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Abstract
The research described in this thesis is part of a network project involving the growth
of metal nanostructures on surfaces of solids, a Horizon 2020 project titled ELENA.
The part of the project described here involved the use of various approaches including
density functional theory (DFT), semi-empirical potential functions, and machine
learned Gaussian approximation potentials (GAP) for determining the mechanism of
adatom migration on surfaces of solids and interlayer transport. Minimum energy paths
for the various elementary processes were calculated using the nudged elastic band
method in order to identify the transition mechanisms and evaluate the corresponding
activation energy. Particular focus was on processes involving the descent of adatoms
that land on top of a growing close packed layer on platinum and gold crystals. These
are the key transitions determining whether the surface grows layer-by-layer or forms
three-dimensional islands. The optimal mechanism for such interlayer transport was
identified taking into account the surface morphology, in particular the presence of kinks
on the step edges. Also, calculations of Au adatom diffusion on the Si(100) surface
were carried out. While exploratory calculations on all these systems were first carried
out using semi-empirical potential functions, the principal results presented are based
on more accurate DFT calculations that were carried out subsequently using the PBEsol
electron density functional.
The principal result for the Pt/Pt(111) and Au/Au(111) systems is that downstepping
occurs most readily when there is a kink on the step edge, and the preferred mechanism
involves a concerted two atom process that places an atom near but not into the kink
sites. This is important for explaining the re-entrant layer-by-layer growth which has
been experimentally observed previously for Pt(111) growth. The calculations for
Au/Au(111) presented here predict similar behavior for the growth of the Au(111)
surface. The importance of choosing a single reference point for the energy of the
adatom, here chosen to be the adatom on an extended flat surface, is demonstrated. Also,
two effects are identified leading to a depletion zone near the step edges, which has
previously been observed experimentally.
The calculations of a Au adatom on the Si(100)-2×1 surface reveal an unusual
diffusion path. While the optimal binding site is in between the Si dimer rows, as has
been deduced previously from experimental measurements, the optimal diffusion path
involves promotion of the adatom to higher energy binding sites on top of a dimer row
and then rapid skidding along the row before the adatom drops back down in between
dimer rows to a low energy site. As a result, dimers of Au adatoms and possibly larger
adatom clusters are predicted to form on top of dimer rows, rather than in between rows.
On the basis of the calculations of binding sites and migration paths, kinetic Monte
Carlo simulations of long time evolution were carried out and an effective activation
energy for diffusion evaluated.
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1 Introduction
1.1 Introduction and motivation
The ordering of atoms to form a crystal, a transformation from a disordered phase
(typically liquid or gas) to a highly regular sequence is interesting in many ways. In
various technological applications it is important to obtain the right growth mechanism,
in some cases layer-by-layer growth, but in others the formation of nanoscale islands.
An understanding of the processes that determine the morphology of the growing surface
and the way external conditions such as temperature and growth rate is, therefore, of
significant importance.
During crystal growth, atoms typically land on flat facets of the surface and diffuse
around until they get attracted to steps. If the atoms can diffuse along the step edge
they can get attracted to kinks on the step. Those are the natural sites for layer-by-layer
growth as they offer the highest coordination and therefore largest binding energy. But,
this growth scheme only holds if the adatoms have enough mobility (Jonsson, 2000). In
the past few decades there has been rapid progress in atomic-scale crystal growth studies
due, in particular, to the development of powerful experimental tools for the studies of
surfaces. These include the scanning tunneling microscopy (STM) (Brune, 1998) and
scattering of He atoms (Poelsema and Comsa, 1989) and electrons (Van Hove et al.,
1983) as they provide valuable information regarding the morphology of the surface
during the growth process. Field ion microscopy (FIM) experiments have also given
important information about surface diffusion processes.
The STM was developed in the 1990s and the inventors, Binnig and Rohrer, received
the Nobel prize in Physics for its development in 1986. It provides the most detailed
and direct information about surface morphology. Images of low index surfaces, such as
(100) and (111), show that terraces are separated by steps that are typically not straight
but include kinks. STM images can also show vacancies representing missing surface
atoms (Pimpinelli and Villain, 1999). Most often a system under study is quenched to
low temperature for STM imaging in between growth periods at elevated temperature.
The atom and electron scattering approaches can, however, be applied during growth
and probe the surface on a larger length scale. Higher spatial resolution can be obtained
using scanning electron microscopy (SEM) as it produces an image of a smaller region
of the surface. Atomic force microscopy (AFM) is also a powerful tool in order to study
the morphology of a growing surface.
Crystal growth from a solution or melt is difficult to measure, but growth from vapor
can be monitored more easily. Fig. 1.1 shows an image of a Si(001)-2x1 surface grown
by molecular beam epitaxy (MBE).
The principle behind MBE is quite simple. A beam of atoms or molecules is directed to
a solid surface under high vacuum conditions. In colliding with the surface, the atoms
loose their kinetic energy and adsorb on the surface, forming so-called adatoms. On
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Figure 1.1. [110] steps on a (001) vicinal silicon face. Terrace width: about 100 Å
(Pimpinelli and Villain, 1999).
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a low index surface, the most likely site of impact is a flat facet but if the adatoms
are mobile they eventually get incorporated at a step and then possibly a kink site on
the step (Pimpinelli and Villain, 1999). Adatom diffusion events cannot be observed
directly in STM because of the short time scale of the transitions. An STM microscope
involves a metal tip close to the surface from which or to which electrons can flow by
tunneling. The presence of the STM tip can disturb the motion of an adatom but if the
imaging is done at low temperature the diffusion is too slow and the structure is frozen.
Individual adatoms can also be visualized by FIM (Wang and Ehrlich, 1991) but the
technique is limited to small surface area at the end of a tip (Pimpinelli and Villain,
1999).
At a finite temperature, there will be some equilibrium density of adatoms on the
crystal surface, defined as the number of occupied sites divided by the number of surface
sites At thermal equilibrium the density is given by the Boltzmann distribution as
ρ = exp (−β Wa )

(1)

where β = 1/kB T, kB is the Boltzmann constant and Wa is the free energy required to
extract an atom from a kink site on a step and turn it into an adatom on a flat terrace
(Stoltze, 1994). For a metal surface, the value of Wa is quite high, as can be seen in
Table 1.1.
Table 1.1. Typical energy values (in degrees Kelvin) for four FCC metals (Stoltze 1994)

Adatom energy Wa (001)
Step energy W1 (001)
Kink energy W0
Advacancy energy (001)
Adatom energy Wa (111)
Cohesive energy −Wcoh

Ni

Cu

Ag

Au

8700 K
2200 K
1800 K
8400 K
11650 K
51600 K

5900 K
1450 K
1250 K
5500 K
8300 K
40800 K

4200 K
1000 K
950 K
3850 K
6450 K
34400 K

3550 K
750 K
800 K
2900 K
6600 K
44000 K

The table gives values of the basic parameters that are needed for the prediction of
thermodynamic equilibrium. The values of these parameters can be estimated using
electronic structure calculations, such as density functional theory (DFT) (Kley et al.,
1997) or simpler semi-empirical approximations for example tight binding (TB), embedded atom method (EAM), or effective medium theory (EMT) approaches (Desjonqueres
and Spanjaard, 1996; Lannoo and Friedel, 1991; Jacobsen et al., 1994). The estimates
for Ni(111) given in Table 1.1 as an example. They show that at room temperature one
can expect an equilibrium density of about one adatom per square centimetre, i.e. a
very low density. On the (001) face of Cu, the proportion of lattice sites occupied by
adatoms is about 10− 9 at room temperature, which is higher, but still very low.
Under growth conditions, the density of adatoms is much higher than the thermodynamic equilibrium value and the morphology of a growing surface is governed by
kinetic processes rather than thermodynamic equilibrium. The growth process typically
leads to the formation of islands as shown in Fig.1.2. Each island represents a new
terrace surrounded by steps. A surface of a crystal always has some steps anyway for
two reasons: firstly, because it is not possible to prepare a perfect crystal, and secondly
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because of thermal excitations that create steps (roughening). Furthermore, real crystals
always have some dislocations and when a dislocation comes to the surface a deviation
from a flat terrace is formed (Wolf et al., 1991).

Figure 1.2. STM images of Si(001)-2x1 surfaces formed by MBE growth at room
temperature. (a) After annealing at 625 K. (b) Without annealing. Figures taken from
(Pimpinelli and Villain, 1999). Note the islands and the steps. The elongated islands in
(a) indicate the presence of anisotropy in adatom sticking to steps leading to
non-equilibrium shape. The annealed surface in (b) is closer to the equilibrium shape.
Theoretical studies have played an important role in the identification of the atomicscale processes that are responsible for the surface structure observed experimentally.
Several questions are addressed, such as: Is the growing crystal surface smooth or
rough? What are the critical atomic scale mechanisms that determine the growth mode?
Under what conditions is amorphous solid obtained rather than a crystal? In some
technological applications in materials processing the goal is to form a thin crystalline
film on the surface at as low temperature as possible to restrict interlayer diffusion.
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The growth mode depends on the type of atoms involved and growth conditions so
as to achieve the right balance between various competing atomic-scale processes. A
theoretical prediction of the growth processes requires accurate description of the atomic
interactions and estimates of the rates of several atomic-scale transitions and ultimately
a simulation of the growth on the timescale of the experiments. This task is harder than
it may seem Jonsson (2000).
The interaction between atoms can be described at various levels of theory. The
most accurate practical approach is DFT (Kohn et al., 1996) where no parameter values
are fitted to reproduce information about the chemical bonds in the system studied. The
common error bar in such calculations is typically taken to be 0.1 eV. However, when
the energy of similar configurations of the atoms is compared, there can be cancellation
of errors and the energy difference can have smaller error bar. At room temperature, the
thermal energy, kB T is 0.025 eV.
Given some description of the atomic interactions, the main problem in the theoretical studies of crystal growth is the identification of the important atomic-scale
processes. What is the transition mechanism and what types of processes are essential?
It might seem at first that numerical simulations of the classical dynamics, as a finite
difference solution of Newton’s equation of motion, could be used to reproduce the
laboratory growth process. Such classical dynamics simulations of atoms and molecules
have provided important insight and improved knowledge of atomic-scale processes
in various areas of science (Berne et al., 1998). But, direct classical dynamics simulations are limited to very short timescale, the time increment per iteration being limited
by the need to reproduce atomic vibrations. As a result, a nanosecond of real time
requires weeks of computations. As a result, there is a serious limitation of the kinds
of phenomena that can be observed in such simulations. The most essential crystal
growth processes such as diffusion and changes in the shape of islands are usually "rare
events" on the time scale of vibrations. For example, in order for a classical dynamics
simulation to show an atomic transition with activation energy of 0.5 eV and typical
pre-exponential factor in the Arrhenius expression of the rate constant a millisecond
of real time at room temperature would need to be simulated. This would require
impossibly long computations.
The activation energy of several important transitions is estimated to be even higher,
for example the diffusion of a Pt adatom along the edge of a Pt step (Jonsson, 2000;
Bassett and Webber, 1978) is ca. 0.7 eV, and diffusion of a Si adatom on top of the
Si (100) surface (Mo et al., 1992; Jonsson, 2000) is ca. 0.6 eV. These diffusion events
occur several times per second at room temperature and are active on the laboratory
experimental timescale. Between these diffusion events there are on the order of 1010
vibrational periods. A direct classical dynamics simulation tracking this vibrational
motion would require on the order of 105 years of computer calculations on the fastest
present-day computer before a single diffusion event can be expected to occur. Clearly,
useful crystal growth simulations cannot be carried out simply by carrying out calculations of the classical dynamics of the atoms. It is essential to reach much longer
simulated timescale. The timescale problem is one of the most important challenges in
computational chemistry, material science, and condensed matter physics.
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1.2 Outline
The main focus of the thesis to explore the descent of adatoms from on top of platinum
and gold isaland into the growing layer. This is the key issue determining whether a
crystal surface grows layer-by-layer or forms three-dimensional islands. The optimal
mechanism for such interlayer transport was identified taking into account the surface
morphology, in particular presence of kinks on the step edges. These kinks affect the
mobility of the atoms across the surface. The Thesis describes the several theoretical
approaches such as density functional theory (DFT), semi-empirical potential functions,
and machine learned Gaussian approximation potentials (GAP) for descending the
atomic interactions. Chapter 3 focuses on the theory and methodology, where a brief
introduction of each theoretical technique is given and a discussion given on how
these methods were applied on Pt and Au systems. These techniques were used for
determining the mechanism of adatom migration on surfaces of solids and interlayer
transport. Minimum energy paths for the various elementary processes were calculated
using the nudged elastic band method in order to identify the transition mechanisms
and evaluate the corresponding activation energy. Particular focus was on processes
involving the descent of adatoms that land on top of a growing close packed layer on
platinum and gold crystals. Chapter 4 gives an overview of surface growth mechanism
and interlayer transport. In this chapter the Ehrlich-Schwoebel barrier is introduced and
the Re-entrant layer-by-layer growth discussed. The focus is on interlayer transport of a
Pt or a Au adatom on a stepped, close-packed surface of the corresponding crystal has
been explained where all the relevant processes such as downstepping of Au/Au (111)
and Pt/Pt(111) using EMT calculations, DFT/PBEsol calculations, and GAP calculations
are described in a comprehensive way. A description of the mechanism of Au adatom
diffusion on Si(100) surface is also part of this chapter. Chapter 5 corresponds to the
results and discussions that have been reported in publications. Chapter 6 consist of
summary of three articles and chapter 7 describes the conclusion and outlook.
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2 Introduction to Metal Nanostructures
2.1 Introduction
2.2 Properties of Metal Nanostructures
Rapid development in the techniques for synthesis of metal nanostructures with controlled morphology has made it possible to study their unique properties in a more
controlled way (Mulvaney, 2001). It is clear that the shape and size of metal nanostructures strongly affect their properties. The high surface to volume ratio is one of the
most important properties. Table. 2.2 shows the relationships between particle size and
the percentage of surface atoms for Pt nanoparticles with cuboctahedral shape (An and
Somorjai, 2012). As the size of Pt nanoparticles decreases, a dramatic increase in the
ratio of surface atoms is obtained. This is an important aspect in many applications,
especially for chemical catalysis (Lewis, 1993). The shape of a metal nanoparticle also
affects its catalytic, optical, and magnetic properties.

