local density of states at the surface [76, 77]. Two approacinesectollowed.
One, called ‘constant current mode’, where the tip height is continuajlysteti to
keep the tunnel current constant, and thus the motion of the tip is recavtiedh
follows a contour of more or less constant electronic density of states &etina
level (assuming a low tunnelling voltage). The other approach, calledstanh
height mode’, is to keep the vertical position of the tip unchanged anddaber
changes in the tunnel current. The resolution of the scanning tunnellingsoopyp
technique is such that individual atoms can be distinguished.

In the design of the STM that is used for all the measurements in this thesis, spe
cial attention has been paid to the thermal behavior of the STM and the meahanic
(and electronic) behavior of the STM at high tip spedd8) mm/s). The STM is
used to follow dynamic processes on surfaces. The speed at whiehpttoeesses
take place strongly depends on the nature of the specific process dachpera-
ture. In the ideal case, the STM should be fast enough for the image tategaip
with the process of interest. Furthermore, it should be possible to followtegs
at a range of temperatures. If the thermal properties of one particakaréeson the
surface are to be followed, the STM should compensate thermal expamsiah
directions sufficiently, to allow one to keep imaging the same field of view over the
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full temperature range of interest.

Thermal expansions usually cause the tip of an STM to move over sevesal te
of nanometers in uncontrolled directions if the temperature is changed byoaly
degree. With a lateral scan range of typicallg um and a vertical range of about
0.5 pwm, this means that only temperature variations up to sbin& are possible
within one measurement session with a standard STM, whereas tempegaiure v
ations of several hundreds of degrees are often interesting. TheuS&Min this
thesis is a programmable temperature STM. It consists of two separablelparts
equipped with a scan head, designed by L. Kuipers et al. [69, 70ctingpensates
for thermal drift in the vertical direction. The scan head rests on the tlake
STM of which the top plane serves as a reference plane. All thermahsixpe of
the sample and the sample holder in the vertical direction act away from this ref
erence plane in such a way that the surface of the sample is geometricallydixe
coincide with this plane. Thermal drift in the lateral direction is compensatectin th
base of the STM, designed by Hoogeman et al. [71, 72]. The key elémérnis
design is a sample holder that is forced to slide symmetrically with respect to the
base of the STM in case of temperature changes. The layout of theeadh top
of the STM base is shown in figure 2.1, a detail view of the sample holderwegsho
in figure 2.2. The legs of the scan head are made out of a material thathsetie

Figure 2.1: Cross section of the programmable temperature STM. A.) the scan h&jthe scan

piezo, C.) the heat shield protecting the scanpiezo, D.) the STM tip, Elybaenum sample holder,
F.) the sample, G.) leaf springs pushing the sample holder into the bashefSTM, H.) leaf spring

pushing the sample onto ridges in the reference plane, 1.) molybdenufviase. After [72].

thermal expansion properties as the combination of the scan piezo, the tgr hold
and the STM tip. The legs of the scan head rest on the STM base, whogetop
vides the reference plane. The three legs are mounted such that tmetationally
symmetric around the STM tip. The STM tip is mounted such that it ends exactly
in the reference plane. The sample is pushed from underneath by ailieaf snto
ridges. These ridges keep the sample surface in the reference platethe leaf
spring allows expansions of the sample with respect to the reference plduee
STM tip is located next to the stable center D of the sample holdern off the

axis F in figure 2.2a. The sample holder rests on the knife edges E in fifthe 2
The knife edges E are also in the reference plane. The sample rotaiad arsas F
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A post, B arm, C leaf spring, D stable center,
E knife edge, F rotation axis

Figure 2.2: a.) Schematic top view of the sample holder. b.) Perspective view of thgkaholder.
After [72].

in order to approach the sample towards the tip. The knife edges E aredoogh

two equally strong leaf springs C on ramps that are oriented such thatrttpesa
holder naturally rotates in a clockwise direction around the stable centardbdér

to stop this rotation, the sample holder rests with its arms B against the posts A.
Like the ramps, the posts A are part of the STM base. The sample is now fixed
without being over-defined. The only motion it can make is pivoting arowmsl a

F. If the sample is clamped symmetrically in the sample holder and if sample and
holder have the same temperature, the only residual thermal drift is a ldtgtal
that stems from the difference in expansion of the sample material and the (Mo
holder overl mm distance between the stable point D and the actual tip location.
For a typical expansion coefficient differencefof 107 K—! and a lateral scan
range of+ 1.5 um, this provides 800 K temperature range over which the sample
temperature can be changed while keeping the same field of view, withoutdke n
for mechanical repositioning [71].

2.3 Artist STM system

All measurements in this thesis have been performed on a Cu(100) sampperCop
is a reactive metal. In order to keep the metal clean over a measurement tieve of s
eral hours, we have performed the measurements shown in chaptere3arigidv
system with a base pressurelof10~!° mbar. Apart from STM, other techniques
were used to characterize the sample while it was cleaned. These technique
particular low energy electron diffraction (LEED) and Auger electroecsmscopy
(AES), only work in a UHV environment.
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A schematic drawing of the Artist STM vacuum system is shown in figure 2.3.
The main chamber of the system is made out of a machined solid stainless steel
block. This makes the system heavy and stiff and thus reduces vibratitresnm-
croscope. The system is continuously pumped with an ion getter pump (MEIDA2
and a titanium sublimation pump (Riber). The system is pumped down from at-
mospheric pressure with a smal /s turbo-molecular pump (Pfeiffer-Balzers).
This turbo-molecular pump is also used during bake-out and during therasien
treatments when cleaning the sample. The ion erosion is performed with an ion
gun (Riber). Connected to the main chamber is a load-lock, fitted with i s
turbo-molecular pump (Pfeiffer-Balzers) for pumping from atmosphergsgure
and bake-out together with a small /s ion-getter pump (MECA2000) for contin-
uous pumping. This chamber is mainly used for transferring samples ands&diM
heads into the main chamber without breaking the vacuum of the main chamber.
Scan heads and sample holders are transferred into the main chambemah a s
"serving tray” mounted to a linear drive motion feedthrough. Wobble sticgisién
the main chamber enable users to transfer sample holders and scan hdss to
STM base.
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Figure 2.3: Schematic view of the ARTIST STM vacuum system. A.) rotary drive motion
feedthrough for moving the STM base with the sample holder. B.) Cylindtienirror analyzer
for AES. C.) Quadrupole mass spectrometer. D.) LEED. E.) Wobbieks. F.) Flow cryostat. G.)
load lock. H.) serving tray on a linear drive motion feedthrough. 1.) morail, J.) programmable
temperature STM.

The main chamber is equipped with a quadrupole mass spectrometer (Balzers)
for residual gas analysis. Apart from the STM, the composition andtateiof
the surface of samples can be analyzed with a cylindrical mirror analge&ES
(Perkin-Elmer) and a LEED system (Vacuum Generators). The samfderhis
mounted inside the upper part of two stacked molybdenum blocks. Thig beav
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struction is supported by springs which rest on a stainless steel plateoftpete
construction is mounted on top of a carriage which can move along a monoralil
through the whole main vacuum chamber. The carriage is pulled and phgled
locomotive that also acts as a support for the electrical connection®f&itkl. The
locomotive is moved by a chain that is driven via a rotary drive motion feedgjtro
Without the scan head on top of the stacked molybdenum blocks, this transpo
mechanism can move the sample underneath all the preparation and arglisis e
ment. When STM measurements are performed, the scan head is placedon top
the stack of molybdenum blocks with use of the wobble sticks. During measure
ments the sample can be heated up 100 K with a filament, or cooled down to
90 + 10 K with a flow cryostat (Oxford Instruments) using liquid helium.

The main chamber is mounted on an optical table, which rests on air suspension
legs (Newport). The whole system is placed on a laboratory floor with aatepa
foundation for optimal vibration decoupling from the rest of the building.

2.4 Improved programmable temperature STM system

The measurements of chapter 5 were performed in an improved versionssttip
described in section 2.3. The design and details of this setup have besente

in [73]. The main chamber, shown in figure 2.4, consists of a large cyliadric
vessel with a diameter df.5 m. The base pressure of this vacuum chamber is
210710 mbar.

The system is pumped from atmospheric pressure witha /s magnetically
levitated turbo-molecular pump with an integrated drag pump (Pfeiffer Vacuum)
The vibration levels of this pump are low. It is possible to use this pump, even
without completely destroying atomic resolution during STM measurements. The
system is further equipped with440 /s ion getter pump (Varian) and a titanium
sublimation pump (Varian) integrated in a cold trap which can be cool@d 6 us-
ing liquid nitrogen. A quadrupole mass spectrometer (Pfeiffer Vacuum) isitadu
for residual gas analysis. The system is fitted with a combined LEED/AB8mys
(OCI Vacuum Microengineering) to determine the structure and composititie o
sample surface.

The STM is mounted on a carrousel inside the vacuum system. This allows
for the positioning of the sample underneath cleaning and analysis equipfoent.
gether with a wobble stick, the transport mechanism also allows for the insertio
and removal of scanners and sample holders. The rotation mechanisscitodd
in detail in [73].

The samples are cleaned by ion erosion treatments, using a differentiallgedump
focussed ion gun (SPECS) fitted with a Wien mass filter. The ionization chashber
this ion gun is pumped with &) [/ s turbo-molecular pump (Pfeiffer Vacuum). The
advantage of the differentially pumped ion gun is that the main chamber dbes no
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Figure 2.4: Different views of the main chamber for the new programmable tempeara STM. a.)
top-side view. b.) bottom side view. c.) cross-section view. The equipommnected to the setup
consists of: A.) a differentially pumped, focussed ion gun. B.) a LEEAES system. C.) a titanium
sublimation pump with an integrated cold trap. D.) Knudsen cells. E.) an ioetgr pump. F.) a
quadrupole mass spectrometer. G.) a turbo molecular pump. H.) a médodriving the transport
mechanism. 1.) a flow cryostat. J.) programmable temperature STMtop of an eddy current
damping system. K.) carrousel for transport through the main chaenb

have to be flooded with the sputter gas. While the ionization chamber of themon gu
is flooded tol - 10~* mbar during ion erosion treatments, the pressure in the main
chamber with all the pumps running does not excgetl0—” mbar. Together with

the mass filter, this geometry only allows the ions of choice to reach the sample.
Before the ion gun was put into operation, the ion beam was focussegl luesam
profile measurements with a Faraday cup mounted on the carrousel insidaithe
chamber. The ion gun was focussed to a current densitytofl0—32 A/m? with a
beam diameter df mm at the sample.

The latest generation of the programmable temperature STM (Oxford 4nstru
ments) was fitted into the main chamber. We have improved this version of the
STM in terms of vibration isolation, electrical shielding, thermal stability, temper-
ature measurements and sample cooling. The vibration isolation was improved by
suspension of the STM from long springs and adding an eddy curaempicig sys-
tem instead of the small push springs underneath the STM in the Artist verfdion
microscope. The electronic noise in the tunnel current in the setup wasaety
carefully shielding the complete path of the signal wire of the tunnel cufremnt
the tip up to the pre-amplifier. Also the signals driving the scan piezo have bee
carefully shielded. Another measure against electronic noise is to udéeadm-
plifier for the tunnel bias voltage with a low pass filter. This amplifier is mounted at
an electrical feedthrough, directly outside the main UHV chamber. The Skt
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Figure 2.5: The frequency spectra of the tunnel current noise of a.) the Artisti@Tescribed in

section 2.3 (courtesy M.J. Rost) and b.) the improved programmabteperature STM described
in this section. Both spectra were taken while tunnelling with5 V" at 0.1 nA and with the same
feedback settings on Cu(100).

electronics (Leiden Probe Microscopy) is described in [78]. The thlestability
was improved by thermally decoupling the sample holder from the rest of thke ST
base. The STM base is thermally anchored to the rest of the setup whialodsrat
temperature. This way the temperature variations in the scanner are kdpt sma
Even when the sample is cooled® K for several hours, the STM base does not
cool down further tha?73 K. The retarded and reduced temperature variations of
the base of the STM slows down the thermal drift compared to the Artist veosio
the STM.

A comparison of the tunnel current noise frequency spectrum betiliegkrtist
STM and the improved programmable temperature STM is shown in figure 285. Th
peaks of the improved version are shifted to lower frequencies. The adeditf
the frequencies abov&) kH = of the improved STM are lower than those of the
peaks above@0 kHz in the Artist STM. The improved version has fewer peaks
below 20 kH z. Unfortunately, the amplitudes at9 kHz, 5.5 kHz and16 kH z
are higher than in the Artist STM. This might be caused by the constructian tha
provides the thermal decoupling between the sample and the STM base. In this
construction, the sample holder carrier is suspended from the STM litdsthee
thin arms.

The setup is fitted with a flow cryostat (Oxford Instruments) to cool down the
sample. The cryostat is cooled down using liquid helium. The cryostat isscteh
to the sample via a cold finger from which the cooling path splits in two parts.eThes
parts have been made of copper braids with a junction half way. Thedeojmare
mechanically fixed to the vacuum chamber (with minimal thermal connection) to
provide vibration isolation between the sample and the cryostat. The lowest tem-
perature achieved in the first cooling runs with the new programmable tetupera
STM was77 K. This is higher than th20 K calculated by Rost et al. on the basis
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of the available cooling power, the materials and the dimensions involved If73].
order to diagnose the cause of this big discrepancy, we measured thedamge
at various locations on the cooling path, while cooling down the sample. FBhé re
is shown in figure 2.6. The cause of the lack of cooling performance edound
in a heat leak in the junction, right underneath the STM base, nearestw@bhef
the main chamber.

cryostat
== cold finger
= = junction center side
----- junction wall side
== = sample holder

g
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Figure 2.6: Cooling performance at several locations of the cooling path betweendtystat and
the sample in the new programmable temperature STM. Plotted are the teatpegs versus time.
The cryostat was cooled down using liquid helium. The temperature waasoeed by thermocou-
ples, using the wall of the vacuum system as reference. This causegelarrors in the absolute
values of the lower temperatures. The cooling path splits in two identical pather the cold finger.
The cooling path closest to the center of the vacuum chamber reachesvaidinal temperature in
a shorter time than the path closest to the wall of the vacuum chamber. Thiidates a heat leak
in the latter cooling path.

In the Artist STM the temperature of the sample is measured with respect to the
STM base. The STM base is not thermally anchored to the setup. The teonpera
of the block is measured with respect to temperature of the wall of the sehgp. T
wall of the setup is assumed to be at room temperature. However, variatiortser
of magnitudel K in this reference temperature, cause calibration errors of tens of
K at low temperature. In the new programmable temperature STM this problem is
solved by placing the reference point of the thermocouple junction forahmpke
and the STM base outside and away from the setup. This way we canechops
well defined reference temperature, thereby reducing the measuremamnn the
temperature of the sample.
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2.5 Design for a UHV-pre-vacuum system for the improved
programmable temperature STM vacuum system

The new programmable temperature STM setup as described in section Zidtwas
complete yet. In the final geometry this new main chamber will be connected with
the old main chamber, with a transfer chamber between these two main chambers.
The combined setup will eventually look as indicated in figure 2.7. STM measure
ments will take place in the two main UHV chambers. The analysis equipment that
is now fitted to the individual setups, as described in section 2.3 and seddipn 2
will stay on these two main chambers in the combined setup. Only the load lock
will be shared. The load lock will be mounted to the transfer chamber. Theféna
chamber is a UHV chamber, located between the two main chambers. Thefunctio
of this chamber is to enable exchange of sample holders and scanneeg ¢

two main chambers and the outside world without the need for venting onesaf the
three chambers. Furthermore, a storage chamber for sample holdessaammers

in UHV together with a chamber for preparing samples in "dirty” conditions, fo
example high flux growth on samples are fitted.

©

0000

Figure 2.7: Schematic of the final configuration of the combined programmable temgiare
STMs. A.) The improved programmable temperature STM main chami&) The transfer cham-
ber. Connected to this chamber are a load lock, a storage chamberdansers and samples and a
preparation chamber (all not drawn). C.) The Artist programmablentperature STM main cham-
ber (no details drawn in).

Both main chambers will be pumped by the same type magnetically levitated
turbo-molecular drag pump which has already been fitted to the new progtaenma
temperature STM setup. This type of pump is oil-free and has a high congoress
ratio for all gasses, particularly hydrogen. The capabilities of these-twddecular
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drag pumps are best used when their exhaust is fitted to another UHVhsy&tés

way we can obtain extremely high vacuum in the main chambers in the range of
10~ — 10712 mbar without back flow of gasses through the turbo-molecular drag
pumps.

The main chamber of the new variable temperature STM is fitted with a differ-
entially pumped ion gun. The differential pumping stage also requires arhigtna
vacuum system, that allows for gas flows such that the pressure in thationiz
chamber can reach - 10~ mbar. The ion erosion treatment of the sample re-
quires pure gases. This demands for regular flushing of the highupeegas lines
that provide these gases. It also requires the background predsheadifferential
pumping stage to be low with respect to th@0~* mbar in the ionization chamber.

The construction of the combined setup allows for running two independent
experiments at the same time. The idea is to make one UHV pre-vacuum system
for all three UHV chambers that meets all the requirements for using the cechbin
setups independent of each other.
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Figure 2.8: Schematic view of the complete vacuum system, including pre-vacuurtesys A.)
main chamber improved programmable temperature STM, B.) transtéamber, C.) main cham-
ber Artist STM, D.) ionization chamber differentially pumped ion gun, Esforage chamber, F)
preparation chamber, G.) load lock, H.) pre-vacuum buffer vekse) Gas handling system for
ion erosion, J.) magnetic turbo-molecular drag pump of the main chamluoé the improved pro-
grammable temperature STM, K.) magnetic turbo-molecular drag punfpttee main chamber of
the Artist programmable temperature STM, L.) turbo-molecular pumpepvacuum system.
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The design of the complete vacuum system is shown in figure 2.8. The@onne
tion to the high vacuum side of t@# [ /s turbo-molecular pump L is such, that the
pump is directly connected to the load lock with a piec@0f ¢cm long tube with
an inner diameter d8.0 cm. One branch of this tube goes to tH#) [ buffer vessel
and other branches go directly to the magnetically levitated turbo-moleculgr dra
pumps J and K and to the ionization chamber of the sputter gun D. These ages h
the largest diameter possible{ cm) to reach all parts that require pre-vacuum and
are partially flexible to reduce vibrations. The buffer vessel providess/acuum
for the whole set-up filling up ta0~2 mbar in 48 hours. This enables users to
switch off pump L to reduce vibrations during a measurement or to perfdut a
bake-out of part of the set-up without interfering with the other partanifomize
its own surface area, reducing its own outgassing, the dimensions oflithérmal
buffer vessel are chosen at a diamete6D# ¢m and a length oB3.7 em. The
valves in the tubes can be set such that the turbo-molecular pump L camde us
for pumping one part of the set-up, while the gas pumped from the otherbera
can be stored in the buffer vessel. This way, all three main parts A, B arach®©e
operated individually without the other parts being affected. To rediorations
from the pumps, the turbo-molecular pump L is suspended from a bellows with v
bration damping. The turbo-molecular pump L is the only pump connected to the
pre-vacuum system. It is pumped by an3/hour rotary vane pump. The provi-
sion for replacing contaminated gas, used for ion erosion, is made bgctmythe
narrow gas tube (inner diamet@6 c¢m) to the turbo-molecular pump L.

Taking geometrical considerations like tube diameter, length and curvaure a
well as the outgas rate of the used materials into account, pumping capacaities an
final pressures can be calculated. The calculation method used herscigdd
in [79]. An experimental value for the outgas ratgof-1)- 10719 mbar-m3/s/m?
was determined from a well defined part of the Artist main chamber. Takimg th
position of the parts, pumped down by the pre-vacuum system as shoguria 2.8
and the diameter of the tubes as stated above, the pumping capacities and final
pressures at several positions on the pre-vacuum system, mentiongdren i3,
were calculated. In these calculations, only pump L and its roughing pump are
considered to be switched on. The result is shown in table 2.1. Compafitiom o
experimentally obtained final pressure2of10~8 mbar for differentially pumping
the ionization chamber D of the ion gun in the current geometry (not shove),he
with its calculated value of - 10~® mbar shows that these calculations are reliable.