Figure 2.3. Cuboctahedral Pt nanoparticles of various size and the corresponding
percentage of surface atoms.
(Niu and Lu, 2015).
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Table 2.2. Cuboctahedral Pt nanoparticles of various size and the corresponding
percentage of surface atoms
No. of shells
1
2
3
4
5
6
7
8
9

Surface atoms

Total atoms

% of surface atoms

12
42
92
162
252
362
492
642
812

13
55
147
309
561
923
1415
2057
2869

92
76
63
52
45
39
35
31
28

Pt NP size in nm.

2.2.1 Optical properties
The colors of Au and Ag nanoparticles have intrigued people for thousands of years.
They originate from localized surface plasmon resonances (LSPR). LSPR is the resonant
collective oscillation of nearly free electrons in the particles under light irradiation
(Willets and Van Duyne, 2007; Chen et al., 2013; Zhao et al., 2006). As a result, the
particles can absorb or scatter light, and there can be enhanced local electromagnetic
field at the particle surface. As a result, plasmonic excitations in nanostructures have
found broad applications in biological sensing and imaging, photochemical processes,
and solar energy harvesting (Zhao et al., 2006; Atwater and Polman, 2011; Haes
and Van Duyne, 2004; Ueno and Misawa, 2013). The metal nanostructures used for
absorbing light in the visible range are typically made of gold, silver or copper (Willets
and Van Duyne, 2007). An important characteristic of LSPR is that it is strongly
dependent on the size, shape, and composition of the metal particle. By varying the
particle size through the synthesis method, the LSPR properties can be tuned. Another
characteristic of LSPR is that it is very sensitive to the refractive index of the surrounding
medium (Willets and Van Duyne, 2007). Marked red shifts using the LSPR spectral
position can be seen when the refractive index of the surrounding medium increases.
Due to this property, LSPR has been used for ultra-sensitive sensing (Sepúlveda et al.,
2009).
2.2.2 Catalytic properties
The development of metal nanostructures has had impact on the field of heterogeneous
catalysis (Zaera, 2013; Cheong et al., 2010; Wu et al., 2012). By controling size and
shape of metal nanostructures in model systems the structure-function relationship
in heterogeneous catalysis can be studied and in principle this can lead to significant
advances in efficiency and selectivity (Li and Somorjai, 2010). A particularly impressive
example is the discovery of Au nanocluster catalysis for low temperature CO oxidation
Haruta (2005); Haruta et al. (1989). While the surface of a Au crystal is unreactive
and does not catalyse CO oxidation, Au nanoparticles in the size range of 3-4 nm
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are highly active for CO oxidation reaction. Larger as well as smaller particles are
less active per surface site. Control of the size of metal nanostructures has made it
possible to reduce to cost of metal catalysts (Xiong et al., 2007). Furthermore, by
controlling the surface crystal facets of Pt nanocrystals, the catalytic activity can be
increased (Zhou et al., 2009). Fig. 2.4 illustrates the atomic arrangement in several
crystal facets of FCC crystals (Tian et al., 2008). As an example, the high index facets
can have up to 400 fold increase in the catalytic activity in electro-oxidation of small
organic fuels compared with commonly used polycrystalline Pt catalysts (Tian et al.,
2007). Also, control of the shape of metal nanostructures can influence the selectivity
in the catalytic reaction (An and Somorjai, 2012). Somorjai et al. have found that in
benzene hydrogenation reactions, cyclohexane and cyclohexene products are formed on
cuboctohedral Pt nanocrystals with both (111) and (100) facets, while only cyclohexene
is produced on Pt nanocubes with (100) facets (Bratlie et al., 2007).

Figure 2.4. Unit stereographic triangle of the face-centered cubic (FCC) crystal and
models of the surface atomic arrangements (Tian et al., 2008).
.

2.2.3 Magnetic Properties
The shape and size of ferromagnetic metal nanostructures can have significant effect
on their magnetic properties (Jun et al., 2008). For small enough clusters, thermal
energy can invert the direction of the magnetic moments of the atoms and due to
such magnetic fluctuation the total magnetization then becomes zero. This is referred
to as superparamagnetism (Gubin, 2009). The transition from ferromagnetism to
superparamagnetism is temperature dependent since the energy barrier for reorientation
of the magnetic moments can be overcome more easily as the temperature is increased.
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(Guimarães and Guimaraes, 2009). The transition temperature strongly depends on the
size because the energy barrier is higher the larger the nanostructure is. For example,
the transition from ferromagnetism to superparamagnetism in cobalt nanoparticles of
size 2, 4, 6, 8, and 13 nm occurs at 10, 20, 100, 180, and 370 K, respectively (Jun
et al., 2007). The magnetic coercivity of a cobalt nanoparticles also depends on its
size. For single magnetic domain Co nanoparticles, the magnetic coercivity increases
with size. However, for Co nanoparticles with more than one magnetic domain, the
magnetic coercivity decreases as the size of the Co nanoparticle increases (Park et al.,
2002). The shape and composition of metal nanostructures also affects the magnetic
coercivity (Choi et al., 2005; Park et al., 2004; Park and Cheon, 2001). For example, Co
nanowires with larger aspect ratio have higher coercivity than those with small aspect
ratio (Choi et al., 2005).

2.3 Experimental methods studying surface morphology
Various experimental techniques have been developed for studying the morphology of
metal nanostructures. A few of them are described below.
2.3.1 Transmission Electron Microscope
Transmission Electron Microscope (TEM) is one of the most commonly used methods
to characterize the morphology of metal nanostructures (Williams and Carter, 1996).
TEM can be used to identify the shape, size, and atomic ordering in nanostructures.
TEM follows the similar working principles as the light microscope except that TEM is
based on an electron beam instead of light to probe the samples. The electrons can have
wavelength that is four orders of magnitude smaller than that of visible light, leading
to better spatial resolution (Hawkes, 2003). In TEM the high energy electron beam
is correlated and focused by electrostatic and electromagnetic lenses and transmitted
through the sample (Schmidt and Wetzig, 2012). The electron beam is magnified and
focused by an objective lens and appears on a screen (Bozzola and Russell, 1999).
2.3.2 Scanning Electron Microscope
Scanning Electron Microscope (SEM) is one of the most advanced instruments available
for the study of the 3D morphology of metal nanostructures (Reimer, 2000). SEM
generates images of a sample by scanning the sample with a focused beam of electrons.
As the electron beam comes in contact with the electrons of the sample, secondary
electrons are generated and a signal produced giving information about the surface
morphology and structure (Zweben, 1998). As a sample is scanned with an electron
beam, the secondary electrons that escape and make it to the detector only come from
a thin layer near the sample surface. Therefore, the method gives information about
surface topography (Sharma, 2004). However, the resolution of the SEM is lower than
that of the TEM.
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2.3.3 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a type of scanning probe microscopy technique for
imaging the surface of materials (Haugstad, 2012). It gives information about the force
acting between atoms at the surface of the sample and those in the AFM tip (Breuer,
2005). In this way, it gives direct visualization of the surface structure. While scanning
the AFM tip at the end of a cantilever over the sample surface, the force between surface
atoms and the tip atoms is measured and the data used to provide an image of the surface
(Kelsall et al., 2005). One advantage of the AFM over SEM is that it can be used in
ambient air and liquid environment. A major disadvantage of AFM is the limited area
that AFM can scan, typically on the order of a micrometer (Tong, 2011).

2.4 Crystal Structure and Composition Analysis
2.4.1 X-ray diffraction
X-ray diffraction (XRD) is a commonly used technique for characterizing the crystallographic structure, size, and orientation of crystals (Quate et al., 1986). It is also be
used to characterize heterogeneous solid mixtures to quantify, for example, the relative
amount of crystalline material (Tong, 2011). In XRD a monochromatic X-ray beam is
directed to the sample and the interaction with the atoms in different crystal planes of the
sample gives rise to the diffraction (Durán and Marcato, 2012). XRD can also be used
to measure the particle size in nanocrystalline materials using Scherrer approach where
the size of sub-micrometer crystallites is related to the broadening of the diffraction
peaks (Saravanan and Rani, 2012). XRD can also determine the size of crystalline
nanoparticles in powder samples.
2.4.2 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) can be used to explore the chemical composition of a sample (Hofmann, 2012). XPS can detect elements with atomic number
larger than 3 with parts per million (ppm) detection limit (Singh et al., 2012). In an XPS
measurement, the system is irradiated with a monochromatic X-ray beam to generate
emission of photoelectrons from the surface atoms (Vajtai, 2013). These emitted photoelectrons are then collected and further analyzed using an electron spectrometer. XPS
spectra show the number of photoelectrons detected as a function of the binding energy
obtained as the difference between the energy of the incident beam and the measured
kinetic energy of the electrons (Hosokawa et al., 2012).
2.4.3 Field ion microscopy (FIM)
The diffusion of an adatom on a solid surface is the key process determining thin
film and crystal growth mode and sintering of surface islands. It also strongly affects
corrosion and other chemical reactions at the surface. FIM has been an important tool
for investigating surface diffusion, since it is capable of resolving individual adatoms.
Pioneering surface diffusion studies utilizing FIM were carried out by Ehrlich and
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coworkers (Ehrlich and Hudda, 1966). Subsequently, several important FIM diffusion
studies have been carried out. These experiments have included studies of a few metals:
tungsten (Ehrlich and Hudda, 1966; Bassett and Parsley, 1969; Graham and Ehrlich,
1975; Tsong et al., 1975), rhodium (Liu et al., 1991), platinum (Bassett, 1976; Liu et al.,
1991), nickel (Tung and Graham, 1980), and iridium (Tsong and Kellogg, 1975; Wang
and Ehrlich, 1989, 1990).
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The calculations presented here are all within the Born-Oppenheimer approximation
where the motion of the electrons is separated from the motion of the nuclei. First, the
energy of the electronic subsystem is evaluated for fixed positions of the atomic nuclei.
This defines a potential energy surface (PES) for the position of the nuclei. Then, the
displacement of the nuclei, such as classical dynamics and minimum energy paths for
thermally activated transitions, are obtained using the energy and atomic forces derived
from the PES. The Born-Oppenheimer approximation is based on the fact that the mass
of atomic nuclei is much larger than the mass of an electron. As a result of the large
difference in mass, the motion of the nuclei is much slower than that of the electrons.
The studies presented in this thesis involve theoretical calculations where several
different approaches are used to describe the PES and thereby the atomic interactions.
The metal atom interactions are described by DFT using the PBEsol functional, the
EMT empirical many-body potential function, and Gaussian approximation potential
(GAP) approaches. The transition mechanisms are studied by finding minimum energy
paths (MEPs) using the nudged elastic band (NEB) method in order to evaluate the
activation energy barriers. The main focus is on interlayer transport, i.e. down-stepping
of adatoms. Different types of surfaces are studied, including straight, stepped and
kinked surfaces of both Pt(111) and Au(111). Also, the diffusion of Au adatom on
the Si(100)-2x1 surface are studied. For the DFT/PBEsol calculations, the Vienna ab
initio simulation package (VASP) is used in combination with the VTSTtools while the
calculations based on the EMT potential and GAP potential make use of the atomic
simulation environment (ASE). The time evolution of the systems is simulated over a
short time scale with classical molecular dynamics (MD) and on a long time scale with
kinetic Monte Carlo using the EON and Zacros software.
In the studies presented there, the mechanisms for interlayer transport of adatoms on
Au(111) and Pt(111) surfaces have been studied using the various levels of description
of the atomic interactions. The mechanism has been identified by which an adatom that
lands on top a metal island can descend to a lower layer. This is known to be a central
issue determining whether the metal grows layer-by-layer or forms three-dimensional
islands. Various downstepping mechanisms have been studied for both the Pt/Pt(111)
and the Au/Au(111) system.
Another part of the thesis deals with the diffusion of a Au adatom on the Si(100)2×1 surface. There DFT/PBEsol is used as well as empirical potential functions.
Classical molecular dynamics (MD) simulations are carried out as well as long timescale
simulations of Au deposition and annealing process. The long time scale simulations
reveal an unusual diffusion mechanism that can lead to island nucleation in unexpected
parts of the surface.
The various levels of estimating the interaction between the atoms will now be
described.
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3.1 Empirical Potentials
One of the approaches for estimating the interatomic forces is to parametrize a potential
energy function based on input from experiment and/or electronic structure calculations.
A great deal of work has been done to model metals using such empirical potentials,
for example effective medium theory (EMT) (Hansen et al., 1991; Kitagawa et al.,
1997) and embedded atom method (EAM) (Daw and Baskes, 1984; Voter and Chen,
1987). For semiconductors, the focus has mostly been on Si (Stillinger and Weber, 1985;
Tersoff, 1988). When these approaches are successful, they make the simulation of large
systems and thorough exploration of mechanisms of relevant processes possible. A great
deal of work has gone into the development of such potential energy functions and many
properties can be reproduced quite well. But since these potential functions are typically
parametrized to reproduce bulk properties, the description of surfaces, and even more
so adatoms on surfaces, can be outside the range of validity. Nevertheless, studies of
adatom diffusion using such potential functions has proven to be useful even though
the estimated energy barriers are only a rough qualitative estimate. This turns out, for
example, to be the case for Pt (Liu et al., 1991). Important quantitative differences
between DFT results and these approaches have, however, been found (Feibelman, 1999,
1998).
3.1.1 Effective Medium Theory
EMT (Jacobsen et al., 1987) is an attempt to capture the fundamental physics related to
the interaction between atoms in metallic systems in a simple way. EMT is a hierarchy
of approximations based in principle on DFT (Jacobsen et al., 1987). In the following,
we consider a one-component metallic systems and the basic level of EMT. (Jacobsen
et al., 1987). A more elaborate form is the corrected effective medium theory (Yang and
DePristo, 1994). Other approaches are referred to as glue model (Bilalbegović et al.,
1993), and approaches based on tight binding (Rose et al., 1981; Finnis and Sinclair,
1984). Essentially, the potential energy of the system of is approximated as
E = ∑ Ec (i) + ∆EAS (i)