The final pressure of the magnetically levitated turbo molecular pumps J and K
in figure 2.8 is5 - 107! mbar. The lowest compression ratio for these pumps is
2.5 - 10° for molecular hydrogen. The UHV pre-vacuum system describedeabov
will only be necessary when the base pressure in one of the main chafbers
C is below5 - 10~ mbar. Below this pressure, the magnetically levitated turbo
molecular pumps will effectively not pump any more. The pre-vacuumlghitben
be belowl - 10~° mbar to prevent hydrogen back flow through the turbo molecular
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pumps J and K. Unfortunately, the obtained final pressure in the improved ma
chamber is onl2 - 10~'° mbar. Residual gas analysis shows that hydrogen at most
contributes half to this final pressure. One reason for this lack in padice can be

the limited number of bake-outs of this new system. As the vacuum vesselad bak
out more often, volatile species stored in deeper layers of the walls andoemis
inside are removed, so that in time the overall outgas rate lowers, resulting in a
lower final pressure. Other reasons might be the presence of codgpauithe

UHYV system with a relatively large outgas rate and the presence of viralkd.le

Table 2.1: Calculated values for the final pressure and pumping cagrity at various locations in
figure 2.8 (always on the low vacuum side) after bake-out. Only theurbo-molecular pump L is
assumed to be switched on.

| location | final pressurertibar)

pumping capacityl(’s) |

D 51-1078@ /21.1077® [ gla) /7 ()
E 2.0-1077 10

F 2.0-1077 10

G 4.1-1078 10

H 4.0-1078 28

| 581076 0.008

J 41-1078@ /1.6-1077® | 10 /9 ®)
K 41-1078@ /1.7.1077® | 10 () /9 ®)

(a) pumping direct via turbo molecular pump L
(b) pumping via buffer vessel H






CHAPTER 3

Vacancy creation/annihilation:
Experiment and analysis

This chapter describes the experiments and first analysis on the vaassisted
diffusion of indium atoms in vacancy islands on the Cu(100) surface. shdsvn
that the chosen geometry with vacancy islands enables us to determine ¢he diff
ence between the activation energy for the formation and the annihilatiomfate
vacancies. A first step in the determination of these activation energies,tfre
presented measurements is made in this chapter. The analysis is concludie with
theory developed in chapter 4.



24 Vacancy creation/annihilation: Experiment and analysis

3.1 Introduction

Over the years, the investigation of surface self-diffusion with STM haslynlbeen
focused on the properties of structures, on top, of a surface, suatiaaoms [80,
81], steps [7, 82, 83, 84], adsorbates [5] or larger structures itoghéayer like
vacancy islands [85, 86]. However, surface diffusion may alsogadosery ef-
ficiently within the outermost atomic layer, i.e. completely without the need for
atoms or other structures on top.

The geometrical counterpart of adatoms are surface vacanciesg whsead
of added atoms on top, the surface has a deficit of atoms in the top layétings
in empty lattice sites. Previous studies on the Cu(100) surface have indittsed
at room temperature, typically only one 16° [39, 41] lattice sites are vacancies,
but they move through the surface at hopping rates in the orded®f » [39].
This means that, on average, all atoms in this surface are displaced mciesca
every10 seconds! In this way, surface vacancies cause substantial, latesddra
within the surface [38, 39, 40, 41, 42, 43, 58, 87, 88, 89]. This nmishahas been
nicknamed "slide-puzzle” diffusion. Unfortunately, the low vacancyamarirations
and the high hopping rates make it very difficult to determine experimentallyavhe
surface vacancies originate and where they annihilate. Previous wadtki(100)
by Van Gastel et al. and Flores et al., has provided a first indicationttyzd en the
surface play an important role in the creation and annihilation of surfazaneses
[41, 56, 57]. These authors found indications for a step edge bé&wridte motion
of surface vacancies, similar to an Ehrlich-Schwoebel barrier [1JAct&datoms.
This notion leads to new, more detailed questions, such as: Is there awmlier
between the creation of vacancies at the upper and at the lower sidgs? sie
there a special role for kinks? Etcetera.

In this chapter we focus on the issue of the upward and downward Sféps.
create geometries on a Cu(100) surface which are bounded by onlffavoe’ of
steps. By monitoring the "slide-puzzle” diffusion of vacancies inside ardide
these geometries, we can measure the activation energy difference fmetition
and annihilation of surface vacancies between the upper and lowerfsidgep on
Cu(100).

3.2 Experimental procedures

The Cu sample4(8 x 4.8 x 2.0 mm?) was cut by spark erosion from a 5N pu-
rity single crystal. The crystal was chemically etched and polished paraltbéto
(100)-plane with an accuracy 0f1° [90]. After introducing the sample in the UHV
chamber with a background pressurd ofl0~!° mbar, the sample was cleaned by
several cycles of ion bombardment with0 eV Art and annealing a90 K [91].
A typical STM image of the Cu(100) surface after cleaning is shown indi@ut.
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Figure 3.1: STM image of the Cu(100) surface after several cycles of ion bombardment for 10 min
with 600 eV Art, Iputter =4 pA, par = 5-107° mbar and annealing for 6 min at 690 K
in UHV. The image was processed by adding the image containing the error (dZ) signal to the
standard height image as describedin [78]. (Vi = 1.5V, = 0.1 nA)

After this cleaning, geometries were created on/in the surface with only upward or
only downward steps. The procedure for this was as follows. The first step was to
introduce a high density of upward and downward steps on the surface. This was
achieved by bombarding the surface with Ar™ ions at room temperature, using the
same ion gun parameters as in the cleaning procedure. A typical result is shown
in figure 3.2a. This STM image shows that after this treatment the step density is
indeed very high. Apart from long steps that cross the entire image, there are also
structures like adatom islands and vacancy islands on the surface. These are the
geometries that only have one flavor of steps. Adatom islands only have upward
steps, while vacancy islands only have downward steps. The steps in these struc-
tures are too close to each other to investigate vacancy diffusion inside and outside
vacancy or adatom islands. Therefore, the surface was mildly annealed to 333 K,
while monitoring the surface with the variable temperature STM [71]. We contin-
ued this annealing until a comfortable density of isolated vacancy islands of about
10 x 10 nm? was observed. A typical STM image of the surface after this treatment
is shown in figure 3.2b.

The high rate at which the surface vacancies hop through the surface at room
temperature, makes it impossible to follow them directly with STM. On the other
hand, the rate at which surface vacancies are created at lower temperatures (e.g.
100 K; see chapter 5), is so low that we would have to wait insensibly long for a
vacancy to move through our field of view. That is why, like Van Gastel et al., we
have been forced to use tracer particles, in particular In atoms, to visualize the effect
of vacancies moving through the surface. For this purpose, the final preparation step
was to deposit 0.003 M L of In on the surface. The In was deposited by exposing the
surface for 20 sec to a flux from a Knudsen cell, filled with In and heated to 1015 K.
Even at the low sample temperature (room temperature), the In atoms were rapidly
incorporated in the top layer of the surface. The result after In deposition is shown
in figure 3.2c.
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Figure 3.2: STM images of subsequent stages of the preparation of isolated vacancy islands in
Cu(100). To increase contrast, the original and the differentiated height maps have been mixed.
Vacancy islands are geometries surrounded by upward steps only. (a) Cu(100) surface after ion
bombardment at room temperature for 10 min with 600 eV Ar", Ispyirer = 4 uA, p = 5 -
1075 mbar. (b) Cu(100) surface after mild annealing to 333 K until there were isolated islands.
(¢) Cu(100) surface after deposition of 0.003 M L In. The In atoms immediately get incorporated in
the top layer of the surface. The small protrusions inside the enlarged vacancy island are individual
incorporated In atoms. (V: = —0.5V, I, = 0.1 nA for all images)

3.3 Qualitative observations

Using the STM we selected an area on the surface with an isolated vacancy island of
about 10 x 10 nm?2. The field of view we used was slightly larger than this vacancy
island, so that we also had a good view of the terrace directly outside the vacancy
island. Inside the vacancy island, as well as on the terrace surrounding it, In atoms
were incorporated in the top-layer of the surface. The In atoms move through the
surface by changing places with a surface vacancy (”slide puzzle” diffusion). We
have investigated the mobility of the In atoms by making series of STM images of
the selected area. From these series of images, we have formed movies that show the
motion of the embedded In atoms in the surface. Figure 3.3 shows typical images
taken out of such a movie. The start of this fragment is shown in fig. 3.3a. In the
time interval of 131 seconds between fig. 3.3a and fig. 3.3b, there was no motion of
In atoms inside the vacancy island. Figure 3.3b-e are consecutive images that were
made with a time intervals of 26.2 seconds. Between fig. 3.3b and fig 3.3c, we see
that all the In atoms inside the vacancy island have jumped over large distances. Be-
tween fig. 3.3c and fig. 3.3d, only one In atom inside the vacancy island has moved.
In fig 3.3e we see that none of the In atoms inside the vacancy island has moved.
The In atoms inside the vacancy island have also remained motionless between fig-
ure 3.3e and figure 3.3f, which was recorded 210 seconds later. Figures 3.3b-e also
show that outside the vacancy island In atoms have been moving over short dis-
tances between all subsequent images. This behavior is observed throughout this
movie and others, recorded under similar circumstances. Inside the vacancy island,
all the In atoms are jumping at the same time over long distances in random un-
correlated directions. The typical waiting time between these synchronized jumps
is about one order of magnitude longer than the average waiting time for In atom
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t=184s t=210s t=420s

Figure 3.3: Typical images taken from an STM movie at room temperature. To increase contrast,
the original and the differentiated height maps have been mixed. The dark area in the images is a
vacancy island. Small protrusions inside and outside the vacancy island, are In atoms embedded
in the top-layer of Cu(100). a.) Start of the movie fragment. b.-e.) STM images taken directly after
each other at time intervals of 26.2 s. Between t = 131 s and t = 157 s, all In atoms inside the
vacancy island have moved substantially. Between t = 157 s and t = 184 s a single In atom in the
vacancy island has moved. Before t = 131 s and after t = 184 s no motion of In atoms is observed
inside the vacancy island. Outside the vacancy island, In atoms have moved over short distances
between every pair of images. f.) Even at t = 420 s, the In atoms inside the vacancy island have
not been displaced again yet. This behavior is observed throughout the movie: long jumps and long
waiting times for In atoms inside the vacancy island, short jumps and short waiting times for In
atoms outside the vacancy island. (V; = —0.6 V, I, = 0.1 nA for all images)

jumps outside the vacancy island. Outside the vacancy islands, the In atoms do not
necessarily move all at the same time, and the typical jump length of these In atoms
is about a factor two smaller. Although the mechanism and energy barriers for the
vacancy assisted diffusion of the In atoms inside and outside a vacancy island are
expected to be the same, we observe this surprising difference in the behavior of In
atoms, which demands an explanation.

For the vacancy assisted diffusion of In atoms to take place, a surface vacancy
has to be created in the first place. Outside the vacancy island, a possible scenario for
the creation of a vacancy island, is that two atoms at the step edge diffuse simultane-
ously into a kink site, thus forming a vacancy and displacing the kink. Calculations
with the embedded atom model (EAM), similar to the calculations performed in
[42], show that this simultaneous process is more likely than the two atoms diffusing
independently. This one-step process is shown in the upper left panel of figure 3.4.
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Figure 3.4: The upper panels show cartoons of two possible scenarios for thetweaf a surface
vacancy at the upper side of a step by rearranging Cu atoms at the stephe one-step process,
two atoms move simultaneously into the kink. In the two-step process, a steancy is formed into
which an atom from the terrace can move. The lower panels show two ipbsscenarios for the
creation of a vacancy at the lower side of a step. In the one-step precée vacancy is created by
the extrusion of an atom from the lower terrace at the kink site. This atom attes to the step edge.
The void left behind by this atom is simultaneously filled with another atom frone tbwer terrace.
The two-step process is an exchange process, where an atom froroter terrace is moving into
a step vacancy while a neighboring atom moves underneath the step. 8hees for the activation
energies are obtained from Embedded Atom Model (EAM) calculation3][1

A possible two-step process at the upper side is where a vacancy tisccfieam a
step vacancy. This process is shown in the upper right panel of fgydrdnside a
vacancy island, the creation of a vacancy by the rearrangement of atahesstep
is not possible, because there are only upward steps. A copper atbenkitk site
can directly move into the kink, while simultaneously another atom from the lower
terrace fills the gap left behind. This one-step process is shown in the lefie
panel of figure 3.4. Again, the EAM calculations predict this simultaneocosgss
to be more efficient than the two independent diffusion steps. A possiblstepo
process can be an exchange process where an atom from the laaee tisrbuilt
into a step vacancy, while a neighboring atom moves underneath the steprdh
cess is shown in the lower right panel of figure 3.4. In terms of activatiengies,
the processes at the lower side of a step seem to be more expensivaenbhopa
those involved in the creation of a vacancy at the upper side of a stdpo B@ems
that the most efficient scenarios are two-step mechanisms in which a steryac
is created first, followed by the diffusion of this step vacancy into either gpeiu
or the lower terrace, where it continues as a regular surface vacancy

The waiting time between the jumps of embedded In atoms reflects the fre-
quency at which surface vacancies are created. The more urtfé/aras for a
vacancy to be created, i.e. the higher the activation energy for the ecr@aticess,



3.4 Quantitative analysis 29

the longer the average waiting time. The difference between the obsepiedlty
waiting times inside and outside the vacancy island indicates an activatioryenerg
difference for the creation of a surface vacancy inside and outsideamey island.
Because of our choice for a geometry that only has upward steps weefioasnu-

late this in terms of the activation energy difference for the creation of facr
vacancy between the down side and the up side of a step. The obsédfesshde

in average waiting time points in the naively expected direction.

3.4 Quantitative analysis

The vacancy-mediated diffusion of In atoms, provides us with a tool totgaan
tively analyze the behavior of surface vacancies with STM [41]. Thedms act as
tracer particles for surface vacancies passing by. We have andhgéistribution

of jump lengths and waiting times for jumps of these tracer particles inside and out-
side a vacancy island. With this, we have quantified the difference in thetati
energy for the creation and the annihilation of surface vacancies apier and
lower sides of a step. The software sequences, used for the anatydiesaribed in

the Appendix A (sections Al and A2).

3.4.1 Jump length distributions inside and outside a vacancisland

A distribution of jump lengths was generated by counting how often a particular
jump length occurred. As pointed out in section 3.3, there is a difference-in b
havior of In atoms inside and outside a vacancy island. Therefore two jumgthle
distributions were produced, one for inside a vacancy island and oraufside.

For comparison, both jump length distributions are shown in figure 3.5. The data
of the jump length distribution inside the vacancy island is plotted in grey bars, the
data from the outside of the vacancy island in white bars. Unlike ordinaystn,
vacancy-mediated diffusion is a process with an end. Diffusion stops thigesur-

face vacancy is annihilated. This property of vacancy mediated diffesioses the
jump distance distribution to deviate from a Gaussian function. Instead, ibean
shown that the distribution can be approximated rather well by a modiftent@er
Bessel function [42]:

1
p(r) = 5 Bes Ko (7“ Reff) (3.1)

Where

Refp = %
pperp + popp
In equation 3.2p,... is the probability that the surface vacancy recombines starting
from a position next to the tracer particlg,., andp,,,, are the probabilities that the
vacancy returns to the tracer particle from respectively one of the trgepdicular

(3.2)
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Figure 3.5: Jump distributions inside (grey bars) and outside (white bars) a vacaistgnd. Both
distributions are fitted by a  order modified Bessel function (solid line) and a Gaussian distribu-
tion (dashed line). The Bessel function fits the data, which indicates varyamediated diffusion.
The typical jump distance inside the vacancy island is significantly larger thidwat outside the
vacancy island.

sides or the opposite side, with respect to the side where it started its ravalam
after its previous encounter with that tracer parficle

In figure 3.5, the solid lines are modified’Corder Bessel function fits to the
experimental data. The dashed lines show a Gaussian fit to the same data. Th
black lines are fits to the data from inside the vacancy island, the grey liadgsar
to the data from the outside of the vacancy island. The fits show that in bedis ca
the modified 6" order Bessel function fits the data better than the Gaussian curve.
The best fits are obtained fé¥!}%/% = 0.25 and RO}/#e = 1.7.

Now we focus on the difference between the jump lengths inside and outside th
vacancy island. From figure 3.5 it is clear that inside the vacancy islartgiioal
jump lengths of the In atoms are significantly larger than outside the vacanag.isla
Equations 3.1 and 3.2 show that the width of the distribution depends on twno retu
probabilities and the recombination probability of a surface vacancy. Siaaan
safely assume for the ratio between the return probabilitiegthat > oy, both
on the upper and on the lower side of the step, similar to the situation far away

For the case of indium as a tracer particle the exchange barrier with theosaés consider-
ably lower than all other barriers. The modified probabifitgompensates for the large number of
ineffective back-and-forth exchanges of the vacancy and ther taéme (see also equation 4.22) [42].
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from a step, wherg,.,, = 0.46 andp,,, = 0.018 [42], and since, by definition
2Dperp + Dopp + Prec = 1 [42], the recombination probability on the inside of the
vacancy island is obtained from the above valuﬂﬁﬁde to be0.031, while on the
outside of the vacancy island, the recombination probabilit)18. From this we
conclude that inside the vacancy island, the surface vacancy existaiiach longer
period of time than outside the vacancy island. For comparison, the recdiobina
probability that was measured on Cu(100), far away from steps, namebetiter
of a100 x 100 nm? terrace amounted @046 [39].

It can be shown that to a very good approximation, the recombination lgifeba
ity is inversely proportional to the logarithm of the distance to the nearest&sou
and-sink combination for surface vacancies [41, 42]. The value &rdturn prob-
ability outside the vacancy island matches the expected value for the avisage
tance of2.5 nm from the step at which we measured. Inside the vacancy island,
the situation is completely different. The recombination probability we find there
corresponds to a distance to the nearest source-and-sink combirfadi®h @m.

This macroscopic distance stands in dramatic contrast with the average oatlie
vacancy island of nm! This shows that in an area that is fully enclosed by only an
upward step, the jump distance distribution is much wider than expected and thus
surface vacancies "live” much longer than when the area would beunded by

only downward steps. The upward step acts as a mirror for surfaeaei@s. This
effect can be expressed in an excess activation energy for thelatioihof sur-

face vacancies at an upward step. This is however not straightibrivacause the
size of the vacancy island is limited and the present indium atoms locally distort the
diffusion behavior of the surface vacancies. In chapter 4 we usdddarlo simu-
lations to fit the jump length distribution and thereby determine the excess activatio
energy for the annihilation of a surface vacancy at an upward step to be

Eann—inside _ 114 4 30mel/

act

3.4.2 Waiting time distributions inside and outside a vacaay island

As has been pointed out in section 3.3, the typical waiting time between the jumps
of the In atoms inside the vacancy island is about one order of magnituderlong
than outside the vacancy island. This difference in waiting time can be qudntifie
with a waiting time distribution. These distributions were generated by following
individual In atoms jumping through the surface and counting how oftemteplkar
waiting time between jumps occurred. The waiting time distributions for both inside
and outside a vacancy island are shown in figure 3.6. Both waiting time distriButio
can be described well by exponential decay, from which we can detetiméntyp-

ical jump frequency. Inside the vacancy island,,;q. = (2.6 £0.5) - 1072 Hz,
outside the vacancy islang,;s;qc = 1.0 £ 0.1 Hz. The processes that determine
the typical jump frequency are the creation of a surface vacancy, thusidif of
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Figure 3.6: Waiting time distributions for In atom jumps inside (left) and outside (right) a vacy

island. Plotted are the number of times an In atom jumps after a certain waiting diwversus the
waiting time. In both cases, the waiting time distribution is consistent with an expotial. The

typical waiting time (time constant of the exponential fit) inside the vacancyiglas 38 s. Outside
the vacancy island the typical waiting time is0 s

the vacancy through the surface and, possibly an extra energyrifarreesurface
vacancy to exchange with an In atom embedded in the surface. Nainelynight
expect that the behavior of the jump frequency of indium atoms as a funation
temperature would be given by:

_Ep+Ep+A
v =1e kpT (3.3)

where Er is the activation energy for the formation of a surface vacafgy,is
the activation energy for the diffusion of a surface vacancy Andescribes the
difference between the vacancy-indium exchange barrier and th@sadiffusion
barrier in a clean Cu(100) terrace. In case indium is the tracer paricie,neg-
ative [36, 41]. The conditiod\ /kgT < —1 is also fulfilled, so that, as argued
in [36, 41], the effect ofA on the jump frequency can safely be ruled out and the
jump frequency of indium atoms should exhibit Arrhenius behavior with &tcef
tive activation energy o' + Ep. We expect that the activation barridrg, for the
diffusion of surface vacancies inside and outside the vacancy islanthaisame.
Both inside and outside a vacancy island, they describe diffusion offaceuva-
cancy through a terrace. The ratio betwegn,; . andv .54 Would then directly
indicate how difficult it is to form a vacancy at the lower side of a step, witheet
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to the formation of a surface vacancy at the upper side of a step. Thipriessed
in the activation energy difference between the creation of a surfazeeg at the
lower and at the upper side of a step.

Ei}?Lside _ EOFutside =90 + 4meV

However, there is a significant geometric effect that influences the jueap fr
quency of the indium atoms inside and outside the vacancy island. Insidathe v
cancy island, the lifetime of the vacancies is long enough to allow it to visit all sites
inside the vacancy island. This is reflected by the observation in sectiona Bi¢h
indium atoms inside the vacancy island collectively jump between two consecutiv
images. This effect is commonly observed. This means that every indium atom
inside the vacancy island, registers all surface vacancies that axedat the inner
perimeter of the vacancy island. The average waiting time between long jumps of
indium atoms inside the vacancy island, is only determined by the rate at which su
face vacancies are created. The correct frequency for long jupnrsdium atoms
inside a vacancy islands% is given by

pginside
yinside — yoLe” kBT (3.4)
Wherev is the attempt frequency for the creation process Arglthe number of
positions along the inner perimeter of the vacancy island where a creaéohan
take place.
Outside the vacancy island, the jump frequency for long jumps from [3Gs41
more appropriate:

Eoutside
outside __ C/ —FkT (3 5)
vry =gl € '

WhereC’ = 3(1 — () is a geometrical factor strongly influenced by the presence of
the downward step. Assuming that there is no extra annihilation barrieatamny
cies coming from the upper terrace, this activation energy is the sum afrinafion
energy for a surface vacangéy,,. and the activation barrier for the diffusion over a
clean Cu(100) surfacgp .

We determined the ratio between the jump frequencies of long jumps inside and
outside a vacancy island for room temperature only. The argument staded a
shows that this ratio is not solely determined by the difference in the activation
energy for the formation of surface vacancies inside and outside asatdand.

This ratio also depends on the geometric pre-factarsside the vacancy island and
C’ outside the vacancy island. The systematic error arising from the piarSawill
be determined with a Monte Carlo simulation in section 4.7

The correct value for the activation energy difference between dation of a

surface vacancy at the lower and at the upper side of a step is:

Einside _ poutside _ pinside _ pp — Ep =136 + 12meV
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3.4.3 Diffusion constants inside and outside a vacancy isld

Both inside and outside the vacancy island, the In atoms move through theesurf
following the "slide-puzzle” diffusion mechanism. Inside the vacancy isiaedee

that the In atoms on average jump over relatively large distances with long time
intervals between the jumps. Outside the vacancy island the In atoms oneverag
jump over small distances with short time intervals. One should expect thattin bo
cases the diffusion coefficient has the same value.

) Ep

D=7 per (3.6)

We determined the mean square displacentetit of the In atoms separately
inside and outside the vacancy island. For both cases, we determinectthgeav
waiting timet which is the inverse of the typical jump frequenciesom figure 3.6.
With these values we can determine the diffusion coefficients inside and eutsid
the vacancy islandDs*¢ and D°%side  From equation 3.6 we see that the ratio
between the two diffusion coefficients gives us the difference in activatiergies
for the diffusion of the vacancy inside and outside the vacancy island.

Dinside EDinside _EDoutside

Doutside =€ BT (37)
To our surprise we found a significant difference in the diffusion facdiehts inside
and outside the vacancy island. Expressed in the activation energseddte it
was:

Eipide — pytside — 33 + 9meV

We suggest that this difference is due to surface stress. Experimehtakola-
tions by Brune et al. and Wang et al. for Ag adatoms on Ag(111) undferelift
amounts of strain show that compressive strain decreases the activadigy éor

the diffusion and tensile strain increases this activation energy [92,T88.effect

is caused by the variation of the activation energy with the lattice constaht [94
Cu(100) is a surface under tensile stress. Steps are locations on fdeesuhere
the surface can partly relax this stress. Therefore, the interatomic distanthe
vicinity of a step are more compressed than those far away from a stepw@nd th
the activation energy for the diffusion of an adatom would be lower in thiaityc

of a step. We expect that this lowering of the activation energy for thesidh
also holds for surface vacancies. The strength of the effect on tivataan energy
should, of course, depend on the strain, but for Ag on Ag(111) &eiral. found

a decrease df6 meV for a compressive strain 6P6. This variation is in the same
order of magnitude as the change in activation energy that we have farador
surface vacancies on Cu(100). Calculations by Ratsch et al. showdtgional
strain in a surface has no significant effect on the diffusion attempadmzy [95].
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The difference in diffusion coefficients that we have found can thabaily be at-
tributed to the local lowering of the diffusion activation energy by relaxabibtine
tensile stress at steps.

3.5 Discussion and conclusion

The experiments reported in this chapter and the analysis, partly baseziMportite
Carlo calculations, described in the next chapter, enable us to constdatailed
picture of the ‘life’ of a surface vacancy. Figure 3.7 shows a compilatioth®
information derived here, completed with numbers obtained from refesejdd]
and [58] combined in the form of an energy landscape for surfacaneses in the
Cu(100) surface. We conclude that surface vacancies on Cu(i®@yeated pre-
dominantly at the upper side of steps, while the lower sides act as efficiewtrsnir
for existing surface vacancies. Although this picture is seemingly completes th
are still several interesting questions left.

The first issue concerns the activation energy for the diffusion daseacan-
cies. The experiments described in this section show that there is a diffeiren
diffusion energies that we ascribe to stress relaxation at the step, batekperi-
ments do not allow us to determine the individual activation energies. Thigesq
a different experimental approach, which is followed in chapter 5.

The second issue is the possible existence of finite-size effects. A saugacy
cannot move an embedded indium atom beyond a step. When the indium atom
reaches the step it will attach to a kink, after which it has the possibility to @iffus
into either the upper or the lower terrace. This confinement limits the sizesiof the
jumps to the distances between the indium atoms and the surrounding stefig e.qg.
edges of the vacancy island. However, the experimentally obtained jumpatistan
distributions already stop at jump lengthsldfnearest neighbor distances. As the
dimensions of our vacancy island are more than three times as large, v érgie
this finite-size effect has been rather modest. Nevertheless, neargbear the
lower side of a step, this finite-size effect may reduce the width and fuatfest the
shape of the jump length distribution of In atoms. Throughout the series df ST
images we have observed that the number of In atoms inside the vacandy islan
fluctuated randomly, individual In atoms crossing the step from time to time, both
in the upward and in the downward direction.
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Figure 3.7: Energy landscape for the creation and diffusion of a surface vacgrin the Cu(100)
surface. This diagram is completely equivalent to the schematic energgsaape, sketched in fig-
ure 1.2 for the creation and diffusion of adatoms. The referencesvbeen brackets next to the
energy value, show from which section or publication the activation energyobtained. Inside
the vacancy island the activation energy for the creation of surface wagias is136 meV higher
than outside the vacancy island. Accordingly there is also an activation egdor the annihilation
of surface vacancies that approach a step from the lower side. Thigses the mirror effect for
surface vacancies at upward steps. Outside the vacancy island, ttieadion energy for the anni-
hilation of surface vacancies is as high as the diffusion barrier, althougim annihilation barrier
lower than the diffusion barrier cannot be ruled out. The activation engrdor the diffusion of
vacancies i3 meV lower at the upper side of a step. This effect is attributed to stress relaxedio
the step. The formation energy of surface vacancies was taken fraeuations with the Vienna
ab initio simulation package (VASP) reported in [58]. The diffusion barrier fdhe vacancy was
calculated from the experimental value from [41] for the sum of the actiia energy for the dif-
fusion of surface vacancies in Cu(100) and the formation energy dfaface vacancy, from which
the formation energy of [58] was subtracted.



CHAPTER 4

Vacancy creation and annihilation:
Theory

This chapter describes the theory behind the vacancy-assisted diffofstoacer
atoms inside vacancy or adatom islands on a flat crystal surface. dfdvéstic
distribution functions for this type of diffusion are computed with the use &f bo
exact numerical calculations and Monte Carlo simulations. By fitting the results
of these calculations to the experimental results of Chapter 3, for theidiifa$
indium tracer atoms in the Cu(100) surface, we are able to determine thatiactiv
energy for the annihilation of surface vacancies inside and outsideaaspsland

on this surface.
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4.1 Introduction

Although the investigation of moving structures on a surface with atomicallyweso
ing, state-of-the-art techniques, such as STM and FIM, may seemigfcaigard,
there are many cases where the limits of these techniques require one tadaneasu
on smartly chosen systems in order to determine the nature of a particulaiatiffu
process.

The diffusion of surface vacancies is such a process. The densigcahcies
is very low; typically only one in0? atoms is missing in a Cu(100) surface at room
temperature [39, 41]. The jump rate of these surface vacancies ateogperature
is in the order of0.1 GHz [39]. Because of its resolution, STM is the measure-
ment technique of choice to investigate the diffusion behavior of suracancies.
However, STM is an inherently slow measuring technique and although éwsel sp
limits are pushed further and further [69, 78], the only way to match the istan
of such an instrument to the diffusion rate of the vacancies is to measure at lo
temperatures. Unfortunately, this would also reduce the concentratiamrfate
vacancies, such that only one atom would be missing in a surface the sizenal
city. This makes it clear that, unless single surface vacancies are artificialy
ated at low temperatures (Chapter 5), STM measurements on vacanede teke
place around room temperature.

The method used to measure the behavior of surface vacancies is to eisualiz
their effect on the atoms in the surface via tracer particles [38, 58]. lexper-
iments described in Chapter 3, indium atoms embedded in the surface, \edre us
as tracer particles. This method has been applied successfully, alsoviaugre
studies [38, 39, 40, 41, 43]. The behavior of these tracer particliessiffom tradi-
tional diffusion, because it indirectly reflects the diffusion of surfameancies. The
theory behind assisted diffusion has already been developed [837 988, 99].

Other factors, specific for the system used in this thesis should also be take
into account. The area where the vacancy diffusion takes place is limitedeby th
size of the terraces on the Cu(100) surface. The lifetime of the surfaamuy
is limited because the boundaries of a terrace act as traps for surfeaecies.
Finally the jump rate of surface vacancies is locally enhanced by the peeeéthe
tracer particle. A theoretical model that specifically describes the vgaaerdiated
diffusion of indium atoms in Cu(100) can be found in [42]. Somfai et al. ehav
developed both a continuum model and a numerical model for this system. The
continuum model allows for an analytic solution of the diffusion equation hod's
that the jump length distribution does not follow a Gaussian curve, like in cldssic
diffusion, but a modified & order Bessel function. The width of the distribution is
determined by the probability that the vacancy is annihilated rather than ta tetur
the tracer particle. The annihilation of a surface vacancy is also rdfesras the
recombination of a surface vacancy. The further away a vacancy tader particle
are from an ideal sink when they encounter each other, the lower thalglity is



4.1 Introduction 39

that the vacancy will be annihilated before their next encounter, and the often
it is expected to return to a tracer particle and displace it. This results in a wider
jump length distribution for the tracer particle.

The distribution of the waiting times between subsequent jumps of the indium
atoms follows an exponential curve, as is explained in [41]. This form impii&ts
the (long) jumps are uncorrelated with each other, which means that eachust
be caused by a different, independently created vacancy. In theftdmevacancy-
mediated diffusion of indium atoms embedded in Cu(100), the activation y¥nerg
determined from the waiting time distribution is the sum of the formation energy of
surface vacancies and the activation energy for their diffusion. Aintkeaction
of the indium tracer atom and the vacancy in Cu(100) is attractive, the wéiitireg
distribution does not depend on the interaction energy between the traté¢ne
vacancy [41].

In section 3.3 it was shown that there is a significant difference in the aver
age jump length of embedded indium atoms inside and outside a vacancy island in
Cu(100). The diffusion mechanism and the tracer particles are the saiohe amsl
outside the vacancy island. This surprising difference in behavior oéthiged-
ded indium atoms indicates that there is a lower recombination probability for the
vacancies on the inside of the vacancy island. Generalizing, this mearkdhat
combination probability is lower for vacancies that approach the step fretowrer
side.

This chapter extends the description of the vacancy mediated diffusion of in
dium atoms in Cu(100) of [42] by including one extra, important aspect. Hhere
focus is on the vacancy mediated diffusion of In atoms in islands on Cu(100)
section 4.2, the dependence of the lifetime of a surface vacancy on tireeperand
area of anisland is explained. In section 4.3 and section 4.4 exact nulcatada-
tions show the spatial distribution of vacancy visitation probabilities and @dimm
times inside an island. We investigate how these depend on the location where the
vacancy is created inside the island and the recombination probability at the bo
der of the island. Section 4.5 describes the details of the Monte Carlo simulation,
used to simulate the location dependence, the annihilation probability dependen
and the indium atom distribution dependence of the vacancy-mediated inthum a
diffusion inside a vacancy island. In section 4.6 Monte Carlo simulation remdts
fitted to the experimental jump length distributions inside and outside a vacancy is-
land. In this chapter, the lower recombination probability of a surfacenecis
expressed in an extra activation barrier for the annihilation of surfacancies at
the upward side of a step. In section 4.6, the value for this energy bardeter-
mined. In section 3.4.2 it was argued that the measured jump frequencieditonin
atoms in the upper terrace require correction for undercounting, sisicmidicant
fraction of the vacancies would be annihilated before reaching the indiomsa
embedded in the measurement window. In section 4.7 the Monte Carlo simulation
is used to determine the proper correction factor. In section 4.8 the resarits f
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Chapter 4 are summarized.

4.2 Vacancy lifetime dependence on the border length of a
vacancy island

The island is assumed to be rectangular, with a size;diy y; lattice sites. The
creation of vacancies occurs exclusively along the border. The $itee aorners
of the island have a doubled probability to be the starting site, since these p®sitio
have two neighboring steps. For a vacancy located at one of the lsitekethe rate
for recombination, i.e. for a ‘jump’ into the step, Astimes the rate for a diffusion
jump in any of the remaining terrace directions.

The time it takes for a system to go from one state (i.e. a vacancy pogjtton
another, disregarding other possible transitions, follows an expondigtiabution:

Ft) = 1e-t (4.1)

-

Ft)=1—¢+ (4.2)
Here F'(¢) is the cumulative distribution function (the probability that a transition
occurs before timé), and the expectation valueof the transition time is the inverse
of the transition rate, which is proportional to the Boltzmann factor:

B
T ~ ekBT, (4.3)

whereFE is the activation energy of the process considered. In our case,atere
two types of transitions: regular diffusion (with energy bartegs) and recombi-
nation &r). If we definer, to be the waiting time for regular diffusion, then for
recombination we get, from equation 4.3:

Er—Ep

TR =€ FBT T (4.4)
70
= 4.5
ra=T (45)
_Er-Ep
A=e¢ kBT (4.6)

From each positiof the vacancy can go to four other positions, each with an ex-
ponential distribution with an average waiting timethroughr4. The average time
it takes for the first of these transitions to take place also follows an extiahe

distribution, witH:
1 1 1 1 1
e (4.7)
T(F) m T T3 T

1If we defineF(t) as the cumulative distribution function for the time at which the first of the fou
possible transitions takes plade;- F'(t) is the probability that none of these events has occurred yet
at timet, which is the product of the probabilities for each event to not havermetyet.1 — F'(t) =

n n -+ -ty L
I, - B =TT, e 7 =e =,
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This value depends on how many transitions correspond to regularidiffuend
how many involve recombination. Let us defimg-) to be the number of transitions
out of position+, corresponding to regular diffusion i.e. the number of nearest
neighbors of sitg” within the island. Sou(7) is 4 everywhere, except along the
border where it is 3 and at the four corners where it is 2. Using equdt®rthe
expression for(7) (equation 4.7) can be written as:

1 1 A 0

77 = MOt U@ e () = S s

Let P(7, t) be the probability of finding the vacancy at sitat timet. We start with

the vacancy at a random site along the border, where the corners lthougbled

probability. SoP(7,0) is simply proportional tol — n(). This must then be
normalized using the dimensions of the islamgdandy;, to obtain:

4 — n(7)
2z + 2yr

(4.8)

P(7,0) = (4.9)
There are two possibilities for the vacancy to be atsaetime t: either it was there
att = 0 and has not moved since, or it came from a neighboring site-at’ and
has not moved since then. This means @, t) can be expressed recursively by:

P(7,t) = P(7,0)e RG] +Z/ e Tm—dt (4.10)

n.n.

Here the sum is over the nearest neighbars (), P(ﬁ,t’) is the probability that
the vacancy is at a neighboring siteat time ¢/, dt’ /7, is the probability that the
vacancy goes from’ to 7 in a time intervaldt’, the exponential is the probability
that the vacancy does not leawén the time intervalt’, ¢], and the integral is over
all possible values of .

The expected total amount of tint&;,,. () (notice that this is an expectation
value, not an energy) that the vacancy i$ & obtained by integrating (', t) over
all . Using the above expression this gives:

i (7) = /0 T p@E bt (4.11)

4 ot =t ]
Etime () = P(7,0) / e TIdt+ ) / / P(r',te =@ —dt'dt (4.12)
0 mmJ0oJo 70

By changing the variable of integration in the second part ftaot” = ¢ — t’ this
simplifies to:

Eime (T ZPF,O/ e T dt + / / (r, t")e ' dt”
tme(7) = P(7.0) | ZTO

(4.13)
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R 1
Etime(F)ZP(ﬁO)/ e T(tF>dt+Z—/ e det”/ P(r,t)

0

(4.14)
Eiime(7) = P(7,0)7(7) + %’) > Brime(r) (4.15)

Multiplying both sides byr, /7(7) and inserting equations 4.8 and 4.9:
(%) + (4 — (7)) Egime (F) = ——— A=n() o + Z Eime (1 (4.16)

2:51 + 2yr

This gives a number of equations with an equal number of unknowns. hHHsis
exactly one solution. We now claim that this solution is that,.(7) is constant
for all 7, and show that this is indeed one solution, and therefore thé ealytion:

Etime(f‘) - Etime v (417)
S, 4 —n(r)
[n(r) + (4 - n( )))‘]Etzme = mTo + n(f‘)Etime (4.18)

Now n(7)Eyme can be subtracted on both sides, and then the ferrm () also
cancels out, so that remains:

70

(2zr + 2yr)A (4.19)

Etime =

which is indeed independent &f and a solution of equation 4.16. The expected
lifetime of the vacancy is obtained by summihg,,,. () over all7

_» 7-0 Tryr
E E 4.20
tzme T 2)\ ZCI"‘Z/I ( )

It follows that for islands with the same area the vacancy lives longestuareq
islands. This is logical, since the vacancy visits the border less frequeatiyrttan
elongatd island.

Note that at no point in the proof, it is used that the island has a rectangular
shape. Equation 4.19 therefore also holds for randomly shaped @tedheslands,
if 227+ 2y; is replaced by the length of the border (and the condition of equation 4.9
is satisfied).

A more direct argument to derive equation 4.20 is to multiply the average prob-
ability to find the vacancy at the border &L with the recombination rate of

%. At first sight, this approach might seem unjustified. After all, since thanvac

2That is, if the equations are independent. Although the definitioi¢iat) uniquely determines
E(7), generally speaking, this need not be the case for these equationsvétpsince all states have
the same energy, the claim tha{r) is constant is logical
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starts at the border at tinte= 0, the situation at this time differs significantly from
the average over an ensemble of surface vacancies, each with thestasing
moment at the border. The probability to find the individual surface v@canhthe
border att = 0 is 100%. The probability of%, used in our simple argument,
reflects the ensemble average of the probability per vacancy to be at rither,bo
for the present case that inside the vacancy island all positions argetinally
equivalent. However, this large discrepancy is completely removed if wege
the probability distribution over the entire lifetime of the vacancy, since, intedra
over its lifetime, it has to reflect the average behavior of the entire ensewititeh
has an equal occupation probability for each site in the vacancy island.