(2)

i

where Ec is the energy of embedding atom i in a homogeneous electron gas and ∆ EA S
is an atomic sphere correction term. The summation runs over all atoms in the system.
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3.2 Gaussian Approximation Potential (GAP)
Recently, there has been great interest in using machine learning approaches to represent
the PES. based on the energy of some input configurations but without an assumed
form of the potential energy function. Typically, the input is some thousands of DFT
calculations and the machine learning is a way to interpolate between those data points
to predict the energy of new configurations of the atoms (Deringer et al., 2019). Here,
a PES for platinum atoms modeled with Gaussian process regression in the so-called
Gaussian approximation potential (GAP) (Bartók et al., 2010; Bartók and Csányi, 2016;
Deringer et al., 2021) approach is used. GAP performs a non-parametric regression
of training points, i.e. it does not rely on a predetermined functional form to describe
the PES but, obtains this rather from the available data, here DFT calculations with the
PBEsol exchange-correlation functional (Perdew et al., 1996).
The DFT calculations used as training set were carried out using a plane-wave basis
set for the valence electrons and projector augmented-wave (Blöchl, 1994) description
of the inner electrons. The VASP (Kresse and Furthmüller, 1996; Kresse and Joubert,
1999) software was used. The GAP potential involves a combination of 2-body (2B) and
many-body (MB) descriptors. The 2B descriptors are based on interatomic distances
up to a certain cutoff, whereas the MB descriptors use a revised smooth overlap of
atomic positions (SOAP) representation (Bartók et al., 2017; Caro, 2019). SOAP
provides information about the chemical environment of a given atom up to a given
cutoff distance. GAP relies on an approximation of locality and smoothness of the PES,
and thus performs an optimal (in the least-square sense) decomposition of the total
energy into a sum over local (atomic) contributions. The expression for the GAP energy
contribution of atom i is
εi = δ

2b 2

2b
Nsparse

∑ ∑

ri j <rcut s=1

2
αs2b k2b (rs , ri j ) + δ mb

mb
Nsparse

∑

αsmb kmb (qs , qi ),

(3)

s=1

where the α are the fitting coefficients, the k are the kernel functions, which have
different forms and take different arguments depending on the type of descriptor, ri j
is the distance between atom i and its neighbor j, qi is the SOAP descriptor of atom i
and δ gives the energy scale of the interactions (which are different for the 2B and MB
parts). The index s runs over the sparse set descriptors, a subset of all descriptors in the
training set. Sparsification is used to reduce the computational cost of evaluating the
GAP potential (Bartók and Csányi, 2016).
For the GAP potential to give a good estimate of the energy of a given system it
is essential that the training database includes atomic arrangements that are similar to
the input configuration. The GAP potential for Pt used in this work is trained from a
comprehensive database including relaxed and distorted crystal structures (FCC, HCP,
BCC, and SC), dimers and trimers, surfaces (with various step-terrace configurations
and edges), nanoparticles and liquid Pt configurations. An exhaustive characterization
of this potential, which is freely accessible online from . Use of the potential requires
the QUIP-GAP or TurboGAP codes, which are free for non-commercial research. It
can also be used with LAMMPS (Plimpton, 1995) through its QUIP interface.
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3.3 Density Functional Theory
DFT is based on two theorems proved by Kohn and Hohenberg and a practical implementation by Kohn and Sham presented in the mid 1960s. The first theorem essentially
states that the ground state energy given by the Schr/"odinger equation is a unique
functional of the electron density up to an arbitrary constant. The theorem shows
that there exits a one-to-one mapping between the ground-state wave function and the
ground-state electron density. The ground state energy is, thereby a functional of the
ground state electron density. A functional is analogous to the well known concept of a
function. While a function has a variable or variables as input and delivers a number, a
functional has a function as input and delivers a number. An example of a functional is
F[ f ] =

Z 1

f (x)dx.

(4)

1

F is a functional of the function f (x). The Hohenberg and Kohn theorem shows that
the ground state energy, E, can be expressed as E[n(r)], where n(r) is the ground state
electron density. Therefore the name density functional theory.
The Hohenberg and Kohn theorem shows, furthermore, that all properties of the
ground state, not only the energy, can be obtained from the ground-state electron density
Why is this statement important? The reason is that the electron density is a much
simpler function than the wave function. It only depends on three spatial variables,
while the wave function depends on 3N variables. As an example, the wave function
for the electrons in a nanocluster of 100 Al atoms involves 3900 variables while the
electron density involves only 3 variables. This represents a tremendous simplification.
The first Hohenberg-Kohn theorem shows that a functional of the electron density
exits but it does not provide any information as to what this functional is, apart from
a full solution of the Schr/"odinger equation. The second Hohenberg-Kohn theorem,
however, describes an important characteristic of the functional: The electron density
that minimizes the energy obtained from the functional is the true electron density and
corresponds to an exact solution of the Schrodinger equation (Sholl and Steckel, 2011).
The Kohn-Sham formalism provides a practical implementation of these results.
In order to estimate the ground state properties of a system of N interacting electrons
subject to an external local potential V(r) the problem is mapped onto a fictitious system
of N non-interacting electrons. Each electron is then described by an orbital, a oneelectron wave function. The total electron density is the sum over the electron density
obtained from each orbital. The Hamiltonian is written as
"

#
N
1 2 N
1
H|ψ >= [T +Vee +V ]|ψ > = ∑ − ∇i + ∑
+ ∑ V (ri ) |ψ > = E|ψ >
i< j ri − r j
i=1 2
i=1
(5)
were T is an operator for the kinetic energy, Vee is the classical Coulomb interaction
and V is the external potential, corresponding to the Coulomb interaction between an
electron and the positive atom nuclei, and possible also an additional applied potential.
The ground state energy is E and the index i indicates the individual electrons. Equation
(4) represents a differential equation of second order and the number of independent
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variables is 3N but they are described separately by the orbitals, a great simplification
compared with the full wave function.
The Ritz variational principle can be used to obtained the optimal wavefunction |ψ>.
The expectation value of the Hamiltonian operator should be minimized
E0 = minψ→N < ψ|H|ψ > =< ψ|T +Vee +V ψ >

(6)

Here, the notation a search over all allowed, antisymmetric and normalizable N-electron
wave function is carried out subject to the constraint that the given electron density is
obtained
Z
ρ(r) = N dσ dX2 ...dXN |ψ(r, σ , X2 , ..., XN )|2
(7)
and corresponds to the given number of electrons, N. The quantity Xi = (ri , σ ) adds
the spin variable σ to the spatial variables. In general, separate spin-up and spin-down
electron densities need to be determined, but for singlet states where all the electrons
are paired, an electron density that only depends on the spatial coordinates is sufficient
(Rohra, 2006).

3.4 Hohenberg-Kohn theorems
The basic idea behind the first Hohenberg and Kohn theorem (Hohenberg and Kohn,
1964) is to show that the electronic density of a system is sufficient to determine its
energy and thereby replace the wave function as the central quantity for characterizing
the system.
The first Hohenberg-Kohn theorem states that apart from an arbitrary constant, the
external potential V (r) can be determined from the ground state electron density ρ(r).
From the electron density one can obtain the corresponding Hamiltonian operator and
thereby also the ground state wave function |ψ[ρ]> and all electronic properties of the
system. The kinetic energy, T , of the electrons and the electron-electron interaction
energy, Vee has the same expression for all systems. The only term in the expression for
the energy that is specific for a given system is the external potential, V (r). The total
energy can be written as
E[ρ] = T [ρ] +Vee [ρ] +

Z

drV (r)ρ(r) = F[ρ] +

Z

drV (r)ρ(r)

(8)

where the HK-functional F[ρ] is defined as
F[ρ] ≡ T [ρ] +Vee [ρ] = < ψ[ρ]|T +Vee |ψ[ρ] >

(9)

The electron-electron term is separated into two terms
Vee [ρ] ≡ U[ρ] + Ex c[ρ]

(10)

by defining the classical Coulomb energy as
U[ρ] =

1
2

Z Z

drdr,

ρ(r)ρ(r, )
.
|r − r, |

(11)
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The functional Exc [ρ] then describes the non-classical term to the electron-electron
interaction. Exc [ρ] contains quantum mechanical exchange and as well as a correction
for the self-interaction contained in U and all correlation effects. All intrinsic properties
of the electronic system are absorbed in the HK functional F[ρ].
The second Hohenberg-Kohn theorem states that the functional E[ρ] of the total
energy is subject to a variational principle with regards to the density. More accurately,
the minimal value of the total energy E[ρ] with respect to all variations of ρ that
corresponds to the given number of electrons,N, is obtained for the correct ground state
density ρ0
E0 = minρ→N E[ρ] = E[ρ0 ]

(12)

The symbol "ρ → N" denotes variation over all ground state densities corresponding to
N-electron systems.
The first Hohenberg-Kohn theorem shows that for any arbitary density ρ(r) the
external potential V (r) is unique to within an arbitrary constant. But, such a potential
may actually not exist. The assumption that such a potential exists is referred to as
V -representability. It is indeed possible to generate densities that cannot be related to
any external potential V (r).

3.5 Nudged elastic band method
When studying rearrangements of atoms in theoretical chemistry and condensed matter
physics the challenge is to identify the optimal reaction path connecting the initial
state to the final state. Since the probability distribution for a system connected with a
heat bath at well defined temperature is given by the Boltzmann distribution where the
probability distribution drops as the potential energy increases, the optimal transition
path corresponds to a minimum energy path (MEP), i.e. a path for which the energy is at
a minimum with respect to all perpendicular degrees of freedom. The MEP is typically
used as a reaction coordinate (Marcus, 1966) for a transition, such as chemical reactions,
conformational changes of molecules, diffusion events in solids, etc. The maximum
energy along the minimum energy path (MEP) is a first order saddle point on the PES
and gives the activation energy for the transition, a quantity of central importance of
estimating the transition rate within harmonic transition state theory (Vineyard, 1957).
When the initial and final state of a transition is known, a robust method can be used
to find the MEP and thereby the activation energy of the transition from the point of
maximum energy along the MEP (Jonsson, 2000). A string of replicas of the system is
created by applying some interpolation between the initial and final state of the transition
(most simply a linear interpolation). The replicas are connected with springs so as to
generate a connected path. Then an optimization algorithm is applied where the atomic
force component perpendicular to the path plus the spring force along the path is zeroed.
This makes the position of the intermediate replicas move to the nearest minimum
energy path (Mills et al., 1995; Jónsson et al., 1998). When the same spring constant is
used between all the adjacent replicas, the optimization results in even spacing of the
images along the MEP. While the saddle point is the only point needed for the harmonic
TST rate estimate, in addition to the initial point, the MEP gives a useful, extended view
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of the most relevant part of the PES.

3.6 Kinetic Monte Carlo
Classical molecular dynamics simulations can only represent a very short time scale in
the evolution of the system. A typical time step is on the order of a femtosecond for
atomic systems at around room temperature and simulations on present day computers
are, therefore, typically limited to nanoseconds. This holds when fast, empirical
potential functions are used. If, however, the atomic forces are obtained from electronic
structure calculations, the time scale of practical trajetory calculations is further reduced
to picoseconds. This creates a gap of several orders of magnitude between what one
can simulate with classical dynamics and the time scale that is relevant for interpreting
experimental measurements. Many important thermally activated transitions occur on a
much longer time scale so there is need for theoretical methods to model these important
rare event dynamics.
The most commonly used method for modeling state-to-state dynamic is kinetic
Monte Carlo (KMC) (Bortz et al., 1975; Gillespie, 1976). If all the possible transitions
in the system and their rates are already known, one can use KMC to simulate a
time ordered sequence of events and and thereby long time scale evolution of the
system. For specified reaction mechanisms, the rates can be obtained from a PES using
transition state theory (TST) (Voter, 1986). The key challenge is to come up with the
list of possible transitions and their atomic scale mechanism. KMC can easily include
large number of events with modest computational effort. The time scale that can be
represented is, however, limited by the fastest event in the system, it essentially sets
the time increment per transition simulated. The most serious limitation is that all the
transition mechanisms need to be specified before the simulation starts. The events
are considered to be local movements of one or a few atoms (Hansen and Neurock,
2000). Another disadvantage of KMC is that the atomic configurations must be matched
with a regular lattice in order to be able to write the table of possible events. Even in
simulations of crystals, there can be defects where atoms are not placed near regular
lattice positions.

3.7 Adaptive Kinetic Monte Carlo
Several of the limitations of KMC described above are lifted in the adaptive KMC
(AKMC) method (Henkelman and Jónsson, 2001). AKMC is similar to KMC but
extends it in two important ways: (1) The possible reaction mechanisms are determined
during the simulation and do not need to be decided on beforehand; and (2) the atoms
need not be assigned to a lattice. In AKMC unexpected transitions can occur that would
be hard to include in a predefined event catalog (Henkelman and Jónsson, 2003). The
method is termed "adaptive" because the list of possible events is not fixed, it can adapt
to a particular configuration of the atoms found during the simulation. Since there is
no need to assign the atoms to a lattice, the method can be used to simulate amorphous
materials.
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An AKMC simulation involves finding all relevant transitions from a given initial
state by searching for first order saddle points on the energy rim surrounding the initial
state energy well. For each saddle point found, the harmonic approximation to transition
state theory (HTST) (Wert and Zener, 1949; Vineyard, 1960) is used to estimate the
transition rate. The saddle point search is carried out with the minimum mode following
(MMF) algorithm (Henkelman and Jónsson, 1999; Malek and Mousseau, 2000). There,
the lowest curvature mode is found, i.e. the eigenvector corresponding to the lowest
eigenvalue of the Hessian. The force acting on the atoms is then reversed in the direction
of the minimum mode and the system advanced step by step in the direction of the
revised force. This essentially transforms the force field in the vicinity of a first order
saddle point to a force field corresponding to a minimum. After a saddle point has been
found, the rate of the corresponding event is calculated as
kHT ST =

init
∗
∏3N
i=1 vi
e−(E
3N−1 ∗
∏i=1 vi

−E init )

/kB T

(13)

where vinit
and v∗i are the ith stable normal-mode frequencies at the initial and saddle
i
points, N is the number of movable atoms moving in the system, E ∗ is the saddle
point energy, and E init is the energy of the initial state. After the event table has been
created, a random number is used is used to select the next transition analogous to the
KMC algorithm, and the system is relaxed to the corresponding final state. The AKMC
method relies on HTST and the transitions are therefore associated with saddle points
on the PES (Xu and Henkelman, 2008).
3.7.1 Saddle point searches in AKMC simulations
An AKMC simulation starts from an initial local minimum energy configuration and
from there saddle point searches are used to identify transitions that can occur in the
system. The MMF method (Henkelman and Jónsson, 1999) is usually used in AKMC
simulations to find saddle points. Several extensions have been made to the MMF
method since it was originally developed. This includes the use of a forward instead of
central-difference approximation (Heyden et al., 2005; Olsen et al., 2004), a rotational
force criterion to neglect unnecessarily tight convergence of the lowest mode (Olsen
et al., 2004; Heyden et al., 2005), a large finite-difference rotation to improve stability
with noisy forces obtained from electronic structure calculations (Heyden et al., 2005),
the limited memory Broyden-Fletcher-Goldfarb-Shanno optimizer (Nocedal, 1980),
and internal coordinates for faster convergence rate (Kästner and Sherwood, 2008).
With these improvements, saddle points can be found from a local minimum in a few
hundred energy and force evaluations - not significantly more than a minimization (Xu
and Henkelman, 2008).
3.7.2 How many saddle searches are needed?
For a perfect AKMC simulation, all saddle points with low energy, and thereby corresponding to transitions with high rate, need to be found. A dynamical stopping criterion
based on the history of previous searches can be used to estimate the probability that
an important saddle point has been missed. This has two advantages: (i) this criterion
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gives a confidence level for the accuracy of the simulation, and (ii) states with a small
number of processes need a small number of searches, whereas states with many more
processes need more to satisfy the criterion. The chosen confidence level should give a
reasonable balance between the simulation effort and the accuracy of the simulation (Xu
and Henkelman, 2008). The number of saddle points likely increases exponentially with
the size of the system. Most of these correspond to high energy and are not important
for the construction of the event table. The range of relevant energy barriers depends
on the thermal energy kB T . A barrier that is 20kB T higher in energy than the lowest
saddle point is e−20 times as likely to occur as lower barrier event, assuming the two
have similar pre-exponential factors. Even if the pre-exponential factors vary by several
orders of magnitude, e−20 10−9 is such a small number that 20kB T is a safe criterion
for determining which saddle points are relevant (Xu and Henkelman, 2008).

Figure 3.5. Reaction mechanisms with barriers within mkB T of the lowest saddle point
energy are considered relevant. For a choice of m = 20, the chance of a higher barrier
process occurring in the dynamics is approximately e−20 (Xu and Henkelman, 2008).
.
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4 Surface growth mechanism and interlayer transport
4.1 The Ehrlich-Schwoebel barrier
The crucial characteristic of the energy landscape that determines whether the growth
of a crystal surface is 2D or 3D is the energy barrier for descent of adatoms from
atop islands. This is referred to as interlayer transport. Bond counting can be used to
illustrate why such a barrier is likely to exist. If an adatom on a close-packed surface
moves by hopping over an island edge, it needs to break one of the three bonds it forms
with the underlying atoms before it can reform bonds in the lower layer, thereby creating
a high-energy transition state. Several theoretical calculations as well as experimental
observations show, however, that the adatom does not descent by a hop over the edge but
rather by a concerted two-atom process involving also a step edge atom. Nevertheless,
the energy barrier for such a downstepping event is higher than the energy barrier for
the diffusion on a flat terrace so there is an added energy penalty for getting down to
the lower layer. An atom that lands on top of an island, therefore, faces an energetic
wall along the edge of the island. At low enough temperature, adatoms that land on
top of an island cannot descend to the lower layer and eventually a new island on top
of the existing island forms, leading to 3D growth. The presence of such an energy
barrier was predicted by Schwoebel & Shipsey (Schwoebel and Shipsey, 1966) and
was, furthermore, deduced from experimental measurements by Ehrlich & Hudda
(Ehrlich and Hudda, 1966). The difference between the energy barrier for descent and
the energy barrier for diffusion on the flat terrace is now generally referred to as the
Ehrlich-Schwoebel (ES) barrier.

4.2 Re-entrant layer-by-layer growth
A most remarkable observation has been made from experimental crystal growth studies
where layer-by-layer, i.e. 2D, growth is obtained as the temperature is lowered below a
temperature range where the growth is 3D. Since the growth is 2D also at even higher
temperature, this is referred to as re-entrant layer-by-layer growth. This has been studied
most extensively for Pt(111) growth (Kunkel et al., 1990). Initially, this was deduced
from the reflectivity of a thermal He atom beam during vapor deposition of Pt atoms.
At a high temperature of 621 K layer-by-layer growth was observed as evidenced by
regular oscillations of the intensity of the reflected beam in out-of-phase conditions.
This corresponds to the step-flow mechanism where the surface is nearly flat and highly
reflective all the time, but destructive interference is obtained when the growing layer
covers half the surface. As the temperature was lowered to 424 K, the reflectivity
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dropped exponentially with time, showing that a rough surface is formed corresponding
to three dimensional growth. At this lower temperature the adatoms cannot overcome
the ES barrier and new islands nucleate on top of existing ones.
Normally one would expect that the morphology of the growing surface becomes
even rougher as the temperature is lowered further. However, an unexpected observation
was made, namely the re-appearance of near 2D growth at 275 K. The first two layers
appear from the He reflectivity to spread on the surface nearly as well as in the hightemperature step-flow region. It is known from nucleation theory that nucleation of new
islands starts at a lower density at lower temperature, thereby creating more and smaller
islands. Kunkel and coworkers stated that the cause of the re-entrant 2D growth could be
found in "the reduced island size and/or their rough shape, both because of the reduced
adatom mobility at lower temperature" (Kunkel et al., 1990). However, the experimental
measurements could not provide a more specific explanation of this unexpected behavior.
The question therefore remained what feature of the energy landscape and transition
mechanism makes this re-entrant layer-by-layer growth possible and for what materials
can such growth behavior be expected.