4.3 Exact numerical calculations

The jump length distribution of the vacancy assisted diffusion of embeddadind
atoms in Cu(100), can be described with a continuum model for a radially sigmme
ric geometry, as has been shown in [42], where it was derived thate |pngth
distributionp(r) follows a modified & order Bessel function.

1 ¢ c
p(7) = %Deff Ky <1 / Deffr> (4.22)

The width of this function is determined by the effective diffusion coefficiepy,
which is proportional to the mean square displacengetjtof the vacancy-indium
pair; c is a parameter, associated to the recombination of the vacancy./B@h

andc are obtained from the return probabilitieg:?) szf = ﬁpejlngi"pp [42].
The parameteR, s, introduced in the modified’0 order Bessel functions in the
previous chapter (equations 3.1 and 3.2) is defineg;%;\fs.

In addition to this analytical result, it is also possible to calculate the jump length
distribution from exact numerical calculations. There are two advantagbs lat-
ter approach. First, exact numerical calculations make it relatively easynpute
the jump length distribution of a tracer particle in structures that do not haka ra
symmetry, such as the square islands on a (100) terrace. The secamiage is
that exact numerical calculations make it easy to include the modifications of the
activation energy barriers for the diffusion of a vacancy near the inditom, as
was shown in [42].

The model describes the evolution starting with the situation of an indium atom
and a neighboring vacancy in the center of a large island. The recomiiétioe
vacancy can only take place at the border of the island. The activatimgyebarrier
for the recombination of the vacandyry may differ from the activation energy
barrier for the diffusion of the vacandyp. The corresponding ratid between the
probabilities for a recombination step and a diffusion step at the borderisfeand
is given by equation 4.6.
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Following the argument in [42] there are five possibilities. Either the vacancy
recombines without trading places with the tracer particle, or the vacateysdo
the tracer particle. The vacancy can return from the same side, frondthego-
site to the initial position of the vacancy or from one of the two sides perpeladic
to the line connecting the initial positions of the vacancy and the tracer paifiioée.
probability for recombination ig,.., the probability for the return to the same side
IS peq, the probability for the return to the opposite side s, and the probabilities
for the return to each of the perpendicular sidesgtg,. Because the presence of
the indium atom locally lowers the activation energy for the diffusion of @amag,
the probability to return from the same side is orders of magnitude largerlttibe a
other probabilities. Following the approach in [42], the recombination ghitibya
and the return probabilities are normalized with respegt jo

Pperp A Popp A Prec
1— Peg Popp 1_ Peq DPrec 1_ ( )

DPeq 0 DPperp Peq
We can determine these probabilities for arbitrary island geometries and initial ¢
ditions with an exact numerical calculation, in which the diffusion steps of #he v
cancy are followed until it either recombines or returns to the tracer parfidie
probability that a vacancy is present at sitaftern diffusion steps i2,,(3). The
position of the indium atom i, the initial position of the vacancy i& This defines
Qo(7¥) = 1andQ(5) = 0V § # /. The probability that the vacancy transfers from
site 5’ to §'in one diffusion step ip(s" — $). The fixed position of the indium atom
at position0 requireSp(G — §) = 0. The steps of the vacancy are defined by the
recursive relation:

Qui1(5) =D Qu(F)p(5 — 3) (4.23)

The sum is taken over the nearest neighljers:.) of the positions. Along the
border of the island, the transition probabilities out of the island might diffanf
those within the island , depending on the value\ofThe slight changes in equa-
tion 4.23 that are caused by this are also taken into account. From equatone}
can calculate the return probabilities by summing over all the steps of theoyacan
For example:

Peqg = Y_ Qu(#)p(¥ — 0) (4.24)
n=0
Prec = Z i Qn(5)p(5 — border) (4.25)

border n=0

Figure 4.1 shows the initial configuration of the exact numerical calculafibe.
vacancy and the indium atom are at neighboring positions in the centerisfahd.
In view of the rapid exchange between the indium atom and the vacaney, tivay
are positioned next to each other, we introduce a new set of coordthatasfer to
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Figure 4.1: Initial geometry used in the exact numerical calculations for the vacanagsisted
diffusion of indium atoms in Cu(100). The black circles are Cu atoms, thegcircle is an indium
atom, incorporated in the surface. The vacancy, shown as an absgrdle, is present next to
the indium atom. The numbers denote possible positions of the indium-vagauair. The initial

configuration shown here is one of the two possibilities for position 0.

the combined position of the atom and the vacancy. For example, the caitifigur

of figure 4.1 is symbolized by the position marked I8).” Note that the mirrored
configuration, with the indium atom and the vacancy exchanged, comdspo the
same position0”. With these new coordinates, the description of the motion is no
longer dominated by the rapid back-and-forth exchange events bethveetom
and the vacancy, but rather concentrates on the other events, in wiigicéncy is
re-approaching the indium atom from one of the other sides (or annibild®esi-
tions1 to 6 are the positions that can be reached in one step from positiwhere

a ‘step’ now refers to an entire random walk of the vacancy, which elihags

it back to the indium atom or leads to its annihilation at the island perimeter. Let
P, (7) be the probability that the pair is at positiGaftern steps. To start, we define
Py(0) = 1. The following steps are calculated with the recursive equation of the

type.
Pn+1 pperp Z P + popp Z P (426)

The probability that the indium atom ends up at a Iocatrorwhen the vacancy
recombines, can now be calculated for every site in the island. For instémece
probability the indium atom ends up at sitebetween) and5 when the vacancy
recombines is

p(7) = %ﬁm > [Pa(0) + Pa(1) + Po(4) + Pu(5)] (4.27)
n=0

The probability that the indium atom has moved over a particular distamdeen
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the vacancy recombines is the sum of all probabilitie§ at a distance from the
initial position of the vacancy-indium pair.

Figure 4.2 shows the numerically computed distribution of jump lengths
for a tracer atom in a symmetric island with a width4ofl atomic spacings with-
out a modified barrier for the annihilation of the vacancy at the island penmete
i.e. for A\ = 1. We obtained the return and recombination probabilities from [42],
where EAM calculations for the In/Cu system had been used to obtain ratairn
recombination probabilities for an island with a width4fl atomic spacings at a
temperature 0820 K. The return probabilities amg,.,, = 0.46, popp, = 0.018, the
recombination probability ig,.. = 0.046. In figure 4.2 the continuum model of
equation 4.21 is also drawn in. We observe that for this simple case the nameric
model is in good agreement with the continuum model. There is a mismatch be-
tween the continuum model and the numerical model for small jumps because the
Bessel function in the expression for the continuum model diverges far.

0,1

'y T T T T T T T

= Num. calculation
—— Theory

0,01

1E-34

1E-4

T T T T T T

o 1 2 3 4 5 6 7 8
Jump length r [nns]

Figure 4.2: Theoretical jump length distribution for vacancy assisted diffusion of inadiuatoms

in Cu(100) for A = 1. The unit of jump length is the nearest neighbor spacing (nns). The solid
line is the continuum model distribution function from [42]. The solid squasare the result from
the exact numerical calculations described here. The island size($ x 401 nearest neighbor
distances. No modified barrier for the annihilation of the vacancy at the isthperimeter was
used. We obtained the return and recombination probabilitiesjgt., = 0.46, popp = 0.018, the
recombination probability ig,... = 0.046, obtained from the EAM calculations of [42].

Figure 4.3 shows the result from the exact numerical calculation and the co
tinuum model for different values of. It shows that wher is lower than unity,
i.e. when recombination is more difficult than regular diffusion, the jump length
distribution is wider. This is because when recombination becomes more Itifficu
the vacancy has a longer life time. This makes it return more often to the indium
atom and displace it on average over a larger distance.
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Figure 4.3: Theoretical jump length distribution for vacancy assisted diffusion of indiuatoms in
Cu(100) for different\. The solid lines result from the continuum model of [42]. The symbolgar
the result from the exact numerical calculations. The terrace widthi$ x 51 nearest neighbor
distances. Jump length distributions are shown for different ratiosbetween the rates for the
recombination and the diffusion of a vacancy. Lower valuesXfi.e. more difficult recombination,
result in displacements of the tracer atom over larger distances.

4.4 Exact numerical calculations application in 2D islands

In the previous section we have used our exact numerical calculatiomfonso
earlier results by Van Gastel and Somfai et al. [41, 42]. In addition,ave briefly
explored the effect of an additional activation energy for the recontibmaf a
surface vacancy and the width of the jump length distribution. In this sectien, th
exact numerical calculations will be used to investigate the behavior offaceur
vacancy in terms of residence times and probability of visit for every indalidite

in a small island, the dimensions of the island béitg 43 atomic spacings, equal
to those of the island used for the analysis of the measurements in Chapter 3.

In order to find the residence time of a vacancy with an exact numericailaalc
tion, the discrete equivalent é1(7, ¢t) has to be determined. In the exact numerical
calculation, time is not continuous, but proceeds in discrete steps, whichause
to match the average time between two subsequent jumps of a surfaceyadanc
Q. (5) is defined as the probability that the vacancy is found at&@etime step
n given that it started in the origin at= 0. At every time stepm — n + 1, the
vacancy is transferred to one of its nearest neighbor positions. Thesponding
recursive relation is

uia(9) = 1 2 (&) (4.28)
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If the vacancy is located next to a boundary (step edge), a furthdadépent of
the boundary will lead to its annihilation. The rate for this differs from themair
diffusion rate by a factoi. Here, we consider the case where< 1, i.e. where
annihilation is suppressed. In our calculation of the discrete evolution qfrtite
abilities, we simply account for the reduced annihilation rate by adding anr@mou
(1-X)Qx(35) to the righthand side of equation 4.28, for positigredong the border
(and a double correction for corner positions, next to two step sites).

Figure 4.4: Exact numerical calculation for the expected amount of time each site isugied by
a surface vacancy during the lifetime of that vacancy. The surfaceca&acy starts at a random
position at the perimeter of an island with dimensiorigl x 43 nearest neighbor distances. The
value for A = % (temperature dependence is absorbed inth As shown in equation 4.17, the
residence time does not depend on the location within the island.

The discrete equivalent of equation 4.11 is
Etime(g) = Z Qn(g) (429)
n=0

The unit of time is the expectation value for the time of one diffusion %Iﬁp
where% is the exchange rate of the vacancy with each of the four nearest neighb
Cu atoms. The result of the exact numerical calculation is the expectatioa valu
for the amount of time each site in an island is occupied by the vacancy, dbéng
full lifetime of the vacancy. The result for a vacancy island, sizéck 43 nearest
neighbor distances and= % (temperature dependence is absorbedijie shown

in figure 4.4. The vacancy initially starts at a random position at the perimfetez o
island. Figure 4.4 confirms the solution of equation 4.17 Hat,. does not depend

on the location within the island. Furthermore, the value of the average meside
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time per site in figure 4.4 matches the prediction of equation 4.19 precisely.

0 1

A 2(xr +yr)
The exact numerical calculations enable us to also compute the probability that

the vacancy has visited a site at least once, for each site inside the yasland.

The probability that a vacancy is at siaftern steps, and has not visited sitg/et
is written as(),, ,(5). This probability must obey the following recursive relation

Qﬂ,n+1(§) = Z Qﬁ,n(y)p(gl - §’)7 (4.31)

1
Elime = = 0.06185567 70 (4.30)

where the sum of course excludes the contribution fromsijté that would be
one of the nearest neighbors af We can formally include that contribution by
extending our definition t@),, ,, () as the probability that the vacancy visits position
v for the first time in then!” time step. In order for equation 4.31 to remain valid
with this definition we need to choose the probability — 3) to be identical to
zero. The probability that is visited by the vacancy at least once is

Quisit(7) = Y Qun(7) (4.32)
n=0

Relations 4.31 and 4.32, can be used to exactly compute the probability that a site
is visited at least once for each individual site in the island. Figure 4.5 skioat
the result strongly depends on the value\ofFor large), or easy recombination,
the vacancy has a high probability to annihilate before visiting the center of the
island. Note, that in all calculations, the vacancy starts its random walk es&imel
perimeter, in order to mimic the practical situation of vacancies being created at
the step. In the limit of vanishingly smal, or infinitely difficult recombination,
the probability for a site to be visited at least once, becomes equal for al site
This means that when recombination is difficult, the history of a vacancygiisé
island, is erased.

In view of this effect ofA on the ‘memory’ of the vacancy, it is interesting to
observe how the probability to visit a site inside an island at least once depen
the location of creation of surface vacancies. In figures 4.6a and bighation
probability for sites in a small island @ x 10 nearest neighbor distances) is plotted
for high and for lowA. In these two cases, a vacancy can only be created along
the border. In figures 4.6¢ and d similar calculations have been perfpmitedhe
difference that in these cases the vacancy could be created with egbabjity at
any site inside the island. As expected, we find that for \wr difficult recombi-
nation of the vacancy, the results are not very different (figuresan@id). This is
because the large number of ‘reflections’ of the vacancy from the igldge effec-
tively erases the memory of the vacancy’s origin. Whes high, or recombination
is easy, the change in boundary condition for the locations where sud@ancies
are created, has a dramatic effect on the visitation probability distribution.
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Figure 4.5: Probability for a vacancy to visit a site at least once for varions a.) A = 0.5 b.)
A=02c) A =0.1d) X = 0.05. The vacancy island i$4 x 43 nearest neighbor distances
large. As) decreases, the history that the vacancy was created at the perimeteng@e and more
erased.

4.5 Jump length distribution in small islands

In this section we employ Monte Carlo simulations to compute the dependence
of the jump length distribution on the activation energy for the annihilation of a
surface vacanc¥'z. The geometry is again that of an island with a square lattice.
The annihilation of surface vacancies only takes place at the bordee a$l&nd.

The presence of an indium atom in Cu(100) locally changes the diffugibavior

of the surface vacancy. This influence of the tracer particle on thevlmehat the
surface vacancy needs to be taken into account. The exact numetimabtons,
described in section 4.4 show that the width of the jump length distribution depend
on the recombination probability of the surface vacancy at the bordere, ke

will model the diffusion and annihilation of a surface vacancy, after it bheesn
created. A distribution of the modelled jump lengths will be calculated for skvera
values of Fr. These distributions will be compared to the experimental data of
Chapter 3. This approach will allow us to extract a reliable valuetfgrfrom the
experiment. Due to the complexity of the system, the Monte Carlo method is the
only appropriate approach to compute the jump length distribution for the wacanc
assisted diffusion of indium atoms in an island in Cu(100), for the actualdslan
dimensions, while properly including the interactions between a vacancwamand
indium atom and between a vacancy and a step.
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Figure 4.6: Probability for a vacancy to visit a site at least once, depending on vayatreation site
and \. a.) creation only along the border and easy annihilatioi, = oo, b.) creation only along
the border and difficult annihilation,\ = 3 - 10~°, c.) creation everywhere in the island and easy
annihilation, A = oo, d.) creation everywhere in the island and difficult annihilationy = 3 - 107,

In all cases the vacancy island i$0 x 10 nearest neighbor distances large. Wheis high, the
distribution of visitation probabilities depends sensitively on the vacancy tiogelocation.

45.1 Monte Carlo simulations

The Monte Carlo method uses a probabilistic description of the system uoder ¢
sideration [100, 101]. The decision which and whether a pre-defiratition
occurs at a particular time step, is made using random numbers. This allows us
to construct individual trajectories of vacancies, e.g. originating at ¢inédn and
diffusing through a vacancy island until they are annihilated again at thdebo
Even for relatively small islands, a prohibitively large number of possilaedtto-

ries exists. Therefore the simulation process is repeated only for a limitedemumb
of individual trajectories. This number is chosen sufficiently large thaatieeaged
quantities of interest, such as the average vacancy life time, the distributitsitaf

tion probabilities and the jump length distribution of embedded indium atoms have
all converged to the values for a hypothetical exact calculation within egpaably
small statistical error. To prevent waste of computer time on non-interestirtg p

of the phase space of the system, the methachpbrtance samplin§fL02] is used.

A computer has to iterate the process of interest a large number of times to
find the average value of the observable. We require a pseudo ramduober gen-
erator that does not exhibit typical artifacts like periodicity or prefemattomes
at least for the number of iterations needed in our Monte Carlo simulatiorj.[104
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The random number generator used here is based on the random rgenbeator
supplied by the MS Visual C++ compiler. To extent its rang@Gfto our needs
(239), the pseudo random numbers are produced by two calls to the randobenu
generator. To prevent periodicity, the seed of the random generatoanged every
golden section of the period of the combined random generator. THémgsmod-
ified random number generator passed tests for periodicity and mefeutcomes
successfully over the 10 calls we use in the Monte Carlo simulation.

4.5.2 Application to jump length distributions

In this section the Monte Carlo simulation will be used to compute the dependence
of the jump length distribution of indium atoms and other quantities on the activation
energy for the annihilation of surface vacancigs. The result should be suitable
for direct comparison with the experiment of Chapter 3, which will allow us to
determineEr for Cu(100). The reason to use Monte Carlo simulations is that in
this case we have to model the vacancy assisted diffusion of indium atomsiadla s
island. For the exact numerical calculations, we had to introduce the simjutifica
that the return probabilities for vacancies to indium atoms were not difféoen
indium atoms close to the center of a small island and indium atoms in the center of
large terraces. Due to the proximity of the border in small islands, this simplificatio
is not justified. This, together with the interaction between the indium atom and the
vacancy and the recombination probability for vacancies at the bordkganthat
the system is too complex for an analytical calculation.

Since we are interested in the difference between the activation enegaes f
nihilation of a surface vacancy and for regular diffusion, we introdbeectivation
energy differencd’gs = Er — Ep, In terms of this new quantity, the definition of

A (equation 4.6) becomes
Eps

A=¢ FBT (4.33)

We validated our Monte Carlo calculation by first reproducing the resuts fr
the exact numerical calculations in section 4.3. Vacancies were initially pait ne
to the indium atom, in the middle of an island with a size461 x 401 nearest
neighbor distances. The temperature was s82@tK . The diffusion of each va-
cancy through the island was followed. As the vacancy recombined abtiderb
of the island, the jump length of the indium atom was recorded. This procass w
repeated many times for several values of he resulting jump length distributions
were compared to the result of the exact calculations and to the experimeets o
erence [41]. The results from the Monte Carlo simulation were in gooccagst
with the experimental results and the results from exact numerical calcidation

We can now investigate the jump length behavior of the vacancy indium pair as
a function of the initial location of the indium atom and the relative recombination
probability A. For the next simulations we put the vacancy and the indium atom in
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an island sized4 x 43 nearest neighbor distances, the size of the vacancy island in
the experiments in chapter 3. The temperature was 288ak’, the same value as

in the experiments. The initial positions of the indium atom are shown in figure 4.7
The initial position of the vacancy is a random site along the border. The jump
length distributions from the simulations are shown in figure 4.8. Figure 4\8ssho

_] surrounding terrace

404 vacancy island

nearest neighbor spacings

T T T T T T T T
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Figure 4.7: Different initial positions for the indium atom in the Monte Carlo simulations on the
position dependence of the jump length distributions
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Figure 4.8: Jump length distributions for different initial positions of the indium atom (symols
correspond to the positions indicated in figure 4.7) and variods a.) A = oo, b)) A = % c.)
A= % Only for large A, the width of the jump length distribution depends noticeably on the
initial position of the indium atom. The indium atom position distributions shown in fige 4.11a
and c, show that when the vacancy annihilates, the indium atom preferdhtiands up at the second
row. The jump length distribution of the indium atom, starting atnearest neighbor spacings from
the island perimeter (open circles), for low values &f shown in c.), exhibits a higher probability
for jumps to the second row.

that for large), the jump length distribution becomes narrower when the initial
position of the indium is placed closer to the border. This is easy to unddrstan
After all, when the vacancy is closer to the border, it is more likely to find the
border. If the recombination probability is high, the vacancy recombirgdlyain

this case, the number of returns to the indium atom is smaller, leading to a smaller
average displacement of the indium atom. Wheis small, the vacancy is more
likely to ‘reflect’ from the border and return into the island. Because tlcaney is
present inside the vacancy island for a longer time, it will have a largdxaitity



54 Vacancy creation and annihilation: Theory

to visit all sites in the vacancy island equally often. This is supported byefigus
where the probability is shown that a vacancy visits a site at least onceefldusis

reflected in the jump length distributions for small The width of the distribution
shows almost no dependence on the initial location of the indium atom.

The principle of detailed balance dictates that when recombination of surfac
vacancies is easy, their creation must also be easy. The results shoguréfii8a
represent the situation where the border of a vacancy island is an adeaksand-
sink combination for surface vacancies. Fitting the modifiédodder Bessel func-
tion of equation 4.21 to these simulation results, we can plot the width parameter

C

combination. The result of this procedure is shown in figure 4.9, whictvstioat
as the indium is placed further away from the source-and-sink, the jurgghl€lis-
tribution gets wider. The reason is simply that as the vacancy starts its ramal&m

\/ Deis of the distribution as a function of the distance to the ideal source-and-sink
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Figure 4.9: A plot of 4/ @ (effectively the width of the jump distance distribution) versus the
distance to the nearest source-and-sink for surface vacanciesesehwidths were determined by
fitting equation 4.21 (Bessel function) to the jump distance distributions obtdrfrom Monte Carlo
simulations and the distance to the sink was varied by adjusting the size of tlkamey island. The
borders of these islands were an ideal source-and-sink for suefaacancies. This plot shows that
the width of the jump distance distribution is a monotonically increasing functiohtbe distance
to the nearest sink.

after having displaced the indium atom at a larger distance from the sinkolta{p
bility to find the sink and annihilate there before returning once more to the indium
atom is reduced. This means that the lifetime of the vacancy is increasedusnd th
it returns on average more often to the indium atom, resulting in a lager averag
displacement and a wider jump length distribution.
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4.5.3 Application to the distribution of indium atom positions

This section describes simulations to determine the redistribution of the indium
atoms in an island. The geometry of the Monte Carlo simulation is a vacancy island
with a size of54 x 43 nearest neighbor distances. The initial position of the indium
atom is a randomly chosen site in the top layer inside the vacancy island. Thie initia
position of the vacancy is a randomly chosen site along the border of thasac
island. After the vacancy has diffused through the island, it recombiitbgwob-
ability A at the border of the island. Immediately after this event, a new vacancy
is created again at a random site along the border of the vacancy islaadem-
perature is set @88 K, the temperature of the experiment. The simulations differ
with respect to the previous simulations in the sense that after the recombiofation
a surface vacancy, the position of the indium atomdsreset.

In these simulations indium atoms were allowed to reside right at the border of
the vacancy island. This aspect requires us to pay attention to how them peesf
the indium atom, locally influences the rates of annihilation and creation afcsurf
vacancies. We used the diffusion barriers for vacancies close to mmiradom, as
calculated by Somfai et al. with the Embedded Atom Model [42], and combined
these with the condition of detailed balance to determine by which factor the va-
cancy annihilation and creation rates were modified by the presence @rlayne
indium atom.

Figure 4.10: a.) Distribution of the location where indium atoms end up when the vacancy is
annihilated, obtained from a Monte Carlo simulation. b.) The correspondidistribution of the
average time spent by the indium atom per site on the surface is completely Tlais shows that
the structure in the distribution of panel (a) is a purely kinetic effect, the gence of the indium
near the border leading to enhanced rates of creation and annihilation afface vacancies. In
both figures, the island dimensions aféx 7 nearest neighbor distances, = ﬁ and temperature

T = 288 K. Precisely the same result is obtained from the equivalent exact calcutaimt shown
here).

In figure 4.10a the distribution is shown of where indium atoms end up when
the vacancy is annihilated for a small vacancy island, as obtained from ¢dnéeM
Carlo simulation. It shows the surprising result that the indium atoms most often
end up at the second row from the border. Precisely the same resuliaisaib
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from the equivalent exact calculation (not shown here). This distribig@ems to
defy equilibrium thermodynamics, since there is no energetic preferemany

site in the island for the indium atoms, also not for the second row from trdehbor
However, figure 4.10a igot the probability distribution of indium atoms within

the island. For that distribution, one should also take into account the time the
indium atom spends at each site in the vacancy island. Near the borddnmihis

is the inverse creation rate of vacancies per site. As the presence ofdtbhmin
atom near the border lowers the activation energy for the creation aheaes,

this creation rate is significantly increased and the amount of time that the indium
spends near the border until its next jump is reduced accordingly. Figufd
shows the distribution for the time an indium atom on average spends atitsach s
In accordance with thermodynamics, this visitation time distribution is flat, thus if
one would measure the position of an indium atom at regular time intervals, one
would find the indium atom equally often everywhere. Similar results have bee

Figure 4.11: Distribution of the positions where indium atoms end up when a vacancy is iin
lated, obtained from a Monte Carlo simulation for a.\ = 0.1 and ¢.) A = 0.01. Corresponding
distributions of average time spent by the indium atom per lattice site for B.)= 0.1 and d.)

A = 0.01. For both calculations, the island dimensions webd x 43 nearest neighbor distances
and temperature wag" = 288 K. For this large island, exact calculations could not be performed.
Therefore only simulation results are shown.

obtained from simulations for larger islands, of the size used in the expgamen
(figure 4.11) and from exact calculations for small islands. Figure 4shaes the

position distribution and figure 4.11b shows the distribution of average visitatio
times for a relatively high\ = 0.1, figure 4.11c and figure 4.11d show equivalent
results for a relatively lowA = 0.01. Again, the sites where the indium atom ends
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up with the highest probability, are on the second row. However, the rathieh

the indium atom leaves these sites is so high that the fraction of time spent per site
by the indium atom is equal for all sites inside the vacancy island. Figurég 4.1
and 4.11d confirm the expectation that the shape of the visitation time distribution
does not depend ok
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Figure 4.12: Distribution of lengths of jumps from the second row from the border of thacancy
island, obtained from Monte Carlo calculations. The island dimensions wérk x 43 nearest
neighbor distances)\ = % and the temperaturél’ = 288 K. Jump lengths are expressed in
nearest neighbor distances (n.n.d.).

The effect of the increased number of visits to the second row by the indium
atom, and the higher mobility to leave from there, has an influence on the jump
length distribution, as shown in figure 4.12. Jump lengths of an integer nushber
nearest neighbor distances have a higher probability, which is caygeaahps from
the second row, to another location within the second row. Because et jangp
lengths there are more jump vectors from the second row into the island than to
another location within the second row, the effect becomes smaller for jarge
lengths. Precisely this effect has also been responsible for the fewrhpgints in
the jump length distribution of figure 4.8c, for lowand an indium atom position
close to the island edge.

4.6 Recombination barrier at the upper and lower sides of
a step

In order to obtain an estimate for the additional energy barriers for egcam
combination from the lower side and from the upper side of a step, weauatt
the measurements of Chapter 3 with the results of Monte Carlo simulations, of the
type described in the previous section. Several values for the relatieenbination
probability A were used in these simulations. Equation 4.33 associates the value of
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A with the differencel'ps between the activation energy for the annihilation of a
surface vacancy and the energy barrier for regular vacancysifiu

We first concentrate on the annihilation of surface vacancies from itisale
vacancy islands, i.e. vacancy annihilation from the lower terrace. Selezsalts
from our Monte Carlo simulations are shown in figure 4.13 together with the ex-
perimental data from figure 3.5. Figure 4.13 shows that the simulated jump length

0,15 j I:Ie>'<perimentI E
\ O = BesselKO fit
NS o
0,01 4
> 1E-34
=
o)
8 14
o
Q.
1E-54
1E-6 4

0o 2 4 6 8 10 12 14
jump length (nearest neighbor spacings)

Figure 4.13: Jump distance distribution inside a vacancy island. Plotted are the experitakn
data of Chapter 3 (grey bars), the!d order modified Bessel function fitting the experimental data
(solid black line) and the jump distance distributions from five Monte Carlo sifations. These
Monte Carlo calculations, simulate the "slide puzzle” diffusion of an In atom side a vacancy
island of 54 x 43 nearest neighbor distances, which is the same size as the vacancy isisad in
the experiment. For each simulation a different value was used for theieation energy for the
annihilation of a surface vacancy at the edge of the vacancy island. Biraulation with an energy
barrier of 114 meV best fits the Bessel function and the experiment and the other simulatierses
to illustrate the sensitivity of the distribution to this energy barrier.

distribution with Eiside = 114 meV best fits the experimental data, albeit with a
large statistical error margin &) meV'.

A similar procedure was followed for the experimental jump length distribution
of figure 3.5 for indium atoms outside the vacancy island. The result isrsimow
figure 4.14. The two simulated jump length distributions in figure 4.14 are for acti-
vation energies for the annihilation of surface vacancigsetl and—114 meV,

i.e. for the absence of an additional barrier or for the case of an extosveeng of

the barrier even with respect to that for regular diffusion. The two cdetpdistri-
butions are nearly identical; only in the case of an enhanced barrieistnéution

is changed (cf. figure 4.13). Changing the paramater the calculation cannot
make the distribution any steeper. Nevertheless, the experimental distrigition
steeper than the two simulated distributions. There are several potensiahssfar
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Figure 4.14: Jump distance distribution outside a vacancy island. Plotted are the expeniale
data of Chapter 3 (white bars), the'd order modified Bessel function fitting the experimental data
(solid black line) and the jump distance distributions from two Monte Carlo simtitms. In the
Monte Carlo simulations, the used range of distances to the step was betwesmd 15 nearest
neighbor distances, similar to the procedure followed in the experimertig@ter 3). The activation
energy for the annihilation of a surface vacancy approaching the stepr the upper side is set to
0 meV in one simulation, and to—114 meV (reduced barrier) in the other. The results of the two
simulations almost coincide, but even at these low values for the eneagyidr, the simulated jump
distance distributions are wider than the experimental distribution.

the discrepancy between calculation and experiment for the jump length waistrib
tion outside the island. In the experiment, there were several indium atongs clos
together, which may have had an effect on the diffusion properties ofitencies
that was notincluded in the model. As discussed in section 3.4.3, stressti@teat

the step edge should be expected to enhance the diffusion rates on ¢éhéanmre,
close to the step, effectively biasing the random walk of the vacancy tagherd
thereby reducing the return probabilities of the vacancy to the indium atonein th
upper terrace. This in turn should result in a smaller average displacefifgtin-
dium atom. The measurements of the vacancy-mediated diffusion on thesigper
of a step, were performed next to a relatively small vacancy island, thaadele

a large vacancy island. The ‘reflection’ of vacancies at the lower ditteedoorder

of this larger island, might cause the vacancies to visit the upper side obtberb

of the smaller vacancy island more often. This could lead to an unusuallgwarr
jump distance distribution. At this point, we can only conclude that the activation
energy for the annihilation of surface vacancies at the upper sidetepdsslow,
Eguside <0 meV.
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4.7 Vacancy encounter probability as a function of the dis-
tance to an ideal source-and-sink

In this section we use Monte Carlo simulations to quantify the systematic error that
has been made in the initial analysis of the STM data of vacancy-mediatesialiffu

of embedded indium atoms in Chapter 3. Measurements analyzed in Chapter 3 f
the motion of indium atoms outside the vacancy island were performed in an area
betweerb and15 nearest neighbor distances from the edge of the vacancy island, as

indicated in figure 4.15. At this distance we must have measured an @f@éﬁ\iﬁ

—_
o

vacancy island

T eale Juswalnseaw J

|

Figure 4.15: The jump distance distribution outside the vacancy island (grey area) wasmea-
sured directly at the step, but in an area ®0 nearest neighbor distances wide, starting at a distance
of 5 nearest neighbor spacings from one edge of the vacancy island.

that is higher than thq/ Detf that a measurement would have yielded directly at
the step (cf. figure 4.9). The vacancies that are created and annihi@texit
leaving the area betwe®mand5 nearest neighbor distances from the step, are never
detected. This has introduced a systematic error in our analysis of the jugtp len
and waiting time distribution measured for indium atoms in the upper terrace. This
error has made our initial estimate of the difference in activation energshér
creation of surface vacancies inside and outside a vacancy island too low

Using Monte Carlo simulations for precisely the geometry of figure 4.15, we
have calculated the probability that a vacancy, once it is created, seadlistance
from the step ofi0 nearest neighbor spacings. The outer contour of figure 4.15 is
also an upward step, i.e. the vacancy island of interest is located insidger big
vacancy island. In section 4.6 we found the high activation barrier foctbation
of vacancies on the lower side of a step. We expect only a low numberfateu
vacancies created at the lower side of the border of this bigger islardefbine, in
the model, we ignore the presence of the border of this bigger island aeddnse
locate the vacancy island of interest inside a large terrace.
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The procedure in the calculations was as follows. New vacancies weaigedr
on the upper terrace in the atom row directly adjacent to the grey vacdany is
figure 4.15. The diffusion of each vacancy was followed until its annihitaggain
at the edge of the vacancy island. During its diffusion, the vacancy legali$sibil-
ity to enter the measurement area, marked by the rectangle in figure 4.15tHsom
simulation we obtained the probability for vacancies in the upper terrace ¢b rea
thent* atom row from the border of the vacancy island, before recombiningeOn
avacancy is at the row, it is able to displace an indium atom at this distance from
the border of the vacancy island. The probability that a surface vgecaaches the
n'" row can be expressed formally as a Boltzmann factor with an activatiogyener
Ep. This energy serves as the systematic error in the activation energsediffe
for the creation of a surface vacancy inside and outside a vacancy iglahwe
obtained from the analysis of the motion of the indium atoms in Chapter 3.

The average probability that a vacancy, once created, encountersasom on
the terrace on the lower side of the step before it annihilates is defingfé4s.
This probability was determined to I9e7, based on simulations with the annihila-
tion barrierE%5¢ of 114 meV, determined above. In other words, surface vacan-
cies created inside the vacancy island encountered on avéi#gef the embedded
indium atoms before their annihilation. Because of the multiple reflections of the
vacancies from the island edges, caused by the annihilation baffigf¢ did not
depend noticeably on the distance of the indium atoms to the edge. Theiitpbab
pPUtside can be defined in a similar way for a vacancy encountering an In atom on
the terrace on the upper side of the step.

In the one-dimensional case, the probability that a vacancy, okfthew does
not pass then'” row before recombining is defined @ (n). This probability
Py(n) is equal to the probability that the vacancy moves to/sitel, multiplied by
P11 (n) for both+1 and—1. Starting atP; (n) where the vacancy can diffuse into
the terrace or annihilaté’,(n) is described by the following set of equations:

A+ Py(n)

Pi(n) = 57 (4.34)

Pi(n) = 3 (Pir(n) + Pra ()
Paln) = 5 Paa(n)
Where) is defined in equation 4.33. Solving these equations leads to:
Pi(n) = (n—k+1)P,(n) (4.35)

Inserting equation 4.35 into equation 4.34 gives after simplification

1
1+nA

1— Pi(n) = (4.36)
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Herel — Pi(n) is p°“t*ide, the probability that a vacancy created at the upper side
of a stepdoespass the:”* row before recombining.

Ep 1

e FBT — poutside _ (4_37)

_Egg
1+ ne *B7T

In the limiting case thabgs — 400
Ep—0
In the limiting case thabgpsg — —o0
Ep — kpTin(n) — Egs

In our caseErg on the upper side of the step is small, thus the latter limit applies
to our case. For two dimensions, an equivalent model can be construthed
probabilities P, can be found with exact numerical calculations, in essentially the
same way as in equations 4.24 and 4.25. Figure 4.16, shows the result®f the
dimensional exact numerical calculations of the probability that a vac&aamhes

a distancen of 5, 10 and 15 nearest neighbor distances from the step for various
recombination energies. We plotted the sunfgfand Ezs as a function ofE ¢ g.

We expect the value af94side < 0 meV. Figure 4.16 shows that fabrs =
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Figure 4.16: The sum of Ep and Es as a function of Egs for various distances to the step.

0, the values ofEp for n values of5, 10 and 15 nearest neighbor distances, are
respectively34d meV, 48 meV and56 meV. Averaging these values gives us the
error that this effect has introduced in the experimentally determined eliffer
between the activation energies for the formation of a surface vacangyweard

and downward stepsEinside — poutside js lowered by46 £ 11meV. The error
margin is determined from the spread in the calculated valugsgofor n is 5,

10 and15 nearest neighbor distances. Note that this effect is strongest on ¢he sid
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of the step where the additional activation energy for the formation/annimilafio
a surface vacancy is small (or negative), as is the case outside threcyasiand,

while it is as good as absent when this energy is large and positive, acizsthen

the inside. With this correction, the true activation energy difference éctbation

of surface vacancies between the upward and downward steps is:

A E}?Side _ E%utside =136 &+ 12meV

With this new activation energy difference for the creation of surfacaneaies,
taking all the error margins into account, we can construct a nearly congpletgy
landscape for a surface vacancy at a close-packed step on tH@OLsififace, where
the information on the lower side of the step is consistent with that on the ugdper s

4.8 Conclusion

The energy diagram shown in figure 4.17, forms the conclusion of the ioechb
experimental and theoretical analysis of vacancy-mediated diffusiombéeéded
indium atoms in Cu(100), as presented in Chapter 3 and Chapter 4. I$ shavsur-

face vacancies are created predominantly at the upper side of a stptherstep

acts as an efficient mirror for surface vacancies approaching ittinerfower side.

In order to complete figure 4.17, we have combined the activation enefgyedite

for the formation and annihilation of surface vacancies and the activatieryy
difference for the diffusion of vacancies inside and outside the vgadatemd, ob-
tained from the experiments in Chapter 3 and the analysis in this chapter, with the
activation energy for the diffusion of surface vacancies and the fitmmanergy of

a surface vacancy, obtained from Embedded Atom Model calculatiosl jrbB].

The sum of the latter two energies has been experimentally determined in refer
ence [41] to ber17 + 30 meV. Chapter 5 describes the experiments performed to
obtain a separate experimental value for the activation energy for thesigiff of
surface vacancies.
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Figure 4.17: Energy landscape for the creation of a surface vacancy and the difun of an indium-
vacancy pair. The references between brackets next to each gneatuie, show from which section
or publication the energy is obtained. The deep minimum corresponds tagtteeind state situation
without a surface vacancy. Inside the vacancy island the activation gyefor the creation of
surface vacancies i$36 meV higher than outside the vacancy island. Accordingly there is also an
activation energy barrier for the annihilation of surface vacancies thapproach the step from the
lower side. This causes the mirror effect at the lower side of a step foface vacancies. Outside
the vacancy island, the activation energy for the annihilation of surfacecaacies is at most as
high as the diffusion barrier and an annihilation barrier lower than the diffsion barrier cannot be
ruled out. The activation energy for the diffusion of the indium-vacancgipis 33 meV lower in
the upper terrace in the immediate vicinity of the step. We ascribe this effestrtess relaxation at
the step. The creation energy of surface vacancies was taken froloutations with the Viennaab
initio simulation package (VASP) published in [58]. The diffusion barrier féhe indium-vacancy
pair was obtained by subtracting this calculated vacancy creation energynfthe experimental
value obtained in [41] for the sum of the activation energy for the diffusiof the indium-vacancy
pair and the creation energy of a surface vacancy.



CHAPTER 5

Direct observation of the diffusion of an
individual surface vacancy

This chapter describes the low-temperature STM experiment and its aribtsige
have performed to acquire direct information on the diffusion charattesrisf an
individual surface vacancy in Cu(100). The result is in excellerdagent with the
prediction of the activation energy for the diffusion of surface vaEm®btained
from first-principles calculations. The experimental information on the siifiu
barriers forms the closing piece of our analysis, started in Chapter 3,afdRe
energy landscape for the formation, diffusion and annihilation of serfacancies
in the Cu(100) surface.
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5.1 Introduction

Chapters 3 and 4 have presented experimental and theoretical resulis onéime
creation and annihilation of surface vacancies in Cu(100). In this chapeefo-
cus is on the energetics of the random walk a vacancy performs betwesmnttio
events. The special shape of the jump length distribution of embedded inthiums a
(modified @"-order Bessel function), found in this thesis (Chapter 3) and in previ-
ous work [36, 39, 41, 42, 43], indicates that the surface vacanc{@s(itD0) behave
like random walkers that diffuse through the top layer following a "slidezfriz
mechanism [38]. Calculations by Grant et al. [58] using the VASP (Viainiaitio
simulation package) [105, 106, 107, 108] total energy code, employirey3oft
pseudo potentials [109, 110, 111, 112] and the Perdew-Wang 198ibivef the
generalized gradient approximation [113], have predicted a formatierggifior a
surface vacancy in Cu(100) dff4 meV. The value for the sum of the vacancy
formation energy and the activation energy for the diffusion of a sarf@cancy
in this surface has been measured by Van Gastel et al. [41] Tdb&- 30 meV .
Subtracting these two numbers, we arrive at an estimate for the activagogyen
for the diffusion of a surface vacancy 843 + 30 meV. In this chapter, we use
low-temperature observations on Cu(100) to directly determine the activertion
ergy for the diffusion of surface vacancies. Together with the abrperanental
value for the sum of the formation and diffusion energies this providesithisan
experimental value for the formation energy of a surface vacancy.