4.3 Interlayer transport
In the first part of this thesis, the focus is on interlayer transport of a Pt or a Au adatom
on a stepped, close-packed surface of the corresponding crystal. The goal is to identify
the key mechanism that can be active for interlayer transport at low temperature. This
requires calculations of the mechanism and rate of the various atomic rearrangements
that can take place on the surface. In the initial calculations, the interaction between the
atoms is described using the EMT approximation, but in subsequent calculations the
more accurate DFT approach is used. A non-intuitive mechanism has been identified by
which a Pt atom that lands on top of a metal island can descend to a lower layer near
a kink site. This is known to be a central issue determining whether the metal grows
layer-by-layer or forms three-dimensional islands. A great deal of experimental and
theoretical effort has gone into the study of these issues for Pt growth (Jonsson, 2000).
4.3.1 EMT calculations
The initial calculations described here were done with the EMT empirical potential
function for describing the interactions between the atoms. In order to identify the
MEP for a transition from an initial state to a given final state, the NEB method is
used. Large enough systems are used to get convergence in the activation energy with
respect to system size. All the systems are generated from Pt crystal structure where
the calculated lattice constant is found to be 3.92 Å by using standard EMT parameters,
in nice agreement with the experimental value of 3.92 Å. We use the periodic stepped
and kinked systems with higher miller indices for both A and B types of steps. Steps
that locally have a (111)-like microfacet formed by the step atoms and the adjacent
lower layer atoms are referred to as B-type steps. Those with (100)-like microfacet are
referred to as A-type steps. Even higher miller indices are used for generating these
stepped surfaces with larger terraces. The MEPs are calculated from the middle of the
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terrace between the steps.
Similarly, periodic configurations of kinks on steps are generated to study their
influence on the interlayer transport. In order to minimize the initial and final configurations, the L-BFGS optimizer was used until the magnitude of the atomic forces dropped
below fmax = 0.01 eV/Å. When a Pt adatom lands on top of an island, it diffuses around
and eventually can reach the edge of the island. The question then becomes whether
the downstepping process will occur or whether the adatom is reflected back into the
interior of the island. A third option is that the adatom diffuses along and above the
step edge and eventually comes to the vicinity of a kink on the step. The purpose of
the calculations is to estimate the rate of these various processes to provide input for
simulations of growth at given conditions, such as temperature. The key question is
whether the metal surface grows layer-by-layer or forms three-dimensional islands.
4.3.2 DFT/PBEsol calculations
Subsequently, DFT calculations for the downstepping of a Pt adatom at a step on the
Pt(111) surface were carried out using the VASP software and the PBEsol functional. As
in the EMT calculations, all the systems were generated from perfect crystal structure
and the calculated lattice constant for Pt was found to be 3.91 Å in good agreement
with the experimental value. Surfaces with larger Miller indices are used in order to
generate periodic steps with kinks. The Miller indices for the surface with B-straight
step is (221), with A-straight steps is (322), surfaces with kinks on B-type steps (985),
and surfaces with kinks on A-type steps (956). The cut-off energy in the plane wave
expansion of the valence electron wave function in Pt calculations was 400 eV, and the
Brillouin zone was sampled with a 2x2x1 Monkhorst-Pack k-point mesh. Initial and
final states were minimized using velocity projection optimization. Smaller samples
were used than in the EMT calculations since the DFT calculations are computationally
much more demanding. The atoms in the bottom two layers are kept fixed to avoid
artificial surface effects due to the missing crystal atoms below. Minimum energy paths
for the descent of a Pt adatom were calculated at straight steps, at kinks and near kinks
for both A- and B-type steps using the climbing image NEB (CI-NEB) method. The
calculations were considered converged when the maximum force magnitude drops
below 0.02 eV/Å .
4.3.3 GAP calculations
Calculations were also carried out using a Gaussian approximation potential (GAP)
potential for Pt. The systems included both A- and B-type steps and kinks and were
generated from perfect crystal structure and the energy then minimized. The lattice
constant was found to be 3.95 Å , in a reasonable agreement with the experimental
value. The same systems were used as in the DFT/PBEsol calculations to make close
comparison. The activation energy barriers were calculated using the CI-NEB method.
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Figure 4.6. Three dimensional side view of a periodic stepped Pt surface with kinks. (a)
Initial configuration where the Pt adatom (Red) sits in the middle of the terrace. (b)
Minimum energy path for migration of the adatom towards a kink and concerted
displacement downstepping event involving an atom adjacent to the kink (yellow). This
turns out to be the mechanism with lowest activation energy. (c) The initial state for the
downstepping event. (d) The final state of the downstepping event.
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4.4 Downstepping of Au adatom on Au(111)
While Pt growth has been extensively studied experimentally and is therefore of particular focus in the calculations presented here, there is also great deal of interest in
growing Au nanostructures on surfaces for various technological purposes. Calculations
analogous to those described above for Pt have, therefore, been carried out for a the
downstepping of a Au adatom via exchange mechanisms at straight A- and B-type steps,
near kinks and at kinks.
4.4.1 EMT calculations
As for Pt, the calculations for Au were carried out with semi-empirical EMT potential
function and the interactions between atoms described by the EMT potential function.
The NEB method was used to find the minimum energy paths for the various atomic
rearrangements. Larger systems (of large enough size to get convergence) were used in
the EMT calculations. All the systems were generated from Au crystal structure and
the calculated optimized lattice constant for Au was found to be 4.05 Å by using EMT
standard parameters, in good agreement with the experimental value of 4.07 Å. Higher
miller indices were used for generating stepped and kinked surfaces with larger size
of terraces. In order to minimize the initial and final configurations, BFGS optimizer
was used to find the local minima at each state and the magnitude of atomic forces was
below 0.01 eV/A at convergence. The energy paths were found for Au adatom landing
on a terrace and then migrating towards the step atoms until it replaces the edge/kink
atom and descends via exchange in a downstepping process. The purpose of these
calculations is to determine whether the Au metal with the close-packed (111) surface
exposed grows layer-by-layer or forms three-dimensional islands.
4.4.2 DFT/PBEsol calculations
Subsequent calculations of downstepping events for a Au adatom a were done with
DFT and the PBEsol functional (Perdew et al., 2008) using the VASP software (Hafner
and Kresse, 1997). As in the EMT calculations, all the systems were generated from
crystal structure and the calculated lattice constant for Au was found to be 4.08 Å , in a
good agreement with the experimental value. Larger miller indices numbers are used in
order to generate periodic stepped and kinked surfaces. The samples with miller indices
values for B-straight edge (221), A-straight edges (322), B-kinked samples (985), and
A-kinked samples (956) were used. The recommended cut-off energy in the plane wave
expansion for Au, 300 eV was used for all calculations and Brillouin zone was sampled
with a 2x2x1 Monkhorst-Pack k-point mesh. Initial and final states were minimized by
velocity project optimization relaxation in all calculations. Smaller samples were used
than in the EMT calculations. In the DFT/PBEsol calculations, only the last descent
exchange mechanism was calculated. Minimum energy paths for the descent of a Au
adatom were calculated for straight edges, at kinks and near kinks for both A- and
B-type steps using the CI-NEB method (Henkelman et al., 2000). The calculations were
considered converged when the maximum magnitude of the atomic forces had dropped
below 0.02 eV/Å .
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4.5 Diffusion of a Au adatom on the Si(100)-2×1 surface
To model the Si(100)2×1 surface, we constructed a periodic 4×4 supercell represented
by a six layer slab. Hydrogen atoms were added to the bottom layer in order to passivate
the dangling silicon bonds. During the DFT/PBEsol calculations, the three upper layers
were allowed to relax while the rest were kept frozen at their crystal positions. A
vacuum space of 15 Å was used to avoid interaction between periodic images of the
simulation cell. The plane wave cutoff energy was set to 350 eV and the first Brillouin
zone was sampled using a uniform mesh with 7×7×1 k-points. The optimization of
atomic coordinates was carried out until the magnitude had dropped below 0.01 eV/Å.
Calculations were also carried out using two empirical Si-Au energy functions that
were recently developed by Starikovet al.. These are reffered to as ADP18 (Starikov
et al., 2018) and ADP20 (Starikov et al., 2020). The implementation in the LAMMPS
software (Plimpton, 1995) was used for the calculations. Since electronic degrees of
freedom are not included, the passivating H-layer was not needed here.
We obtained a lattice constant of 5.43 Å for the crystal in the DFT/PBEsol calculations, in excellent agreement with the experimental value of 5.43 Å. For the ADP18
and ADP20, the values of 5.41 and 5.46 Å were obtained in acceptable agreement with
the experiment. The image dependent pair potential (IDPP) method (Henkelman and
Jónsson, 2000) with six intermediate images was used to generate the initial path for
the CI-NEB calculations of the various diffusion hops of the Au atom on the surface.
Classical dynamics simulations based on Newton’s equation of motion were is
to simulate sequential deposition of Au atoms on the Si(100)-2×1 surface. For each
deposition event, starting from random lateral position, a nanosecond is simulated before
another atom is deposited. Due to the limitation of short time scale, direct classical
simulations are not allowing for diffusion and annealing so, we used long time scale
simulations to represent the time period in between deposition events. These long time
scale simulations using adaptive Kinetic Monte Carlo (AKMC) method and classical
dynamics simulations were performed with the EON software package (Chill et al.,
2014).
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5 Results and Discussion
5.1 Calculations of Pt adatom migration using EMT potential
Fig. 5.7 shows results of EMT calculations for finding the lattice constant of the Pt
crystal. The optimal lattice constant was found to be 3.92 Å in good agreement with
experimental value. The cohesive energy for Pt was calculated 3.80 eV, in a acceptable
agreement with experimental value of 3.93 eV.

Figure 5.7. Calculation of the energy of the Pt FCC crystal as a function of lattice
constant for using the EMT potential. The optimal lattice constant corresponding to
minimum energy is found to be 3.92 Å.
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5.2 EMT results for Pt/Pt (111)
5.2.1 Downstepping of a Pt adatom at A- and B-steps
The energy barriers for the downstepping of a Pt adatom at both A- and B-type of steps
on Pt(111) were calculated using EMT potential function. The results are shown in
Fig.5.8. For the B-step, the energy barrier was found to be 0.39 eV at the straight step,
0.45 eV for at a kink, and 0.29 eV Fig.5.8 near a kink. This shows that downstepping
near a kink where an atom is at the end sitting next to the corner atom of a kink is
significantly faster than downstepping into a kink site. The energy along all three paths
are shown in order to allow clear comparison between the mechanisms in Fig.5.9. A
similar trend was found for the A-type step as shown in Fig.5.10, although here the
two mechanisms involving the kink site have similar activation energy. The activation
energy for downstepping at an A-step is higher than at B-type step.
The activation energy for moving around the corner atom at a kink was also calculated. Both hopping and exchange mechanisms were calculated. This mechanism
is important if the downstepping is such that an atom lands near but not at a kink site.
If the atom cannot move into the kink site, then such downstepping events lead to
the formation of more kinks and can contribute to re-entrant layer-by-layer growth
mode. The energy barriers moving around the corner atom at a kink on B-step via the
hopping mechanism was calculated to be 0.48 eV, as shown in Fig. 5.12(a), while for
the exchange mechanism a barrier of 0.70 eV was found, as shown in Fig. 5.12(b). The
activation energy for moving around kink within a layer significant, so down-stepping
near a kink will likely promote the formation of more kink sites.
Similar calculations of motion around the corner atom at a kink on A-step gave
similar results. For the hopping mechanism the activation energy was found to be 0.50
eV as shown in Fig.5.13 (a), while the exchange mechanism has activation energy of
0.69 eV as shown in Fig.5.13(b).
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Figure 5.8. Downstepping of Pt adatom at B-step calculated using the EMT potential
function. Energy along minimum energy paths for descent of an adatom at straight step,
at kink site and near a kink on B-step. (a) At the end of downstepping at a straight step,
a step atom has been pushed to a fivefold coordinated site. (b) At the end of
downstepping at a kink site, an atom has been placed in the sixfold coordinated kink
site. (c) At the end of downstepping near a kink, a step atom has been pushed to a
fivefold coordinated site. Even though this process has higher final state energy than
that in (b), it has lower activation energy and the final state promotes the formation of
additional kink sites.
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Figure 5.9. The three graphs in Fig.5.8 merged together in order to better compare the
energy barriers. Red line represents the minimum energy path for descent of Pt adatom
at straight B-type step, black line represents the descent path near a kink while the
green line represents path for descent at a kink. The activation energy for descent near
a kink is lower even though the final state has higher energy than descent at a kink.
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Figure 5.10. Downstepping of Pt adatom at A-step calculated using the EMT potential
function. Energy along minimum energy paths for descent of an adatom at straight step,
at kink site and near a kink on B-step. (a) At the end of downstepping at a straight step,
a step atom has been pushed to a fivefold coordinated site. (b) At the end of
downstepping at a kink site, an atom has been placed in the sixfold coordinated kink
site. (c) At the end of downstepping near a kink, a step atom has been pushed to a
fivefold coordinated site. Even though this process has higher final state energy than
that in (b), it has lower activation energy and the final state promotes the formation of
additional kink sites.
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Figure 5.11. The three graphs in Fig.5.10 merged in order to compare the energy
barriers. Red line represents the minimum energy path for descent of Pt adatom at
straight A-type step, black line represents descent near a kink while green line
represents descent at a kink. The activation energy barrier near kinks is lower than at
kinks or straight edges, similar to the trend found for B-type step.
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5.2.2 Rounding the corner at a kink

Figure 5.12. Calculations of the hopping (a) and exchange (b) processes of Pt adatom
moving around the corner atom at a kink on B-type step, using the EMT potential
function. Two paths are shown. In both cases the adatom starts from a fivefold
coordinated site. The energy barrier for the exchange mechanism is calculated to be
0.70 eV which is higher than the barrier of 0.48 eV for the hopping process.
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Figure 5.13. Hopping (a) and exchange (b) processes of Pt adatom moving around the
corner atom at a kink on A-type step on Pt (111) calculated using the EMT potential
function. Two paths are shown. In both cases the adatom starts from a fivefold
coordinated site. The energy barrier for the exchange mechanism is calculated to be
0.69 eV which is higher than the barrier of 0.50 eV for the hopping process.

5.3 DFT/PBEsol results for Pt adatom downstepping

In order to study these processes with higher accuracy, DFT/PBEsol calculations were
carried out for all the processes discussed above. There, the system was smaller due
to the larger computational effort in the electronic structure calculations. The energy
barrier was calculated to be 0.45 eV for descent at straight B-step as shown in Fig.
5.14(a), while it was 0.30 eV for downstepping near kink as shown in Fig. 5.14(c) and
0.38 eV for downstepping at a kink as shown in Fig. 5.14(b). Consistent with the EMT
calculations, these results show that downstepping near kinks is significantly faster than
downstepping at kinks or at straight steps. The results are qualitatively similar.
Simmilar trend was found for A-type steps. The energy barrier was calculated to
be 0.44 eV at straight A-type step (see Fig. 5.15(a)), 0.33 eV for downstepping near
kink (see Fig. 5.15(c)), and 0.35 eV for downstepping at kink (see Fig. 5.15(b)). The
difference between downstepping near and at kinks is not significant, but the activation
energy for downstepping at a straight step is clearly higher. The lowest downstepping
process of all six paths studied is near a kink on the B-type step. These results are
sumarized in Table 5.3.
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Figure 5.14. Minimum energy paths for downstepping of a Pt adatom at a B-type step
on Pt(111) surface calculated using density functional theory. The zero of energy
corresponds to an adatom on the flat (111) surface. Three paths are shown: At straight
step (solid line), see inset (a); at kink (dotted line), see inset (b); and near kink (dashed
line) see inset (c). Downstepping near a kink has lower ativation energy than at a kink
even though it leads to higher final state energy.
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Figure 5.15. Minimum energy paths for downstepping of a Pt adatom at an A-type step
on Pt(111) surface calculated using density functional theory. The zero of energy
corresponds to an adatom on the flat (111) surface. Three paths are shown: At straight
step (solid line), see inset (a); at kink (dotted line), see inset (b); and near kink (dashed
line) see inset (c). Downstepping near a kink has lower ativation energy than at a kink
even though it leads to higher final state energy.
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Table 5.3. Results of DFT/PBEsol calculations of the activation energy for adatom
descent at A- and B-type steps, with and without kink sites. The activation energy is the
saddle point energy minus the energy of an adatom at an FCC site of the flat (111)
surface.