5.2 Experimental procedures

The experiments described in this chapter have been performed in theraew p
grammable temperature STM system described in section 2.4. The Cu sample was
cut by spark erosion from a 5N purity single crystal. The crystal wasnitally
etched and polished parallel to the (100)-plane with an accuragy ©f90]. After
introduction into the ultra high vacuum system, with a base pressure of0~1°
mbar, the sample was further cleaned with several cycles of ion bombardment with
1000 eV Art ions and annealing t690 K [91]. The ion bombardment was per-
formed with a focused, differentially pumped ion gun, fitted with a Wien mass filter
The condition of the freshly cleaned sample is shown in figure 5.1. Afteniriga

the sample, it was cooled by a He-cooled flow cryostat to a temperat8tefin
about150 minutes. While the sample was cooling down, we noticed some conden-
sation of residual gas on the sample. Most of these impurities could be rdropve
flashing the sample quickly @73 K, and letting it cool rapidly t®5 K again. As

was estimated already in Chapter 3, at this temperature, the density of gumrgn
created vacancy islands is so low that we would have to search a sar&sethe

size of a small city to find just one vacancy. This forces us to create tifeceur
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Figure 5.1: STM images of the surface condition of the Cu(100) sample after the cleaning proce-
dure. a.) Large scale image of the Cu(100) surface. The image was processed by adding the image
containing the error (dZ) signal to the standard height image as described in [78]. T = 293 K,
Vi = —0.50V, I; = 0.1 nA. b.) Small scale image of the Cu(100) surface. The copper atoms in the
square lattice of Cu(100) are clearly visible. To increase contrast, the original and the differentiated
height maps have been mixed. T =99 K,V;, = —0.04V, I, = 0.5 nA.

vacancies ourselves. The vacancies were created with an Ar ion erosion treatment
on a freshly prepared surface at 85 K. At the employed ion energy of 500 eV, the
maximum ion current density from the focussed ion gun was 2.2 - 107° A/m? at a
beam diameter of 9 mm. When the ion energy was lowered further, the ion current
rapidly became too low to be useful. Within an enthalpy of vaporization of copper
of AfHO = 337.4+1.2 kJ/mol [114], the energy required to remove a single atom
from a copper crystal is 3.5 eV. The ion energy of 500 eV was clearly too high to
create individual vacancies. Indeed, after irradiating the surface at this energy we
observed that the majority of impact sites were small vacancy islands with nearby
adatom clusters [59]. Therefore, we lowered the ion impact energy to 50 eV by
applying a bias voltage to the sample of 450 V. This still mostly resulted in multi-
atom defects i.e. small vacancy islands and adatom clusters, but individual missing
atoms, i.e. single surface vacancies, were also occasionally observed. The low-
temperature, 50 eV ion erosion treatment formed the final step in the preparation
of the surface. In this respect, we obtained our best result for 0.01 M L of removed
atoms, which we could obtain at an ion dose of approximately 1.4 - 1019 jons/em?.
After this final preparation step, the STM scan head was placed over the sample
and the STM tip was brought into tunnelling range. At the end of this procedure the
mechanical contact between the coarse-approach piezo motor and the sample holder
was lifted, which resulted in a further lowering of the sample temperature to 77 K.
This is the temperature at which the STM measurements have been performed. The
time passed between the low-temperature ion erosion treatment and the STM obser-
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vation was typically 80 minutes, which was short enough at the temperature of 77
to 85 K that individual vacancies could still be observed, i.e. not all had annihilated
before the first STM images were recorded.

5.3 Qualitative observation and quantitative analysis

For the low-temperature STM observations we set the tunneling conditions such,
that the atomic lattice of Cu(100) was clearly visible. Typically, this was achieved
for a tunnelling (sample) voltage of 0.15-0.30 V" and a tunnelling current of 0.1 nA.
The temperature of the sample was 77 & 2 K. Areas of 20 x 20 nm? were searched
for impact sites resulting from the low energy ion erosion treatment. When such
an impact site was found, the field of view was reduced to 10 x 10 nm?, in search
for a possible, single surface vacancy in the direct vicinity of the impact location.
When a vacancy was found, the motion of the vacancy was followed by imaging
the same area multiple times, until the vacancy had moved out of the field of view.
Unfortunately, we have been able to perform only 5 of such observations, which has
resulted in a high error margin on the diffusion activation energy (see below). The
motion of a single surface vacancy is shown in figure 5.2. The white arrow points at

Figure 5.2: A sequence of three consecutive STM images of ion erosion damage on Cu(100) at
77 £ 2 K. The arrow points at a single surface vacancy, diffusing through the surface. The
acquisition time for each frame was 21 s. V, = —0.29 V, I, = 0.1 nA.

the surface vacancy. Two other dark regions can be seen in figure 5.2, which are two-
or three-vacancy clusters. We have observed many of such nano-clusters. Although
these were not mobile at 77 K, they did fluctuate in shape (orientation). The high
resolution images allow us to determine the displacement of the surface vacancy by
simply counting the number of atoms between its initial and its final position. In
this procedure we corrected for the modest amount of drift (thermal drift and piezo
creep) between consecutive images. From the acquisition time per image, and the
mean square displacement of the surface vacancies over all consecutive images, we
have determined an average jump rate for surface vacancies in Cu(100) atT' = 77 K
to be Vjump = 0.18 £0.1 Hz.
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Unfortunately, we have only obtained reliable results at a single temperature
As a conseguence, we cannot construct the Arrhenius plot facwbcancy diffu-
sion,In(vjump) Versus the inverse temperature, and determine the activation energy
and the pre-exponential factor (attempt frequency) for this procelspendently.
Instead, we simply assume that the process obeys the Arrhenius law

_Ep
Vjump = voe *BT (5.1)

wherevyy is the attempt frequency anfdp is the activation energy. For the value
for the attempt frequency we take 10'3 Hz. With relation 5.1 we can now de-
termine the activation energy for the diffusion of a single surface vacembe
210+ 34 meV. This last piece of information completes the puzzle of the life cycle
of a surface vacancy in Cu(100).

5.4 Birth, life and death of a surface vacancy in Cu(100)

We start this section by comparing the diffusion energy determined abovehsith
sum717 4+ 30 meV of the formation and diffusion energies of surface vacancies in
Cu(100), determined in the experiment of van Gastel et al. [41]. Therdifte be-
tween these two experimental number$@f + 45 meV is our experimental value
for the vacancy formation energy in the Cu(100) surface. This humirapares
very favorably with the value of74 meV obtained fromab initio calculations by
Grant et al. [58]. We combine the energies determined here with the rebtiis o
previous two chapters to construct the final version of the energyaiiagf the
life cycle of an individual surface vacancy in Cu(100), now baseitedy on ex-
perimental data. The result is shown in figure 5.3. The step serves aguite s
(and sink) of surface vacancies. The activation energy for thdicreaf surface
vacancies id36 + 12 meV higher on the lower side of the step, i.e. inside the va-
cancy island, than on the upper side (outside), which makes the formatareficy
much lower on the inside than on the outside. This difference in formatiorebarr
is accompanied by the existence of a significant activation energy fonttibila-
tion of surface vacancies afi4 + 30 meVl” on top of the regular diffusion barrier.
This causes the mirror-effect for surface vacancies at upward,stdpch makes
the lifetime of vacancies on the inside of a vacancy island much longer tham on th
outside. Outside the vacancy island, the activation energy for the annihilattio
surface vacancies does not exceed the diffusion barrier. The ftihma formation
energy and the activation energy for the diffusion of surface vaeaii the upper
terrace in the vicinity of the downward stepBid+9 meV lower than the equivalent
sum of energies in the lower terrace. This effect is associated with stlagation

at the step. We assume that the stress effect is absent inside a vatamtyss that
the diffusion barrier there is equal to the value determined by our low-tetyver
experiment for extended terraces.
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Figure 5.3: Energy landscape for the creation, diffusion and annihilation of a suida vacancy in
Cu(100). The references between brackets next to the energy valew from which section or
publication the energy barrier is obtained.

With this, we have obtained a seemingly complete energy diagram for surface
vacancies in Cu(100). Now that we have verified that vacancies aerajed and
annihilated at the steps and we know the asymmetry between vacancy cegation
annihilation processes at the upper and lower sides of steps, the mstibgg that
present themselves naturally concern the role of the step orientationzalemuly,
one may ask whether these processes are equally efficient eveeyaloeg the
step. In particular, we anticipate that kinks play a special role. Depermtirthe
edge mobility of surface vacancies and their detachment rates from addenk
sites, this could noticeably concentrate the formation and annihilation ofcsurfa
vacancies along thé001} oriented parts of the steps, e.g. near the ‘corners’ of
vacancy and adatom islands.



CHAPTER 6

Coalescence of vacancy islands

This chapter describes STM observations of the coalescence of singleayer
deep vacancy islands in Cu(100). The coalescence mechanism atydsknds
shows a remarkable feature. Vacancy islands are observed to difusgyh the
surface. This can bring them closer to each other. We find that the sjatsdands
coalesce spontaneously well before the distance between their edgesiheed to
zero. This seems to be in contrast with the coalescence behavior of aidinds
on the same surface. We interpret this behavior as the consequenceohanical
instability of the narrow strip of material between two nearly touching vac#sicy
lands, which leads to a spontaneous rupture of the surface layer amder mithe
two vacancy islands. We argue that the tensile surface stress of Gu¢t0@ the
driving force behind the instability.
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6.1 Introduction

In the previous chapters it was shown that vacancies on average thtdwe eop-

per atoms in Cu(100) approximately once every ten seconds at room tgomger
This shows that vacancies, like adatoms, can play an important role in the mobility
and evolution of crystal surfaces. Vacancy diffusion provides aragathway for
surfaces to decrease roughness.

Hoogeman et al. have shown before on Ni(100) that in a relatively sihoet
surfaces damaged by ion erosion evolve to an intermediate, near-equilibtdte
with, in most cases, only two height levels, either with adatom islands or with va-
cancy islands. From there, they evolve further to their entirely flat, séep round
state via one or more coarsening mechanisms. The dominant mechanism for this
ripening, and with that the appearance of this intermediate state, criticallpdepe
on the amount of material removed from the surface by ion erosion [Hd&gjge-
man'’s rough surface was first annealed to a point where most of thiet fukifgr-
ences in the surface had been removed and the lateral length scaleslatvely
large. This part of the evolution of surfaces has been observed &t detail on
damaged Pt(111) surfaces by Michely et al. [116]. A classification of ifferehnt
outcomes used by Hoogeman et al. is shown in figure 6.1.

Surface ripening can take place via the dynamic coalescence of mobilagluste
of adatoms or surface vacancies, but also via the exchange of ingieidatoms or
single surface vacancies between clusters. Detailed experimental iatiestsgon
Ag(111) of these two surface ripening mechanisms have been perfdyriedsen-
feld et al. [63]. In a coalescence event, two adatom islands merge by gndoise
to each other until they coincidentally touch and fuse together. The driving
behind the merging is the lowering of the total energy by reducing the stegitglen
(total length of the step per unit surface area). This type of surfaeairig is also
known as Smoluchowski ripening [68]. Also vacancy islands can meidiming
this mechanism. In the framework of this chapter, the ripening via the dynamic co
alescence of mobile clusters plays a more important role then the seconisgipen
mechanism where adatom islands can exchange individual adatoms \dardetd
diffusion and re-attachment. Because surfaces lower their total emdrgy the
step density is reduced, larger adatom islands tend to grow, while smalterrada
islands decrease size. This process is called Ostwald ripening [64l@5]type of
coarsening is driven by the fact that the local density of adatoms, in thet dicin-
ity of a small adatom island is higher than that close to a large adatom island. The
ripening of vacancy islands follows the same mechanism, only in that cade sing
surface vacancies are exchanged.

This is described by the Gibbs-Thomson relation for the surface vacemsjty
pr in the vicinity of a (circular) vacancy island with radius with respect to the
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equilibrium densityp., for an infinitely large island [63]

pT ~Q

; = ekBTr (6.1)

where~ is the step free energy arfd is the area per atom. The classical mean
field model from [64] predicts that the change in vacancy island sudeeA as a
function of timet follows

dA  27QD
dt In\

(Pr — Peq) (6.2)

where D is the vacancy diffusion constam, a screening length over which the
exchange of vacancies can still take place andhe equilibrium vacancy density
averaged over all vacancy islands in the ensemble. Equation 6.2 shawhkeha
larger islands in an ensemble grow, while the smaller ones shrink as a funttion
time

For the kinetics of Ostwald ripening we can identify two limiting cases. In one
extreme case, the surface diffusion rate fully limits the rate of vacancyaegebe-
tween vacancy islands and the density of surface vacancies decesagdéunction
of the distance to the nearest vacancy island. In the other extreme, thedater-
mined fully by an additional energy barrier for the attachment of a susfacancy
to a vacancy island, and the density of surface vacancies is close tamojgs)].

If exactly an integer number of atomic layers is removed from an otherwise
perfectly flat surface, these diffusion processes will make the sudaalve to an
entirely flat configuration. In all other cases, the deviation from an integamber
of monolayers will result in a surface with either adatom islands or vadatasyds.

In this chapter we produced a situation between the configurations shown in
figure 6.1b and figure 6.1c. Betweef and 30 percent of an atomic layer was
removed. In this state, a high density of square vacancy islands is presen

In the present study on Cu(100) we find that the distance over whidnegc
islands coalesce is significantly more than one lattice spacing. This effecalefs-
cence over a distance has also been observed for vacancy island€lihli[66]
and in Ni(100), where it was ascribed to the presence of tensile suatigss [115].
Many questions have remained unanswered. For example, why doedfélais e
only occur when two downward steps are close together? Why does rflagesu
not spontaneously ‘rip apart’ elsewhere? Is this behavior differ@ntdrved and
straight steps?

In this chapter we will consider several possible causes for the rupfufte
narrow strip of surface atom layer between two nearby downward.sBassed on
the experiment described in section 6.2, and its analysis in sections 6.3 anct6.4
will compare these scenarios in section 6.5.
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Figure 6.1: Various possible configurations obtained after removing specific amtsuof material
from a crystal surface. a.) Exactly an integer number of monolayéssemoved from the surface.
Adatoms diffuse from ad-islands into vacancy islands and, similarly s.oé vacancies diffuse from
vacancy islands to ad-islands, restoring a completely flat surface Stightly more than an integer
number of monolayers is removed, resulting in a low density of vacandgrids, one monolayer
deep. The surface ripens by exchange of highly mobile surface veias between vacancy islands.
Smaller islands decrease in size while larger islands grow. c.) Slightly less thalf a monolayer
is removed. A high density of vacancy islands is present. The distanted®n these structures is
relatively small. This allows ripening of the surface not only via the exchanof surface vacancies,
but also via merging or coalescence of vacancy islands. d.) Slightlyerban half a monolayer is
removed. A surplus of adatom islands is present. The distance betwessethtructures is relatively
small. This allows ripening of the surface not only via the exchange of &mtas, but also via
merging or coalescence of adatom islands. e.) Slightly less than an integenber of monolayers
is removed, resulting in a low density of adatom islands, one monolayer highe surface ripens
by exchange of highly mobile ad-atoms between these ad-islands. Smialierds decrease in size
while larger islands grow. After [115].

6.2 Experimental procedures

The Cu sample4(8 x 4.8 x 2.0 mm?) was cut by spark erosion from a 5N purity
single crystal. The crystal was chemically etched and polished parallel (bQBg
plane with an accuracy di.1° [90]. After introducing the sample in the UHV
chamber with a background pressure ofl0~'9mbar, the sample was cleaned by
several cycles of ion bombardment@sf0 s with 600 eV Ar* at a current density
of 2.4 -1073A/m? and annealing a90 K. This cleaning procedure is similar to
the cleaning procedure used earlier for the experiments in chapter 3. Aessign
of the cleaned surface can be found in figure 3.1.

After cleaning, vacancy islands were created in the Cu(100) surfait& &7 K
by a mild ion erosion treatment @6 s with 600 eV Ar™ with a current density
of 2.0-1073A/m?2. This preparation step removed typicallg-30% of the top
monolayer of the surface. The time between this preparation step and thef star
the measurement was 1.5 hours. The result of the sample preparatiomvisisho
figure 6.2. The surface of the sample is in a state between those showmasiciadly
in figures 6.1b and c.

Measurements were performed at a temperaturgd8ft 3 K with the pro-
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Figure 6.2: The Cu(100) decorated with vacancy islands of one atomic layer deep. Images are
shown on several length scales (see scale bars). To increase contrast, the original and the differen-
tiated height maps are mixed. The additional differential contrast has been chosen to be bright at
the locations where the surface steps up from left to right. Tunnel parameters: a.) V, = —0.70 V,
Iy =0.1nA.b)V,=-1.00V,I, =0.1nA.c) Vs =070V, I, = 0.1 nA.

grammable temperature STM described in section 2.2, inside the ultra-high vacuum
chamber described in section 2.3.

6.3 Qualitative observations

With the STM areas of typically 200 x 200 nm? were selected. A surface region
of this size looks like the examples shown in figure 6.2. The STM images show
terraces, typically 100 nm wide, containing several vacancy islands. The vacancy
islands are all one atomic layer deep, but differ in lateral dimensions. The distance
between the vacancy islands is such that there is a reasonable probability that va-
cancy island collisions take place within an observation period of several hours. The
experiments spanned between 6.5 and 12 hours of time with images taken continu-
ally every 35 to 105 s. Placing the consecutive STM images one after another, one
forms a movie, showing the evolution of the surface.

The density of atoms removed from the surface is large enough for the distances
between the vacancy islands to be relatively small. The coalescence of vacancy is-
lands shows a remarkable feature. Unlike the coalescence of adatom islands, where
the islands only coalesce when they touch [8], vacancy islands only approach down
to a particular distance [63, 115]. When the distance between the islands reaches a
particular threshold value, the islands suddenly merge. We will refer to such sudden
mergers as ‘snap events’. Such a snap event involves rapid or even collective motion
of a large number of atoms between the two vacancy islands. Two snap events can
be seen in figures 6.3 and 6.4 and one more is shown in figure 6.5. In addition, the
shapes of several other vacancy islands in these figures indicates that also they are
the result of recent snap events. The events in figures 6.3 and 6.4 illustrate the two
extremes of the orientation of the two islands with respect to each other, before the
snap event takes place. Figure 6.3 shows snapping via the corners of two vacancy
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Figure 6.3: Sequence of STM images showing the formation of a narrow channel (‘snapping’)
between two vacancy islands via their corners (corner-to-corner event). a.-c.) The surface before
the snap event. The vacancy islands slowly diffuse as a whole as a result of random fluctuations
in their shape. On the time scale of these STM images the resulting changes in vacancy island
position are within one atomic spacing. d.) Within the acquisition time of a single STM image the
vacancy islands connect via the formation of a narrow channel between their corners. e.,f.) The
early stages of the evolution of the new, joint vacancy island towards its square equilibrium shape.
For all images: V; = —0.70 V, I, = 0.1 nA.

islands (corner-to-corner), figure 6.4 shows snapping via the ‘straight sides’ of two
vacancy islands (side-to-side).