Step type
Mechanism

Activation energy

straight
at kink
near kink

0.44
0.35
0.33

straight
at kink
near kink

0.45
0.38
0.30

A

B

5.3.1 Rounding the corner at a kink
After downstepping near a kink, an atom is sitting at the step edge in a fivefold coordinated site. It is then close to the sixfold coordinated kink site which offers significantly
higher binding energy. The question therefore arises whether the atom can round the
corner and enter the kink site. DFT/PBEsol calculations of minimum energy paths for
both a hop and a concerted displacement mechanism for this process were carried out.
The results for the B-type step are shown in Fig. 5.16. Both transition mechanisms are
found to correspond to high activation energy, 0.97 eV for the hop and 1.27 eV for the
concerted exchange. This process will, therefore not occur at a significant rate at room
temperature. The atom that lands in a fivefold coordinated site at step edge is, therefore,
not likely to enter the fixfold coordinated kink site but will instead more likely represent
the beginning of a new step row and eventual formation of new kink sites.
Similar calculations for the rounding of a corner atom on the A-type step gave
similar results as shown in Fig. 5.17. The energy barriers are found to be 0.91 eV for
the hop mechanism, while via concerted displacement mechanism has a barrier of 1.27
eV.
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Figure 5.16. Hopping (a) and concerted displacement (b) processes for the transition
from a Pt adatom at an A-type step to enter a kink site. Both mechanisms correspond to
high energy barrier, on the order of 1 eV, so this process is not active at room
temperature.

Figure 5.17. Hopping (a) and concerted displacement (b) processes for the transition
from a Pt adatom at a B-type step to enter a kink site. Both mechanisms correspond to
high energy barrier, on the order of 1 eV, so this process is not active at room
temperature.
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The results of the calculations presented above illustrate that there are a number
of important processes relevant to the fate of an adatom that lands on top of an island,
and thereby the question whether deposition of atoms on the surface leads to 2D or
3D growth. Some of these features are subtle and unexpected. The challenge to the
theoretical studies is to identify the relevant processes and estimate the rate of these
processes accurately enough to be able to explain the surface patterns observed in
experimental measurements. The most serious challenge to theoretical studies is the
problem of identifying the relevant processes.
As the calculations on Pt(111) presented here illustrate, the key process may be
non-intuitive, as the near but not at kink sites, shown in figures 5.14 and 5.15. This calls
for algorithms that can find what processes would occur in the simulated system if direct
classical dynamics simulations could be carried out long enough to cover experimental
time scales. Long time scale simulation approaches such as the adaptive kinetic Monte
Carlo method (Henkelman and Jónsson, 2001) can in principle be used in such studies,
but the problem is that the DFT calculations are computationally very demanding, too
much so to make such calculations practical at the present time. Empirical potential
functions such as EAM and EMT are fast enough, but are too approximate, although
they have been used successfully to identify soe unexpected mechanisms.
A possible future direction in this respect is the use of machine learning to interpolate
between calculated DFT results. The question still remains whether such an approach
can be trusted to provide unexpected results since it represents only an interpolation
between results fed into the machine learning as a training set. The challenge of
explaining how microscopic processes influence macroscopic behavior is particularly
relevant in studies of growth shapes of crystals, which offer a unique testing ground for
the computational challenges of bridging vast length and time scales.

41

5.4

Au crystal calculations using EMT potential

5.4 Au crystal calculations using EMT potential
Calculations of a Au crystal were done using EMT with readily available parameters
in the potential energy function. Fig. 5.18 describes the equation of state, where bulk
modulus for Au crystal was calculated. Bulk modulus for Au crystal was found to be
174 GPa by using EMT potential, in good agreement with the experimental value of 169
GPa. The cohesive energy for Au was calculated to be 3.80 eV, also in good agreement
with the experimental value of 3.93 eV.

Figure 5.18. Equation of State graph for Au crystal
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Figure 5.19. Comparison of calculated results for Au crystal using EMT potential
function with experimental values.

5.5 EMT results for Au adatom
5.5.1 Downstepping of Au adatom at steps
The energy barriers for the down stepping of a Au adatom at both A- and B-type steps
on Au (111) were calculated using the EMT potential function. The energy barriers for
these processes were found to be 0.22 eV at straight B-edge as shown in Fig. 5.20(a),
0.27 eV for downstepping at a kink on the B-step as shown in Fig. 5.20(b), and 0.17 eV
for downstepping near a kink as shown in Fig. 5.20(c). This shows that downstepping
near kinks is significantly faster than downstepping at kinks or at straight edges. Also,
similar trend was found for A-type steps, for straight edge as shown in 0.31 eV Fig.
5.21(a), 0.32 eV for downstepping at kink on the A-stp as shown in Fig. 5.21(b), and
0.29 eV for downstepping near a kink as shown in Fig. 5.21(c). The energy barriers are
higher than at the B-type step.
The activation energy for moving around the corner atom at the kinks were also
calculated. The energy barrier for hopping around the corner at a kink on B-type step
was found to be 0.33 eV, see Fig. 5.24(a), while the concerted displacement mechanism
gave 0.47 eV, see Fig. 5.24(b). The activation energy for moving around corner atom at
a kink within a layer is not so high in this case.
Similar calculations for the A-type step gave similar trend. The energy barrier for
moving around the corner atom by hopping mechanism was calculated to be 0.35 eV,
see Fig.5.25(a), while via exchange mechanism barrier was 0.46 eV, see Fig.5.25(b).
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Figure 5.20. Downstepping of Au adatom at B-edge on Au (111) island.

Figure 5.21. Downstepping of Au adatom at A-type step.
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Figure 5.22. Comparison of the three mechanisms studied for downstepping of a Au
adatom at a B-type step. (Red line) represents the minimum energy path for descent at
straight step; (Black line) represents the minimum energy path for downstepping near a
kink; (Green line) represents the minimum energy path for downstepping at a kink. The
activation energy barrier for downstepping near a kink is lowest.
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Figure 5.23. Comparison of the three mechanisms studied for downstepping of a Au
adatom at a A-type step. (Red line) represents the minimum energy path for descent at
straight step; (Black line) represents the minimum energy path for downstepping near a
kink; (Green line) represents the minimum energy path for downstepping at a kink. The
activation energy barrier near kink is lower than at kinks and at straight edges.
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5.5.2 Rounding a corner atom at a kink

Figure 5.24. Hopping (a) and exchange (b) processes for Au adatom moving around the
corner atom at a kink on an B-type step calculated using EMT potential function. The
minimum energy paths for hopping and exchange are shown. The energy barrier for
exchange mechanism is calculated to be 0.47 eV which is slightly higher than the
barrier 0.33 eV for hopping process.
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Figure 5.25. Hopping (a) and exchange (b) processes for Au adatom moving around the
corner atom at a kink on an A-type step calculated using EMT potential function. The
minimum energy paths for hopping and exchange are shown. The energy barrier for
exchange mechanism is calculated to be 0.46 eV while the barrier is 0.35 eV for the hop
mechanism.

5.6 DFT/PBEsol results for Au/Au (111)
In order to study these processes with higher accuracy, DFT/PBEsol calculations were
carried out for both A- and B-type steps with and without kinks. The simulated system
is necessarily smaller than in the EMT calculations because of the larger computational
effort. The NEB method was used to find minimum energy paths for descent of
a Au adatom at straight step, near kink and at kink on both A- and B-type steps.
Unlike the EMT calculations, only the last exchange descent process was calculated
in the DFT/PBEsol calculations. The initial guesses for the minimum energy paths in
DFT/PBEsol calculations were taken from the EMT calculations. The energy barriers
for downstepping were calculated to be 0.31 eV for straight B-type step, as shown in
Fig. 5.26(a), 0.14 eV for downstepping near kink as shown in Fig. 5.26(c) and 0.20
eV for downstepping at a kink as shown in Fig. 5.26(b). As in the EMT calculations,
downstepping near kinks is significantly faster than downstepping at kinks or at straight
B-type steps so qualitatively similar results are obtained with the two approaches.
For the A-type steps, the DFT/PBEsol calculations gave somewhat different results
than the EMT calculations. The energy barriers were calculated to be 0.25 eV at straight
for A-edge as shown in Fig. 5.27(a), 0.17 eV for downstepping near a kink as shown in
Fig. 5.27(c), and 0.16 eV fordown stepping at a kink as shown in Fig. 5.27(b). In this
case downstepping near and at kink has similar activation energy, while downstepping
at straight step is higher, as in the EMT calculations.
The results of the DFT/PBEsol calculations of the activation energy for adatom
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descent at A- and B-type steps are summarized in Table 5.4.

Figure 5.26. Results of minimum energy path calculations for descent of a Au adatom at
B-type step based on DFT/PBEsol energetics. Three paths are shown. Solid line
corresponds to downstepping at a straight step, see inset (a). The initial position of the
adatom is labled with 1. It undergoes a concerted displacement process with a step
atom as it descends. At the end, an edge atom has been pushed into a fivefold
coordinated site. Dotted line corresponds to downstepping into a kink site, see inset (b).
During this process, an eightfold coordinated kink atom is pushed to a sixfold
coordinated site. Dashed line corresponds to corresponds to downstepping near a kink
site, see inset (c). During this process a sevenfold coordinated edge atom is pushed to a
fivefold coordinated site.
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Figure 5.27. Results of minimum energy path calculations for descent of a Au adatom at
A-type step based on DFT/PBEsol energetics. Three paths are shown. Solid line
corresponds to downstepping at a straight step, see inset (a). The initial position of the
adatom is labled with 1. It undergoes a concerted displacement process with a step
atom as it descends. At the end, an edge atom has been pushed into a fivefold
coordinated site. Dotted line corresponds to downstepping into a kink site, see inset (b).
During this process, an eightfold coordinated kink atom is pushed to a sixfold
coordinated site. Dashed line corresponds to corresponds to downstepping near a kink
site, see inset (c). During this process a sevenfold coordinated edge atom is pushed to a
fivefold coordinated site.
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Table 5.4. Summary of calculated activation energy for downstepping obtained from
NEB calculations with DFT/PBEsol energetics. The activation energy is the saddle
point energy minus the energy of the adatom at an FCC site of an extended (111)
surface.

Step type
Mechanism

Activation energy

straight
at kink
near kink

0.25
0.16
0.17

straight
at kink
near kink

0.31
0.20
0.14

A

B

5.6.1 Rounding a corner
The paths for both hop and exchange mechanisms for an adatom to move from a site at
the step edge to a kink site was also calculated with DFT/PBEsol. The energy barriers
were found to be 0.46 eV for hop and 0.78 eV for concerted displacement at the B-type
step, as shown Fig. 5.28, while the values are 0.53 eV and 0.76 eV for the A-type step,
as shown in Fig. 5.29. Again, the energy barriers for hopping mechanisms are found to
be lower than for the exchange on both at A- and B-type steps, similar to the results
found from the empirical EMT potential function.
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Figure 5.28. Hopping (a) and exchange (b) processes for a Au adatom to move around
the corner at a kink on B-type step.