The characteristic feature of these snap events is the timescale at which they
take place. In figures 6.3a-c and 6.4a-c two pairs of vacancy islands that are about to
snap are indicated. The islands are separated by a narrow strip of remaining surface
layer, with a width of a few nm. The vacancy islands diffuse as a whole through the
surface, but the mobility of the clusters at this temperature is such that the timescale
for the marked islands to traverse the small, remaining distance between them would
still be in the order of tens of minutes or more. Note that the distance between
the two islands in figure 6.4c, just before snapping side-to-side, is smaller than
the distance between the two islands in figure 6.3c, just before snapping corner-
to-corner. Figures 6.3d and 6.4d show that a channel has formed between the two
highlighted vacancy islands. These events happen on a timescale of at most a few
seconds, at least two orders of magnitude faster than a ‘collision’ due to regular
vacancy island diffusion would take. Figures 6.3e,f and 6.4e,f show the early stages
of the relaxation of the two newly formed vacancy island towards the equilibrium
shape of vacancy islands in Cu(100). The evolution of merged islands has been
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Figure 6.4: Sequence of STM images showing the merger of two vacancy islands via the straight
sides (side-to-side event). a.-c.) The surface before the snap event. Note that the distance between
the highlighted islands in (c), just before snapping is smaller than the distance just before the
corner-to-corner snap event shown in figure 6.3c. d.) Within the acquisition time of one frame the
vacancy islands merge together via the sides. e.f.) The early stages of the evolution of the joint
vacancy island towards its square equilibrium shape. For all images: V; = —0.70 V, I, = 0.1 nA.

investigated earlier in [8, 63, 117] and will not be discussed here.

In one experiment we elevated temperature to a higher level. This experiment
shows examples of Ostwald ripening in this surface. Several examples where small
islands are followed until they disappear, are indicated with circles in figure 6.5.

In the next section, the snap events will be quantitatively described. We will see
that the difference in snapping distance between side-to-side and corner-to-corner
encounters observed in this section, is systematic. We will also see that the vacancy
islands change their shape somewhat before snapping. The conclusions drawn from
the observations of this section and the quantitative analysis in section 6.4, will be
further discussed in the concluding section 6.5.

6.4 Quantitative analysis

The measured series of STM images have been subjected to image analysis, by the
use of appropriate software filters to find the precise locations of island boundaries
and step edges. The software filter sequence is described in the Appendix A (sec-
tion A3). With these results, various parameters have been determined, such as the
distances between neighboring vacancy islands, the orientation of the two islands
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Figure 6.5: Sequence of STM images showing the two ripening mechanisms, simultaneously ac-
tive for vacancy islands in Cu(100) at T' = 350 K. The circled islands all disappear slowly by
exchanging single vacancies with their larger neighbors (Ostwald ripening). The dashed circles
indicate the position of disappeared islands. The islands indicated by the squares increase their
size by coalescing (Smoluchowski ripening). For all images: V; = —0.70 V, I, = 0.1 nA.

with respect to each other and the internal dimensions (shape) of each island. The
definition of the measured dimensions is shown in figure 6.6. The distance between
the edges of two neighboring islands is d, while « denotes the orientation of the
two neighboring islands with respect to each other. The lengths of the diagonals
of each individual vacancy island are referred to as d; and d)|. Our distance and
orientation measurements were exclusively performed on nearest-neighbor vacancy
island pairs.

The difference in timescales between the diffusive motion of vacancy islands,
and the snapping events is evident in figure 6.7, which shows the edge-to-edge dis-
tance d as a function of time for two vacancy island pairs. In both cases (figure 6.7a
and b) the two vacancy islands slowly approach each other, at a speed in the order
of 3 nm/h. Superimposed on this slow approach are random fluctuations in the
distance due to position and shape fluctuations of the individual islands. These dis-
tance fluctuations are limited to 0.5 nm and have a characteristic time scale of
a few minutes at this temperature. In both examples in figure 6.7 the two islands
suddenly snap together after 20 to 25 minutes, when the edge-to-edge distance has
decreased to some 2.5 nm. From figure 6.7, it becomes clear that the snap event
takes place at a very short timescale, two orders of magnitude faster than the time
scale of 1 hour or more, expected from the extrapolated vacancy island diffusion
behavior of the first 20 minutes. In none of the 26 observed snap events have we
been able to image the snapping vacancy island in an intermediate configuration,
i.e. during the formation of the first contact. This implies that the time scale for the
actual snap process must be well below the acquisition time of the STM images of
roughly 1 minute.

Not all vacancy island pairs were observed to snap at the same distance. The
distribution of measured snap distances, defined as the edge-to-edge distance d in
the last STM image before the snap event, is shown in figure 6.8a. The distribution
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Figure 6.6: Definition of the measured dimensions of two neighboring vacancy islan@ike equi-
librium shape of the vacancy islands resembles a square with roundedes. For the true shape
of 2-dimensional islands in Cu(100) we refer to work by Giesen et a#f][1The distanced is the
shortest distance between the vacancy islands. The angledicates the orientation of this shortest
connection. The deviation of the island shape from rectangular is investéghby measuring the
lengths of the island’s diagonals. The diagonal pointing in the direction of tb#her island is called
dy, the diagonal pointing perpendicular to the direction of the other island is callé, .

runs from a minimum snap distance b2 + 0.3 nm to a maximum distance of
5.3 + 0.9 nm. Most snap events occurred at a distances bet®&een and4 nm.

In addition to the distances at which snap events occur, we have medsered
relative orientation angle of vacancy island pairs, in the last STM image before
they snapped. The-distribution is plotted in figure 6.8b. Most snap events occur
betweern = 30° anda = 45°. Interestingly, the two distributions in figures 6.8a
and 6.8b are correlated, i.e. there is a relation between the snap angle amdjph
distance. This correlation becomes visible if we combine the two distributions in
the form of the polar plot in figure 6.9. The average distance for caémeorner
events { = 42° +6°) is 3.3 + 0.5 nm, while the average snap distance for side-to-
side eventsd, = 0° + 4°) is distinctly smaller, namelg.3 + 0.4 nm. The average
distance for snap events of island pairs that have an intermediate oriertatin
range of10 to 40 degrees (on averagd.8° + 6°) is 3.0 + 0.5 nm.

Our STM observations contain several strong indications of a signifattrat-
tive force between neighboring vacancy islands. We have already\searxam-
ples (figure 6.7) that the distance between neighboring vacancy islacdsades
with time. This seems to be a general trend for all vacancy island pairs &t clos
distance. The second indication for attractive interaction between vacdands
is that they change their shape when they are in each other’s vicinity. TiHissis
trated by figure 6.10, which shows how two vacancy islands changedstinagire
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Figure 6.7: The shortest edge-to-edge distan¢éor two pairs of islands as a function of time. In
both cases we observe a slow, decreasing trend in the distance, on wdistance fluctuations are
superimposed with an amplitude in the order 6f5 nm. For both island pairs we observe a sudden
merger from a distance in the order df.5 nm.

as a function of their distancé The increase in the relative elongatiénas the
neighboring vacancy islands approached each other shows how naeyathetbiated

from their original, symmetric shape. The paramdtds defined ask = 23”:&.

The two islands of figure 6.10 were both approximatelyx 11 nm? in size and
they were orientated corner-to-corner. When the distance betweenahésisvas
4-5 nm or larger, the shape of the islands was more or less sqiiare (). We
observed an increase i for bothvacancy islands as the distance between the is-
land decreased. This means that the two islands elongated simultaneouglthalon
mutuald-direction. This is the direction connecting the two islands. At a distance
of 2.4 nm between the two vacancy islands, the chang® icorresponded to an
elongation of abou? lattice spacings((.5 nm) in the parallel direction and a nar-
rowing of 2 lattice spacings in the perpendicular direction. This elongation of the
vacancy islands announces an imminent snap event. In section 6.5.5¢htsnaff
be discussed further.

In the next concluding section, the findings of this section and the oligerva
of section 6.3 will be used to find an explanation for the snap events that ires
the coalescence of vacancy islands.

6.5 Discussion and conclusion

The coalescence of vacancy islands involves the approach of twooyatstands,
and a snap event where a corridor is formed between the two vacanuyssiBe-
ports in literature show that this surprising behavior is not observed inchles:
cence event of adatom islands [8].

The qualitative observations in section 6.3 show that there is a suddepdrans
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Figure 6.8: a.) Distribution of the snap distance i.e. the minimum value of the shortestalice
d between neighboring vacancy islands, from which they snapped. Tis&riution ranges from
1.24+0.3 nm t05.3+0.9 nm. Most snap events take place at distances betwzem and4 nm. b.)
Distribution of snap angles. The distribution shows a clear preferencegoapping in the diagonal
direction, i.e. for angles aroundt5°.

of atoms away from the strip of surface between two vacancy islandsgtingsin

the formation of a corridor between neighboring vacancy islands wetirbahe
edges of the two vacancy islands would be expected to touch for the firstitime

to island motion and edge fluctuations. The timescale at which the snap ewvent tak
place, is much smaller than the timescales at which the vacancy islands diffuse
towards each other. This indicates that for the formation of this chantveéba the
vacancy islands, a mechanism different from random diffusion is gt.wo

Quantitative observations, where the distance between two neighborindssla
is followed in time confirm that the snap event takes place within one minute, while
in the 20 minutes before, the distance between the two neighboring islands had
changed only by a modest amount.

The snap distance distribution in figure 6.8a shows that most of the snais eve
occur when the distance between neighboring vacancy islands is asound
When also the angle between the coalescing islands is considered, as has been
done in the polar plotin figure 6.9, it becomes clear that there is a diffeteztoveen
coalescence side-to-side, and coalescence corner-to-cornet.sapping events
occurred when islands were under a non-zero angle with respectto#r. It was
observed that when the vacancy islands were not exactly alignedrdoroerner,
or even in the case where the vacancy islands were aligned side-tinsidme of
the vacancy islands was considerably smaller, the connection was foatvweedn
the corner of one of the islands and the side of the other island. Trueretomn
corner events were rare because the probability to find two vacancysséeactly
oriented corner-to-corner was lower than that to find a pair at a soneliffeaent
orientation. Snap events that occurred side-to-side were even merbaeause
apart from the precise alignment, the islands also need to be roughly theszme
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Figure 6.9: Polar plot of the distances and the corresponding angles at which thepsagents have
been observed to take place. Most events take place at non-zero.ahigéeprobability for vacancy
islands to coalesce side-to-side is low because the islands should be aley@ady side-to-side and
have equally long sides facing each other. The probability that both condisiare fulfilled is low.
The most probable orientations at which vacancy islands coalesce at@&en25° and 45°, the
intermediate orientations. In most of these intermediate cases the snaptdwek place between
the corner of one island and the side of the other island. Notice that althoubhre is considerable
scatter in the snap distances, the snap distance is on average someWwbagesat 0° (side-to-side)
than at45° (corner-to-corner).

to prevent the corner of the smaller island to act as the site where the ss@p ev
took place.

The other striking effect, which was observed just before cornepstoer snap
events was that the vacancy islands were elongating towards eachTdteenag-
nitude of the deformation indicates that the elongation is not a mere lattice defor-
mation, but rather a change in the equilibrium shape for vacancy islancsréhim
each other’s proximity.

Five possible mechanism and driving forces are considered as pbtentses
for the snapping events; accelerated Ostwald ripening by the increasingree of
vacancies, step fluctuations, chain formation of surface vacancipsnteactions,
and surface stress. In the rest of this section, these five mechanisdlisaresed
and compared with the observations of sections 6.3 and 6.4 and obses\akien
from the literature.

6.5.1 Accelerated Ostwald ripening

The first mechanism that we consider as a potential cause for the etssmap
events is accelerated Ostwald ripening. As islands approach, the pitglihbt a
single surface vacancy, detached from one of the two islands rethehether island
increases strongly. This leads to an increase in the rate at which Ostwaththgp
between two nearby islands takes place. A similar mechanism has beeveoliser
Ni(100) by Hoogeman, et al. [115]. They showed that enhanced Q@btip&ning
gives rise to anomalously rapid decay of vacancy islands. The ripemnag te
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Figure 6.10: Vacancy island elongation measured for two neighboring vacancy islanersus the
edge-to-edge distancd, between the islands. The vacancy islands had approximately the same

size (L1 x 11 nm?) and were oriented under an angle = 37° (corner-to-corner). The elongation
dH —d

parameterR is defined asR = 2‘1\\*—%' The islands did not coalesce during the measurement.

The solid curve serves to guide the eye becomes larger for both islands as the distantbetween
the islands becomes smaller. This shows that as the islands approach ether, they elongate in
the direction towards each other. When the distance between the two neigidpéslands is large,
the value of R should approach zero (dotted line).

make the smaller island become smaller and the larger island larger. Theauét eff
is to make the distance between the two vacancy islands increase, whick,in tur
lowers the rate of vacancy exchange. Ostwald ripening thus definiteb/raidead

to an accelerated reduction of the distance between the islands and thwptd a r
merger.

6.5.2 Step fluctuations

The second phenomenon that we consider as a possible cause faidanapping

are step fluctuations. Figure 6.7 shows the effect of such fluctuationiegrpssi-

tion on the distance between two neighboring vacancy islands. Superithpose
the slow drift in island separation are variations of at mb8t> nm on a character-
istic time scale ofi.7 minutes. By contrast, most snap events occur when the edge
distance between vacancy islandg-i3nm, which is well outside of the window of
step fluctuation amplitudes. This rules out step fluctuations to be solely @bf®on

for the snapping of vacancy islands. However, in combination with anotleeh-
anism, which should operate over a large distance, the step fluctuatiddsstiu
play the role of ‘trigger’ for the snapping.
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6.5.3 Spontaneous clustering of surface vacancies

The third scenario that we consider involves a possible self-organizattgurface
vacancies. When individual surface vacancies would cluster betiwaeneigh-
boring vacancy islands, this might lead naturally to the formation of a ‘cHanne
between these islands. The difference in average distance betwesmcyalands
snapping corner-to-corner and side-to-side might then be a kinetat,eféeised by
a corresponding difference in the activation energy for the creatioacdncies at
kinks and at straight steps. As the kink density at island corners is higteee
vacancies may be expected to be created in the corner regions of yaslands.
There are several arguments against a scenario involving local@rhants of
the concentration of surface vacancies. First of all, one would etpiscscenario
to be equally applicable to the generation of adatoms at the corners of agatom
lands, which would make it difficult to explain why the snapping at a distance is
observed only for vacancy islands and not for adatom islands [8]im#ortant
second argument is that at room temperature, the density of vacanaysisdow,
approximatelyl in 10° atoms is missing. Even when the density could be enhanced
locally by an appreciable factor, as a result of the local generation dfutiace
vacancies, it seems highly unlikely that this would result in significant v@cden-
sities between neighboring vacancy islands. A third argument against pleisfy
explanation is that even though vacancies might be formed and annihildteaton
specific locations, in particular in the corner regions, this has no influencbe
equilibrium density distributions of the vacancies. In other words, sudneti&
preference for vacancy creation and annihilation near the cornerselhwsuld
not serve as a thermodynamic basis for a local enhancement of theyatmrsity
between the corners of two nearby vacancy islands.

6.5.4 Step interactions

A possible driving force behind snap events might be step interactioBs 11B].
Surface defects, in particular steps, can interact in various ways.g€hedistri-
bution at a step will result in an electrostatic dipole moment and the dipoles on
different steps will interact. In addition, each step is dressed by a ewafign of
elastic lattice distortions of which the amplitude decays as a function of the dis-
tance to the step [120, 121, 122]. When two steps are in each others vittie#g
distortion patterns tend to frustrate each other, naturally leading to an $eciea
the total energy and thus a repulsive interaction between the steps. Albashise
formal appearance of a dipole-dipole interaction. Finally, at finite tempestme-
andering steps will experience an additional repulsion on thermodynamiods,

as the impossibility for the steps to cross each other reduces the total nuimber o
allowed configurations for each individual step and therefore inescthe step free
energy [123]. At room temperature, the first two sources of step ittteradomi-
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nate and the interaction energy falls off A2, whereL is the distance between
the steps (expressed in atomic spacings). For steps on Cu(100), thantohs
has been determined to BeneV per interatomic spacing along the steps, based
on the analysis of terrace width distributions, measured by Giesen et al.Mn ST
images [124]. In our experiment, however, the vacancy islands weserdyd to
snap over relatively large distances of typically 10 lattice spacings. At thue la
distance, the reduction in step interaction energy is thus as smabaseV per
lattice spacing. On the other hand, the step formation energy on Cu(1G0higha
as169 meV per lattice spacing [125]. Thus the step formation energy on Cu(100)
is more than three orders of magnitude higher than the reduction in the step inter
action energy at the distance between the vacancy islands before #pegrsmhcan
safely be ruled out as the main driving force for the snapping of vacatends.

6.5.5 Surface Stress

Atoms at the (100) surface of a copper crystal do not have the sameenwhb
neighbors as they would have in the bulk of the crystal, namely 8 instead. of 12
Although the surface responds to this by relaxations of the surfaceeanesnrface
interlayer distances, this undercoordination still puts the entire surfader ten-

sile stress [2, 126]. Steps are locations in the surface where stresatimiacan
take place. In particular, at the upper side of a step the interatomic spacithgs
direction parallel to the surface and perpendicular to the step may be cssagre
slightly with respect to the regular, bulk interatomic spacing. In section 3.4.83t w
proposed that this stress relaxation might be the cause of the obsenredsiein
diffusion barrier for surface vacancies at the upper terrace, tbosstep.

a b c

+

1 T le— T

Figure 6.11: Surface stress and stress relaxation for various structures in the aad. a.) Inside
a terrace, the symmetric stress does not lead to atomic displacementét bteps, the symmetry is
broken and atoms can relax sideways in response to the surface stiest of this relaxation will
take place in the upper terrace, where the lattice of the upper terrace in ticenity of the step edge
is slightly compressed in the direction perpendicular to the step edge. c.g¢sStrelaxation takes
place in a similar way at the boundaries of a vacancy island. As indicatedtiy arrows, stress
relaxation takes place in the upper terrace in all directions away from thentes of the vacancy
island.
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Cartoon images in figure 6.11 show the direction of stress relaxation at steps
In a large, defect free terrace, atoms are surrounded on all sidesiddybors. This
situation is shown in figure 6.11a. Due to the symmetry of this configuration, no
stress relaxation can take place. At the location of a step the balancéemfessiress
is disrupted. As a response the lattice of the upper terrace in the vicinitytepa s
edge is slightly compressed in the direction perpendicular to the step edtgs In
way the tensile stress in Cu(100) is locally relaxed (figure 6.11b). Thistedlso
takes place in the first few atomic spacings inside adatom islands and, sinmilarly,
the first few spacings outside vacancy islands (figure 6.11c). Howtbessuggested
stress relaxation by a receding step introduces a problem at curvedsejicularly
at the corners of adatom and vacancy islands where the step cuerarpangle
of 90°. The problem is visualized on an exaggerated scale for a vacancy island
figure 6.12. The atoms at the straight sections of the step move in the direction

a: vacancy island b: no stress relaxation c: stress relaxation
step position for _,1

no relaxation

Figure 6.12: Exaggerated, schematic view of the frustration of stress relaxation in tipper terrace
close to vacancy island corners. a.) a cartoon image of a vacancy bldn) Magnification of one
of the vacancy island corners in the case of absence of stress relanafitie circles are the atoms
in the upper terrace. c.) Effect of stress relaxation in the vicinity of therper. Although the
relaxation along the sides of the island make the lattice in the upper terraceselto the step,
slightly more compact, this relaxation tends to make the lattice close to the carrstightly less
compact.

perpendicular to the step edge, into the upper terrace. In this translatdatttbe
spacing parallel to the step edge does not change. This makes thatahs dre
vacancy island is slightly larger than in the absence of stress relaxatioce B
number of step atoms does not change this implies that the interatomic spacing for
atoms at the corner regions of a vacancy island must be stretched partikebktep
edge. We see that the relaxation of the stress along the straight sectioradiya
leads to anncreasein the stress near the corners. Similarly, the corners of adatom
islands might also introduce a frustration of the stress relaxation, since tieer
combined relaxations from the straight sections may tend to overcompensate th
stress.
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When two vacancy islands are placed with their corners close to eachtbtner
strains and stresses of the two islands in the direction parallel to the two eoliges
will add up. We speculate that it is this effect that eventually leads to a meehan
instability, where the narrow, residual strip of first-layer material betwbertwo
vacancy islands is no longer stable against fluctuations in the positions tidhe
edges. This will lead to rapid removal of atoms out of this region and fuditimeo
two vacancy islands.