Figure 5.29. Hopping (a) and exchange (b) processes for a Au adatom to move around
the corner at a kink on A-type step.
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The calculations presented above indicate that a Au adatom on top of an island on
a Au(111) surface can descend to the lower layer most easily near a kink on a B-type
step. This is similar to what has previously been deduced from calculations for a Pt
adatom on a Pt(111) surface (Villarba and Jónsson, 1994; Jonsson, 2000) and what has
been observed experimentally for a Co adatom on a Pt(111) surface (Lundgren et al.,
1999). This non-intuitive mechanism was first predicted from extensive study of various
mechanisms using an EAM potential function for the Pt/Pt(111) system (Villarba and
Jónsson, 1994). It can explain the observed re-entrant layer-by-layer growth mode
of Pt(111) and since the same feature is found here in the energy landscape for a Au
adatom on Au(111), the indication is that Au(111) also can show re-entrant layer-bylayer growth. The sites adjacent to and above the B-type step offer 0.03 eV stronger
binding than corresponding sites on the A-type step, so adatoms will tend to migrate
to the B-type step. As the energy barrier for rounding the corner into a kink site is
more than three times larger than the energy barrier for descent, there will be a range in
temperature where descent is active but rounding the corner is not, so the step edge will
become rough with multiple kinks, each offering a low energy path for descent, and
thereby promoting layer-by-layer growth.
The results presented above demonstrate the complexity of the energy landscape and
the importance of choosing a single reference point for the energy of the adatom. If the
activation energy of a downstepping event is simply taken to be the energy maximum
along the minimum energy path minus the energy of the initial state for the elementary
event, then the comparison between A- and B-type steps will be incorrect. The initial
state for the downstepping event is higher in energy at the A-type step than at the B-type
step because it corresponds to an HCP site rather than an FCC site. The initial site for
the descent near a kink on the B-type step is even lower in energy, as can be seen in Fig.
5.26. The proper energy reference for all the adatom descent mechanisms is the energy
of the adatom in an FCC site of a flat terrace since this represents the majority species.
A possible future direction in this respect is the use of machine learning to interpolate
between points in a training set of DFT calculations. The question still remains whether
such an approach can be trusted to provide unexpected results since it represents only
an interpolation between results fed into the machine learning algorithm. The most
relevant part of the energy surface, corresponding to non-intuitive and unexpected
mechanisms may be incorrectly represented since the training set will likely not contain
such configurations. The challenge of explaining how microscopic processes influence
macroscopic behavior is particularly relevant in studies of growth shapes of crystals,
which offer a unique testing ground for the computational challenges of bridging vast
length and time scales.
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5.7 Au adatom on the Si(100)-2×1 surface
Mtallic nanostructures on surfaces can have special and important properties for research
and technological applications (Zhang et al., 2013). This includes interesting optical,
electronic, and catalytic properties (Link and El-Sayed, 2000; Roduner, 2006). In particular, gold nanostructures on silicon surfaces are of interest for numerous applications.
For example, gold nanoparticles and gold nanoislands formed on a silicon surface can
be used in the synthesis of one-dimensional nanostructures such as carbon nanotubes
(Bhaviripudi et al., 2007) and silicon nanowires (Hannon et al., 2006). They have also
been found to display optical properties (Minoda and Yamamoto, 2005), and to form
mesoscopic structures (Choi et al., 2008). Moreover, the presence of a gold layer on a
silicon surface has proven to play a key role on the silicon oxide growth mechanism
(Leclerc et al., 1992) and other materials (Cheng and Chen, 2008).
An understanding of the initial stages of gold cluster formation on silicon is important for choosing the right conditions for the desired growth mechanism. With that aim,
several experimental techniques such as scanning tunneling microscopy (STM) have
been proposed to study the growth of gold clusters on a silicon surface (Kim et al., 1996;
Akira et al., 1992; Chiaravalloti et al., 2009). However, the diffusion mechanism of the
Au adatoms on the Si(100) surface is still not known, Although some preliminary work
has been done to identify the binding sites and diffusion mechanism of Au adatoms on
the Si(100) surface (Ju et al., 2008; Chiaravalloti et al., 2009), there are still many open
questions.
In this part of the thesis, a theoretical study of the adsorption sites and diffusion
processes of a single gold atom on the Si(100)2×1 surface are studied using the NEB
method with energy and atomic forces estimated from DFT calculations with the PBEsol
functional. Additionally, two Si-Au angular-dependent potential (ADP) functions
developed by Starikov et al. (Starikov et al., 2018, 2020) are tested and used in extended
time scale KMC simulations.
It is well known that the Si(100) surface undergoes a reconstruction to form a
periodic 2×1 unit cell where the silicon dimer rows are formed after a surface rearrangement. We started our calculations from the unreconstructed Si(100) surface, with two
dangling bonds for every surface Si atom. In Fig. 5.30 we show the top (a) and side
(b) views of the clean Si(100)2×1 surface after optimisation with DFT/PBEsol. The
distinctive buckling dimer rows that have been observed before both experimentally
and theoretically are highlighted with a different color. In our calculations, we obtain
a dimer bond length of 2.34 Å and a buckling angle of 19.8° after reconstruction.
This agrees well with data obtained from low energy electron diffraction experiments
(LEED), Over et al. (Rietig et al., 2020) report values of 2.24 Åand 19.2° for the dimer
bond length and buckling angle, respectively. It is worth noting that the calculations
using ADP18 and ADP20 result in the rearrangement where the silicon dimers are
formed without the buckling, (i. e. the Si dimers remain parallel to the surface).
An STM measurement by Chiaravalloti et al. (Chiaravalloti et al., 2009) shows that
the most favorable adsorption sites for a single Au atom on the Si(100)-2×1 surface are
between silicon dimer rows (BDR) and less stable sites are found on top of the rows
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(a)
Si (slab)
Buckled Si Dimers
BDR
TDR1
TDR2

(b)

Figure 5.30. Top (a) and side (b) views of the slab used to represent the Si(100)2×1
surface. The atom coordinates in the dimer rows and the underlying layer have been
optimised using DFT/PBEsol
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BDR
TDR1
TDR2

DFT/PBEsol
3.44 (140.2°)
2.95 (99.8°)
2.93 (121.3°)

DFT/PBEa
3.24 (131°)
3.03 (97.5°)
2.94 (117.7°)

Si-Au ADP18
4.14 (140.3°)
4.04 (102.9°)
3.99 (120.3°)

Si-Au ADP20
3.82 (160.1°)
3.59 (96.1°)
3.27 (108.3°)

Table 5.5. Binding energy (in eV) of a single Au adatom at various adsorption sites on
the Si(100)-2×1 surface. The resulting Si-Au-Si angle for a given configuration is
shown in brackets (in deg).
a Data taken from Ref. Chiaravalloti et al. (2009)
(TDR). DFT/PBE calculations carried out by the same group identified two sites on top
of rows, TDR1 and TDR2. In panel (a) of Fig. 5.30, we have marked the three sites
mentioned in their work. We have calculated the adsorption energies using DFT/PBEsol,
as well as the Si-Au-Si angle formed after relaxation, and the results are shown in
Table 5.5. From these results, we can see that the BDR position is the most stable
configuration, consistent with the STM measurements Chiaravalloti et al. (2009). In our
DFT/PBEsol calculations, the binding energy of the Au atom in the BDR site is around
0.5 eV higher than in the other configurations. This is a larger difference than the one
obtained with PBE, where the BDR site is 0.2 eV more stable than the rest. On the
other hand, the data obtained from the ADP18 calculations reveal an overestimation of
the binding energies of almost 1 eV with respect to the DFT results. Using the ADP20,
this overestimation is reduced, additionally, the energy difference between the three
adsorption sites is increased.
In general,we can see that the same trend is obtained with the different descriptions
of the Au/Si interaction, with the BDR being the most stable configuration, and the
main difference being the relative stability between adsorption sites. Although the
calculations with the ADP functions do not yield the buckled dimers, as expected, the
resulting Si-Au-Si angles compare well to those obtained with DFT.
We have also found an additional local minimum in the BDR position, where the Au
atom is located around 1 Å closer to the surface as compared to the previously known
BDR. Fig. 5.31 shows a side view comparison between these two adsorption sites. The
calculated binding energy for the new BDR position (BDR2) is 2.91 eV, similar to the
one obtained for the TDR sites. The configuration also displays the Au atom being
bonded to two Si-dimer atoms. This local minimum is not present when the ADP18 and
ADP20 interaction potentials are used.

5.8 Diffusion of a Au adatom on the Si(100)-2x1 surface
In order to learn about the mechanism of the diffusion of Au adatoms on the surface, the
energy barriers for transitions between the various adsorption sites needs is calculated.
In Fig. 5.32 we show the calculated minimum energy paths (MEPs) between the BDR
and TDR1 adsorption sites (panel a) and between the TDR1 and TDR2 sites (panel
b) with energetics obtained from DFT/PBEsol, ADP18 and ADP20. The calculated
energy barrier between the BDR and TDR1 site for PBEsol is 0.84 eV, much higher than
the ones obtained using ADP18 (0.31 eV) and ADP20 (0.41 eV). On the other hand,
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(b)

Figure 5.31. Side view of two adsorption sites found in between the silicon dimer rows
(BDRs). Gold atoms are displayed in yellow and the Si-dimer atoms are coloured in
brown. The calculated binding energies are: (a) 3.44 eV and (b) 2.91 eV
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the calculated energy barriers between the TDR1 and TDR2 sites are similar, 0.29 eV,
0.23 eV and 0.35 eV for PBEsol, ADP18 and ADP20, respectively.
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(b)

BDR

(d)

TDR1

(e)

TDR2

Figure 5.32. The calculated minimum energy paths (MEPs) between the BDR and
TDR1 adsorption sites (panel a) and between the TDR1 and TDR2 sites (panel b)
obtained with DFT/PBEsol, ADP18 and ADP20.
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5.9 Short time scale simulations of Au deposition
Classical dynamics simulations have been used to model sequential deposition of Au
atoms on the Si(100) 2×1 surface. For each deposition event, starting from random
lateral position, a nanosecond is simulated before another atom is deposited. The short
time scale in direct classical simulations is necessarily limited due to the small time step
(a tenth of a vibrational period) prevents observation of diffusion events which have
significant energy barrier. Also, thermal annealing which would occur in experimental
deposition where the time between deposition events is many orders of magnitude
longer than what can be simulated by classical dynamics. These simulations, therefore,
lead to amorphous metal overlayer growth.

Figure 5.33. An amorphous island is formed in short timescale direct classical
simulations using the ADP18 potential function.

5.10 Long timescale simulations of Au deposition and annealing
Because of the limitation of short time scale direct classical simulations, longer timescale
simulations were carried out to study annealing process of the amorphous Au overlayer
on the Si(100) 2×1 surface. The simulations make use of the adaptive kinetic Monte
Carlo (AKMC) method. The AKMC method is used to describe thermally induced
events without being limited in time scale by the fast vibrational motion of the atoms.
It is based on rate theory where the focus is on activated transitions that overcome
energy barriers, i.e rare events. The fast vibrational motion within a stable state is
assumed to lead to thermal equilibrium and the properties of the state are described
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statistically. While the short timescale direct classical simulations necessarily do not
include diffusion and activated annealing events, they can be included in the AKMC
simulations.

Figure 5.34. Annealing of the Au island formed (F) by fast, sequential deposition using
AKMC method and the ADP18 potential function.

Long time scale simulations using the AKMC method of Au deposition on a Si (100)
surface show that direct classical dynamics simulations where each atom deposition is
described over one nanosecond leads to irregular, amorphous structure. Long timescale
(AKMC) simulations are used to study the effect of long timescale annealing of the
structure. Also, mixed classical dynamics and AKMC methods are used for multi-scale
simulations of Au deposition on Si(100)-2×1. The AKMC simulations show some
increase in Au atom density in one region, the atoms are still distributed over the entire
surface. The overestimate of the Au-Si attractive interaction by the ADP18 likely
ensures that the Au atoms are spread out and do not form a surface island.
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6 Summary of the articles included
6.1 Article I
In the first article, we used density functional theory (DFT) and a semi-empirical
potential function, EMT, to investigate the downstepping mechanism of a Pt adatom
on Pt (111) island at A- and B-type steps. The mechanism was identified by which
Pt adatom that lands on top of a Pt metal island can descend to a lower layer. This
is known to be a central issue determining whether the metal grows layer-by-layer or
forms three dimensional islands. In this work we used kinked and stepped surfaces (of
large enough size to get convergence) of Pt in EMT calculations while smaller samples
were used in the DFT calculations. Minimum energy paths for the descent of Pt adatom
were calculated using the NEB method. We found that DFT/PBEsol energy barriers for
downstepping near kinks are lower than at kinks or straight edges on B-steps, while
the barriers are roughly equal for downstepping at and near kinks on A-steps. The
DFT/PBEsol results are consistent with the EMT results in that downstepping near kinks
on B-type steps is the fastest process for interlayer transport. Since the energy barrier
for rounding the corner atom at the kink to enter the kink site is high, donwstepping
near kinks promotes the formation of more kinks and thereby layer-by-layer growth.