For vacancy islands approaching side-to-side, the situation is someiffaat d
ent. Naively one would expect that in this case there would be no spewifdrtey
for the islands to snap together from a distance, because there arevad steps
and thus no strain fields parallel to the step direction. However, at finite tampe
tures, such as room temperature, the steps fluctuate in shape and pdasitidh [
as is illustrated by the distance fluctuations in figure 6.7. These step flucwiation
superimpose temporarily curved sections on the equilibrium shape including th
‘straight’ sections. These curved regions are necessarily accondplayistrain
fields, as before, mostly concentrated in the upper terrace. This situatioavws
schematically in figure 6.13. Because the typical curvature involved in these
tuations is much smaller than that at the corners of vacancy islands, tletasado
strain fields are much smaller. For these two reasons, we expect that ¢caacya
islands oriented side-to-side can approach to a closer distance thawcyw#iands
oriented corner-to-corner before they snap together. Step fluctuatemes ran-
domly both in space and time. Therefore, we expect that vacancy islaaidaph
proach each other side-to-side display a wider statistical variation in $stapces
than corner-to-corner pairs, which should include much shorter desatunfortu-
nately, side-to-side events are rare because both vacancy islandid saexactly
aligned and the step length of the opposing steps should be the same. Although
the side-to-side shap distances in figure 6.9 are indeed somewhat smailéngha
average shap distance for corner-to-corner events, the small nufrdide-do-side
events in our data does not allow us to draw conclusions on the statistitzlomr
and on the minimal snap distance for these events. In the more frequently occ
ring intermediate case, where the corner of one vacancy island is closr&ignt
section of the other vacancy island, the average distance at which theeaat
takes place is found to be between the average side-to-side and tmouener
shap distances.

For adatom islands, the lattice deformation caused by the stress relaxatisn lea
to a compression of the island. In the adatom islands case, stress relaxatiloh
not promote, but rather counteract island snapping.

The elongation of the islands towards each other, shown in figure 6.10ijtalso
into the picture of island snapping promoted by a locally strained surfaceeiih
hancement of the local strain when two islands meet corner-to-corneinadded
be in favor of the observed elongation, since this will reduce the areaafrifa-
vorably strained region between the two vacancy islands and thus tendetotloav
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vacancy island vacancy island

step fluctuation

Figure 6.13: Schematic image of an exaggerated step fluctuations that might induce apssvent
between the straight steps of a pair of side-to-side oriented islands. Tiaénsfield associated with
this curved step triggers the snap event.

energy somewhat. For the corner-to-corner pairs of vacancy islar@is(100), we
observe that the equilibrium shape changes from a rounded squalecionaed)
diamond.

The maximum elongation of the vacancy island was observed when the distanc
between two corner-to-corner oriented islands ®idswm. At that point, for both

islands, the rati% wasl1.07. Both islands had roughly the same sizex 11 nm?.
It is easy to show that, even though the enclosed area remains constahbyigpa-
tion has hardly any effect on the length of the straight sections of thaggdésland
(increase by only.05 lattice spacings), but the elongation of the island causes the
introduction of 2 extra kinks in each straight step. The kink formation gneag
been determined by Giesen et al. tolR8 + 3 meV [14, 51, 127]. The total energy
involved in the excess kink formation due to the elongation of islandsOigV
per island. Clearly, the reduction of the width of the remaining region between
two vacancy islands by approximatefynteratomic spacings has lowered the total
strain energy sufficiently to justify t20 eV energy ‘investment’ in the elongation
of the two structures. The step formation energgds meV/nm (EAM calcula-
tions [125]). The total amount of step formation energy involved in the faona
of a channel between the two vacancy islands at 2.4 nm is 3.3¢eV (two steps
are formed). This energy is in the same order of magnitude as the enezgg\alr
‘invested’ in the shape change of the two islands.

In this chapter we have shown that vacancy islands merge before theidbo
aries touch. We suggest that the explanation of these premature megigele c
found in local strain fields near curved steps.
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A Image processing

In this appendix, the sequence of software filters is briefly describatiwds used

for processing the data in chapter 3 and chapter 6. Only the filter sezspiane
discussed. Details on the software filters themselves can be found in ¢henets
cited. In the first section, the filter sequence is shown that enabled thetiobje
determination of the position of indium atoms inside and outside a vacancy island.
This filter sequence was used for the data in chapter 3. Section A2 desaribe
filter sequence to correct for thermal drift. In the third section, the filtqgusace

is shown, that was used to determine the shapes and positions of vadandg,is

as well as the distances between them. This filter sequence was usedessihar
data in chapter 6.

Al Indium recognition

The first filter sequence that was used to find incorporated indium atorctsamsit-
ically indicated in figure Al. Four inputs are required to find the indium atones: th
raw STM images, the average size and shape of an indium atom, a threahmd v
for the detection of steps and a threshold value for the detection of ineego
indium atoms. The raw STM data is first filtered with a planar backgrounttesb

tion [128] to remove the slope and offset in the STM data. The result isobated

[128] with the average indium atom by cross correlation [128, 129]. Guetpbto
incorporated indium atoms, steps have a similar shape but a much larget. heigh
That is why steps stand out in the convolution image. The steps are filterdg ou
taking the local derivative [128] of the background subtracted imageaepmiacing
pixels with values, larger than the step detection threshold, with zero arld pixie

a lower value with one. The convolution image is multiplied by this step removal
image. Noise is reduced by applying an erosion and a dilation filter [12§, 130
These operations move the maxima in the image from their original positions. To
circumvent this effect, the indium atom sized areas with values larger than-the
dium atom detection threshold were set to one, the rest of the image was set to
zero. The resulting image was multiplied with the original convolution image. The
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input
raw STM data
planar background local
subtraction derivative

input

a&)on:v\:/jiltur:eslpM shape & size of
input average In atom .
input

y
multiply convolution N
output with step < slope > threshold — pixel = 0 step slope detection
removal output (pixel part of step) threshold
v

1x erosion filter

v

1x dilation filter

input

pixel > thresh.— pixel = 1
pixel < thresh.— pixel = 0

In atom detection
threshold

multiply with original
convolution image to
regain In positions

detect local maxima

v
indium atom positions

output

Figure Al: Filter sequence for detection of indium atoms inside and outside a vacananis.

maxima in the resulting image are the coordinates of incorporated indium atoms.
These coordinates are the output of the filter. This filter sequence wdsaidetect
incorporated indium atoms in chapter 3.

The second method to detect indium atoms also uses the raw STM images and
the shape and size of the average indium atom. This method is schematically in-
dicated in figure A2. The raw STM images are background subtracted].[12
this filter, in stead of directly finding sites where indium atoms convolute best, the
images are searched for specific features, unique to indium atoms. TDits dve
usage of "external” thresholds. The features of interest are theeshvagh size of
the first and second derivative of an average incorporated indium. &oom both
input images, the local first and second derivative are taken [128f#&ch pixel in
the differentiated STM data, the local surroundings are compared toshdditiva-
tive of the average indium atom. The same treatment is performed for thedseco
derivative. Only the areas are selected, where the first and seeondtive of the
STM data both are similar to the first and second derivative of an indium dtben.
center of these areas are the coordinates of the incorporated indium atoms
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input input

shape & size of
raw STM data average In atom

planar background
subtraction

v

local
first derivative

v

local
second derivative

Figure A2: Filter sequence for detection of indium atoms inside and outside a vacananis.

A2 Dirift correction

input
raw STM data
image 1
in sequence

planar background
subtraction

1! derivative data

®! derivative In ato

local
first derivative

v

2"9gerivative data

"dgerivative In atol
yes
determine the centers
of the area’s that
are left over

indium atom positions

output

local
second derivative

input
raw STM data
image x
in sequence

planar background
subtraction

17 v
calculate
Fast Fourier Transform convolution Fast Fourier Transform
integral

determine position
of maximum

drift correction vector

output

Figure A3: Filter sequence for the determination of the motion caused by thermal drift.

Although the programmable temperature STM used in this thesis is thermally
stable, thermal drift between images is unavoidable. Some of the thermakdrift
filtered out manually during the measurement by changing the offset vsltage
the scan piezo in the lateral directions. Apart from this coarse drifectan,
software filters are still necessary to compensate the thermal drift compl&tedy
filter sequence used to correct the thermal drift vector between imagesésl b
on the determination of the convolution integral between entire images [128]. A
schematic of this sequence is shown in figure A3. The convolution image is built
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by multiplying the Fast Fourier Transformations [128, 129] of the first imafge
sequence and image x of the same sequence. The vector starting atitioa pbds

the maximum of the convolution image and ending at the nearest corners of this
image, is the correction vector for the displacement between images 1 andx due
thermal drift.

A3 Vacancy island detection

input

raw STM data

planar background
subtraction

determine levels
of the steps
(step height)

detect islands and
terraces by thresholding
over stepheight

1x dilation filter

find step- and
island boundaries by
subtraction

track sides and corners of
islands with linear and
circular Hough transform

digital fit of ensemble of
vacancy islands

output

Figure A4: Filter sequence for the digital fit to vacancy islands. From the digital fit, thanameters
island separation distance, orientation anglea, and the internal dimensiongl; andd_, used in
chapter 6 can be determined.

The filter sequence for detecting vacancy islands is shown in figuret Atarts
with a planar background subtraction from the raw STM image. To avoiduals
slopes, caused by the uneven distribution of terraces, the most commaes siop
x- and y-direction were determined with a slope distribution from the difteatd
image. This tilted plane is subtracted from the raw data. The average h#figgit o
of the resulting image is determined and subtracted. These two operatichE@ro
the planar background subtracted image. The levels of the terracestarmihed
by making a pixel value distribution of the planar background subtractedemag
The heights of structures on the surface are mostly integer numbers diestgps.
Thus, the peaks in the pixel value distribution are the terrace levels. Téeds
are used as a threshold for locating the terraces and the vacancy iskiddshem.
Applying a dilation filter [128, 130], one slightly shrinks the islands. Therabu
aries of the vacancy islands are found by subtracting the dilation filterectifmag
the image with the located vacancy islands. Terrace ledges are foundnbevsg,
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by considering the terraces as very large islands. The position andadidenof
island sides, and the shape and position of island corners are deternmiheg-w
spectively the linear and the circular Hough transformation [128, 134}, TBhis
results in a digital fit of the ensemble of vacancy islands present in the STlyeima
These fits enable the determination of the island separation disfancentation
anglea, and the internal dimension§ andd  , used in chapter 6.
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Living on the Edge: Birth, Life
and Death of Surface Vacancies

On the smallest scale, metals are built up of atoms, regularly stacked in d crysta
lattice. In this Thesis, we concentrate on the surface of a metal crystallyntree
(100) surface of copper: Cu(100). In particular, we focus onlitergriations that
break up the surface into terraces that are bound by ledges, usuabyamic spac-

ing high. Two sides of a step can be considered. The upper side, Wieeupper
terrace ends, and the lower side at which a new terrace originates frdemneath

the upper terrace.

Previous experiments on the Cu(100) surface have shown that atalhgsione
single atom in the top layer of the crystal is missing. This leaves a void, thefsize o
one atom, in the square surface grid. Such a void is called a surfagecyadhese
surface vacancies can be displaced by a jump of one of the four neighlzdoms
into the void. In contrast to what one might intuitively expect surfacemveiea play
a significant role in transport over surfaces; on Cu(100) they are eftective than
adatoms. On average, every atom in the copper surface, investigatés Tinésis
is displaced every ten seconds by the transit of a surface vacanay!reBarch
described in this thesis is focused on unravelling the full life cycle of aasarf
vacancy.

The measurement devices with which the experiments, described in this thesis,
were preformed, are two so-called scanning tunnelling microscopes.heéhthe
special ability to compensate for large temperature changes during nreasitre
These microscopes and the experimental set-ups in which they are raresae-
scribed in chapter 2.

The life cycle of the surface vacancy starts with its birth. The locations &twh
surface vacancies are predominantly created are the upper side mdcetimdge.
The upper side is the delivery room for most surface vacancies. rEa¢ian of a
surface vacancy on the lower side of a terrace ledge is very unlikebit albt im-
possible. The measurements and analysis that lead to this conclusion@iketes
in chapters 3 and 4. From the work described in these two chaptersnva¢scecon-
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clude that the upper side of a terrace ledge is the location where sudearcies
predominantly end their life cycle. When surface vacancies reach the sigeof
aterrace ledge, they are likely to "stay alive”, returning back into the |oereace.

The lower side of a terrace ledge acts as an efficient mirror for suvzancies.
Between birth and death, the surface vacancy moves through the {exsate
time changing places with one of its nearest neighbor atoms. The direction and

timing of these exchanges are completely random, although the vacancyStiiew
directions of the surface grid. At room temperature, every secondyeragel 00
million exchanges take place. This exchange rate is too high to be followed even
with the fastest possible scanning tunnelling microscope. Luckily, the ratbielh

these exchanges take place strongly depends on temperature. Cool#zgribie
down to—196 °C we can increase the average waiting time between exchanges to
7 seconds. This has enabled us to follow the motion of individual surfazaneses

with the scanning tunnelling microscope.

Unfortunately, the rate of spontaneous creation of surface vacaisgestrongly
reduces when the temperature is dropped. We estimate that we would typaadly h
to search the area of a small city to fiodespontaneously created surface vacancy.
This is a rather time-consuming business with a microscope that has a maximum
field-of-view of one millionth of one millionth of a square meter. Instead, single
surface vacancies were artificially created at the low temperaturd @ °C' and
their motion at this temperature was monitored with the scanning tunnelling micro-
scope, as is reported in chapter 5 of this thesis. The results obtained indpigich
allow us to close the cycle and complete the picture of the birth, life and death of a
surface vacancy in Cu(100).

In chapter 6, a special aspect of coarsening behavior is investigaeevéh
observed during experiments on clusters of surface vacancieslled-gacancy
islands. During the equivalent coarsening of structures formed by addesion
top of a surface, islands of these adatoms have been observed to movéakea w
which leads to collisions between these adatom islands and result in islanermerg
Surprisingly, vacancy islands merge prematurely. Long before twanegidalands
touch, the merging event takes place by a rupture of the surface betheéno
islands. The investigated surface of copper is under tensile stredsapiec 6 it is
argued how this tensile stress can be the cause of this peculiar mergingpb&tia
vacancy islands.



Levend op het randje: Geboorte,
leven en dood van opperviakte
vacatures

Metalen zijn op de kleinste schaal opgebouwd uit atomen, regelmatig gestapeld
in een kristalrooster. In dit proefschrift richten we ons op het odpkrvan een
metaalkristal, namelijk het (100) opperviak van koper: Cu(100). De adrids
voornamelijk gericht op hoogtevariaties die het opperviak opdelen irssamna be-
grensd door terrasranden. Deze hoogtevariaties zijn messtatomaire afstand
hoog. We beschouwen twee kanten van zo’n terrasrand. De bowenlear het bo-
venste terras eindigt, en de onderkant, waar een nieuw terras ontsnngnder

het bovenste terras.

Uit voorgaande experimenten is gebleken dat op enkele plaatsen inist@ih kr
oppervlak,éen metaalatoom ontbreekt. Zo'n lege positie in het vierkante rooster
van het oppervlak, ter grootte vé&an atoom, wordt een oppervlakte vacature ge-
noemd. Een vacature kan zich door het oppervlak verplaatsen d@érdsan de
vier naburige atomen in deze leegte springt. In tegenstelling tot wat mdtightu
zou verwachten, spelen deze vacatures een belangrijke rol in hgparaover op-
pervlakken; op Cu(100) zijn ze daarbij effectiever dan individuelenato op het
opperviak. Gemiddeld verandert ieder atoom in het onderzochte dqopenviak
eens per tien seconde van plaats door de passage van een vacaditrptdefschift
wordt het onderzoek beschreven naar het verloop van de vollkdigescyclus van
een vacature in een opperviak.

De apparatuur waarmee de metingen, beschreven in dit proefschrifyitzijn
gevoerd, wordt gevormd door twee zogenaamde rastertunnelmicesscDe hier
gebruikte microscopen hebben de speciale eigenschap dat ze grotestennper-
anderingen tijdens het meten kunnen opvangen. Deze microscopenopstdllin-
gen waar ze zijn ingebouwd, worden beschreven in hoofdstuk 2.

De levenscyclus van een oppervlaktevacature, begint bij de geb&ertelaat-
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sen waar het merendeel van de vacatures in een opperviak worctedayd, liggen
aan de bovenzijde van een terrasrand. De bovenzijde van eendaad&sm wor-
den beschouwd als de kraamkamer voor oppervlaktevacatures. mmgoran een
oppervilakte vacature aan de onderzijde van een terrasrand is sohigdijk, maar
niet onmogelijk. De metingen en de analyse die leiden tot deze conclusierworde
beschreven in hoofdstukken 3 en 4. Uit het werk, beschreven snltszfdstukken,
kunnen we ook concluderen dat de bovenzijde van de terrasrandatels waar
het merendeel van de vacatures in een oppervlak hun levenscyélinglige Als
een oppervlaktevacature de onderzijde van een terrasrand berbigt ziser waar-
schijnlijk dat deze in "leven” blijft en weer terugkeert in het lager geletgras.
De onderzijde van een terrasrand kan worden gezien als een effespiegel voor
oppervlakte vacatures.

Tussen geboorte en dood verplaatst de oppervlaktevacature zichet@pper-
vlak door steeds van plaats te wisselen ééetvan de meest nabije buuratomen. De
richting van deze sprongen en de tijdsduur tussen deze sprongen digyolitte-
keurig, waarbij de vacature uiteraard wel de richtingen van het gjgheerooster
volgt. Bij kamertemperatuur vinden per seconde gemiddéld miljoen van dit
soort uitwisselingen plaats. Dit uitwisselingstempo is zelfs voor de snelstlijkege
rastertunnelmicroscoop te hoog om bij te kunnen houden. Gelukkig is dissgtw
lingssnelheid sterk afhankelijk van de temperatuur. Door het prepafrsakoelen
naar een temperatuur vani96 °C, vertraagt het proces tot een gemiddelde wacht-
tijd van 7 seconden tussen iedere uitwisseling. Hierdoor wordt het mogelijk met
de rastertunnelmicroscoop de bewegingen van individuele oppendakiieves te
volgen.

Helaas wordt de frequentie waarmee vacatures spontaan in het lapeor-
den gecreerd, sterk verminderd als de temperatuur daalt. We schatten dat we ty-
pisch een oppervlakte ter grootte van een kleine stad moeten afzoek&dmwar
cature te vinden. Gezien het maximale gezichtsveld van de rastertunnetooicpo
van een miljoenste van een miljoenste vierkante meter, is dit een vrij tijdrovende b
zigheid. In plaats daarvan hebben we bij een temperatuu+¥a6 °C, kunstmatig
vacatures gecéerd. Met een raster tunnelmicroscoop konden hun bewegingen bij
deze temperatuur gevolgd worden, zoals beschreven in hoofdstuk dityaroef-
schrift. De resultaten, verkregen in dit hoofdstuk, vormen het sluitsademee we
het beeld van de geboorte, het leven en de dood van een opperdaiteine in
Cu(100) compleet maken.

In hoofdstuk 6 wordt een bijzonder aspect onderzocht van spostdealver-
grotingsgedrag, dat aan het licht kwam tijdens metingen aan clusterppanitak-
te vacatures, zogenaamde vacature-eilanden. Tijdens de vergelgkbasdvergro-
ting van structuren gevormd door atomen bi®eenophet oppervlak zijn geplaatst,
is waargenomen dat eilanden van deze adatomen zich als geheel cvepéetiak
bewegen, hetgeen aanleiding geeft tot botsingen tussen deze adatodereitsn
resulteert in het samensmelten van eilanden. Tot onze verrassing, suaektumre
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eilanden vroegtijdig samen. Lang voordat de eilanden elkaar rakezyrsdtet op-
pervlak tussen de twee eilanden open, resulterend in de fusie van deilaveten.
Het onderzochte koperoppervlak staat onder trekspanning. fd$tak 6 wordt be-
argumenteerd hoe deze trekspanning dit onverwachte fusiepratestkerzaken.
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