6.2 Article II
In the second article, similar calculations are carried out for a Au adatom on Au(111)
surface. Again, DFT and EMT were used to investigate the downstepping mechanisms.
In this work we used kinked and stepped surfaces including large terraces in EMT
calculations while smaller systems were used in the DFT calculations. Unlike the EMT
calculations, we calculated only the last exchange descent mechanism in DFT/PBEsol
calculations. Minimum energy paths for the descent of an adatom were calculated using
the NEB method. DFT/PBEsol energy barriers for downstepping near kinks were found
to be lower than at kinks or straight edges on B- edges and barriers were higher at the
A-edge. This confirms the EMT results that downstepping near kinks on B type edges
is the fastest process for interlayer transport. The activation energy for moving around a
kink within the layer is significantly higher, so the downstepping near a kink promotes
the formation of more kink sites. We therefore expect re-entrant layer-by-layer growth
of Au(111) surface analogous to what has been found previously for Pt(111).
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6.3 Article III
In the third article, we investigate the adsorption sites and diffusion processes of a Au
adatom on the Si(100)-2×1 surface using DFT calculations with the PBEsol functional.
We tested also two angular-dependent-potential (ADP) functions describing the Au-Si
interaction, by performing and comparing the same set of calculations. Additionally, we
used short time scale direct classical simulations to simulate the sequential deposition
of Au atoms on Si(100)-2×1 surface. For each deposition event, starting from random
lateral position, a nanosecond was simulated before another atom is deposited. The
direct classical simulations are necessarily limited to short timescale and do not allow
for diffusion and annealing events which would occur during experimental deposition
where the time between deposition events is many orders of magnitude longer. Then,
long timescale simulations were used for studies of annealing process for the Au
overlayer. These longer timescale simulations made use of the adaptive kinetic Monte
Carlo (AKMC) method. We found that direct classical dynamics simulations where
each atom deposition is described over one nanosecond leads to irregular, amorphous
structure while long time scale simulations (AKMC) annealing process leads to a more
compact structure.
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7 Conclusion and Future Direction
7.1 Conclusion
In the first part of this thesis, the mechanism by which an adatom that lands on top
of a metal island can descend to a lower layer was identified. This is known to be a
central issue determining whether the metal surface grows layer-by-layer or forms three
dimensional islands. Density functional theory (DFT) within the PBEsol approximation,
semi-empirical potential EMT, and Gaussian approximation Potential (GAP) approaches
were used to investigate the downstepping mechanism of Pt adatom on Pt (111) surface
and Au adatom on Au (111) surface, at both A- and B- type steps. The kinked and
stepped surfaces (of large enough size to obtain convergence) of Pt and Au were used in
the EMT calculations while smaller samples were used in the DFT/PBEsol calculations.
Minimum energy paths (MEPs) for the decent of Pt and Au adatom were calculated
using the NEB method. Qualitatively, similar trends were found in EMT calculations
for both Pt and Au. The activation energy for moving around the kink within the layer
were significantly higher. This shows that down stepping near kinks at B-type edges is
the fastest process for layer-by-layer growth and it promotes the formation of more kink
sites. The GAP potential calculations for both Pt/Pt (111) and Au/Au (111) systems
were, however, inconsistent with the DFT/PBEsol results. The potential function is
clearly not an accurate enough representation of the DFT/PBEsol energy landscape to
be useful for these types of calculations. The GAP calculations indicated that energy
barriers for down stepping for both Pt/Pt (111) and Au/Au (111) systems near kinks are
lower than at kinks or straight edges. Also, the barriers are lower at B-type steps than
at A-type step. A larger training set including more surface configurations would be
needed to obtain a more accurate GAP potential.
In the second part of the thesis, the adsorption sites and diffusion processes of a
Au adatom on a Si(100)-2×1 surface were studied. Two angular-dependent potential
(ADP18 and ADP20) functions optimised previously for the Si-Au interaction were
used in addition to DFT calculations with the PBEsol functional. An interesting
diffusion mechanism for a Au atom on the Si(100)-2×1 surface was identified from
the DFT/PBEsol calculations. The results were compared with two available empirical
potential functions, ADP18 and ADP20, deveoped for describing the Si-Au interaction.
Additionally, short timescale direct classical simulations based on the ADP18 potential
function were used to simulate the sequential deposition of Au atoms on the Si(100)2×1 surface. These short timescale simulations are limited in that they do not include
thermally activated diffusion and annealing processes, and lead to the formation of an
amorphous structure. Longer timescale simulations based on the AKMC method were
used to simulate annealing of the amorphous Au overlayer and the annealing was found
to lead to a more compact structure. But, the Au-Si interaction is too strong in the ADP
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potential functions, thereby favoring an extended Au overlayer rather than Au island
formation.

7.2 Future Direction
The results obtained from the work on down-stepping of Au/Au (111) and Pt/Pt (111)
using the NEB-DFT/PBEsol calculations ilustrate that a number of processes need to be
taken into account to determine fate of an adatom that lands on top of an island, and
thereby answer the question whether the atom deposition leads to 2D or 3D growth.
Some of these features are subtle and unexpected, but they can control the surface
morphology of a growing crystal. The challenge to theoretical studies is to identify
the relevant processes and estimate the rate of these processes accurately enough to
be able to explain the surface patterns observed in experimental measurements and to
predict the growth mode of materials that have not been studied experimentally. The
most serious challenge is the problem of identifying the relevant atomic scale processes.
As the calculations presented here illustrate, the key process may be nonintuitive. This
calls for efficient algorithms for finding which processes can occur in the system under
study at given conditions. Since classical dynamics simulations cannot cover long
enough time scales, advanced techniques are needed to search for likely transition
mechanisms. Long time scale simulation methods such as adaptive kinetic Monte Carlo
(Henkelman and Jónsson, 2001; Chill et al., 2014) have been used in combination with
empirical potential functions in such studies, for example in simulations of Al(100)
and Cu(100) growth (Henkelman and Jónsson, 2003), but the problem is that the more
accurate and reliable DFT calculations have so far been computationally too demanding
for such simulations. A possible future direction in this respect is the use of machine
learning to interpolate between points in a training set of DFT calculations. The question
still remains whether such an approach can be trusted to provide unexpected results
since it represents only an interpolation between data fed into the machine learning
algorithm. The most relevant part of the energy surface, corresponding to nonintuitive
and unexpected mechanisms may be incorrectly represented since the training set will
likely not contain such configurations. The challenge of explaining how microscopic
processes influence macroscopic behavior is particularly relevant in studies of growth
shapes of crystals, which offer a unique testing ground for the computational challenges
of bridging vast length and time scales.
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Abstract
Calculations of atomic scale transitions relevant to platinum crystal growth
are presented to identify features in the energy landscape that can determine
whether the growth mode is layer-by-layer, i.e. 2D, or whether new islands
nucleate on top of existing islands resulting in 3D growth. The mechanism of
the various transitions is found using the nudged elastic band method where the
energy of the system and the atomic forces are evaluated using density functional
theory within the generalized gradient approximation. The lowest energy paths
for the descent of an adatom, i.e. interlayer transport, turns out to occur near
but not at kink sites on both A- and B-type steps. This mechanism does not
place an atom in the kink site but rather at the step edge showing that the
often assumed scaling of activation energy with transition energy does not hold.
The energy barrier for an adatom to round the corner and enter the kink site
turns out to be significantly higher. This near kink descent mechanism therefore
promotes the formation of a new row of step atoms and additional kink sites
creating additional low paths for descent. The sites adjacent and above the step
edge provide large binding energy for the adatom, especially at the B-step, and
form a trough along which the adatom can migrate before descending, thereby
increasing the probability of finding a kink site. The path to approach the step
edge and reach such sites involves, however, a slight decrease in binding energy
and corresponding increase in energy barriers, consistent with a depletion zone
that has been reported from field ion microscopy experiments. These important
features of the energy surface for the adatom are missing in the standard surface
growth model but are qualitatively consistent with results obtained previously
from calculations using a more approximate empirical potential function.

1. Introduction
When thin films are grown the goal is often to obtain 2D growth without
raising the temperature of the sample so much that interlayer mixing occurs.
Email address: hj@hi.is (Hannes Jónsson)
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The key issue is whether atoms that land on top of an islands on the surface
manage to descend down to the lower layer rather than form a new island on
top of an existing island. An energy barrier larger than the activation energy
for di↵usion typically exists for such adatom descent and is referred to as the
Ehrligh-Schwoebel (ES) barrier [1]. It arises from the fact that some bonds
of the adatom to the underlying atoms need to be broken in the transition
before new bonds can be formed with atoms in the lower layer. For example,
if an atom sitting in a threefold site of an island on a (111) surface of an FCC
crystal rolls over the island edge, one of the three bonds to the underlying atoms
needs to be broken and a transition state traversed with only two bonds to the
step atoms. Measurements using field ion microscopy (FIM) [2] and scanning
tunneling microscopy (STM), as well as several theoretical calculations [4, 6, 7]
for transition metal surfaces have shown, however, that such a descent process
occur by a concerted displacement mechanism rather than by a hop over the
step edge, but it, nevertheless, typically involves a significant energy barrier.
The identification of the relevant transition mechanisms and characterization
of the energy landscape for adatom migration on a growing surface is essential
for gaining an understanding of the atomic scale mechanism of crystal and thin
film growth and the conditions that will promote 2D growth [8].
Early theoretical studies of growth phenomena have been based mainly on
kinetic Monte Carlo (KMC) simulations [9, 10, 11] where a table of possible
transitions in the system is first created and some estimate made of the rate
of the various possible events. Random numbers are then used to choose the
sequence of events, consistent with the rate table, so as to simulate long time
scale evolution of the system. Often the assumed rates of transitions are chosen in such a way as to reproduce some experimental observations. A more
fundamental approach is to start from a description of the atomic interactions,
thereby defining the energy of the system as a function of the atomic coordinates
- an energy surface - and estimate the rate of the various transitions using rate
theory [12]. Typically, the harmonic approximation to transition state theory
[13, 14, 15] suffices to estimate rate of transitions involving atoms in and on
the surface of solids at not too high temperature. Several studies using this approach have been carried out for the growth of transition metals using empirical
potential energy functions such as the embedded atom method (EAM) [16, 17? ]
and the e↵ective medium theory (EMT) [19] approach [6, 8]. The key challenge
is to identify the relevant transition mechanisms. Usually this is assumed and
postulated based on intuition, but a robust method for finding minimum energy
paths for transitions, such as the nudged elastic band (NEB) method [20, 21],
makes the exploration of a large number of possible mechanisms feasible, as
long as the computational e↵ort in evaluating the system energy and atomic
forces is not too great. This has been done in calculations based on the EAM
potential function and several unexpected mechanisms revealed, as discussed
below [5, 4]. Nevertheless, the NEB method requires as input the final state
of the transition and therefore is dependent on some predefined notion of the
outcome of the transition. A more systematic method for exploring possible
transition mechanisms where no assumption is made of the final state can also
2
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be applied opening the possibility of discovering unexpected transition mechanisms [45, 23] and this approach has, for example, been used in simulations of
Al(100) and Cu(100) growth using an EAM potential function [24].
From observations of the growth of several metals, in particular (100) facet
of copper, it has been reported that 2D growth can be achieved at surprisingly
low temperature [25, 26]. When higher temperature leads to three-dimensional
growth this phenomenon is referred to as re-entrant 2D growth [27]. The experimental characterization is most thorough for Pt(111) and involves both low
energy He atom scattering [27, 28, 29] and scanning tunneling microscopy (STM)
[30] measurements.
Motivated by the observation of surprising re-entrant 2D growth of Pt(111),
there have been several theoretical calculations devoted to the study of adatom
descent at step edges, i.e. interlayer transport. It has been found that many
subtle features of the energy landscape can a↵ect the probability of descent. FIM
experiments have shown an excluded zone near island edges both on Ir(111)
and Pt(111) surfaces [31, 32, 33, 34]. Estimates based on calculations using
the EAM interaction potential have indicated that as an adatom approaches
a step edge from above, a gradual rise in the energy occurs (decrease in the
binding energy) as far as three sites away from the edge [4]. This is likely due to
elastic strain caused by the step. This is a subtle e↵ect, but even a rise of only
0.03 eV will significantly reduce the adatom population at room temperature of
sites near the edge. As the adatom enters, however, sites adjacent to the step
edge, the energy is reduced considerably. This again is consistent with the FIM
measurements and can be rationalized from bond counting arguments and the
general principle that less coordinated atoms form stronger bonds. The edge
atoms are 7-fold coordinated as compared to the 9-fold coordination of terrace
atoms. The adatom can, therefore, be expected to populate lower energy sites
adjacent to the step edge. The energy barrier for adatom hops between such
sites along the step edge has been estimated in EAM calculations [4] to be
significantly smaller than either di↵usion away from the step edge or descent to
the lower layer. As a result, the adatom can be expected to di↵use along the
edge once it has reached the step edge. This increases the attempt frequency
for descent but can also increase the probability of nucleation of a new island
on top of an existing island.
This illustrates that one has to be careful when defining the e↵ective energy
barrier for descent, i.e. interlayer transport. The important issue is the relative
probability of descent vs. reflection back into the interior of the island. It is not
enough to just focus on the energy barrier for the descent from a site adjacent
to the step edge. In calculations of the energy of the adatom at various binding
sites and the energy barriers for transitions it is essential to use a common zero
of energy, which is naturally taken to be the energy of the most favorable, FCC
binding site on the flat terrace representing the interior of a large island. Often
the ES barrier is estimated simply as the di↵erence between the energy barrier
for descent starting from a site adjacent to the step edge minus the activation
energy for di↵usion on the flat terrace. The FIM measurements show that the
landscape is more complex than is assumed in such calculations and this has
3
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also been inferred from the EAM calculations.
Electronic structure calculations have been carried out using the density
functional theory (DFT) approach within the local density approximation (LDA)
to estimate energy barriers for descent from a site adjacent to a step edge [7].
The energy barrier for hopping along the edge was again found to be significantly lower (by over 0.1 eV) than either the barrier for descent or the barrier
for a hop to the second site from the edge. These DFT/LDA results therefore
support the notion that an adatom which has reached the step edge is most
likely going to migrate along the perimeter of the island before descent. A key
question that remains to be addressed by DFT calculations is what the relative
energy of the binding sites adjacent to the step edge is compared with the FCC
site of the flat terrace.
As an adatom migrates along the step edge it is likely to run into defects
such as kinks where a row of atoms ends. The importance of kinks as well as
corners of island edges (where A- and B-steps meet) on the energy barrier for
descent has been pointed out based on extensive exploratory NEB calculations
using the EAM potential [4]. It was shown that kink sites can o↵er significantly
lower energy paths for descent as compared to straight edges. An unexpected
mechanism involving an edge atom near, but not at, a kink site on the Btype step turned out to have a particularly low energy barrier. Preliminary
DFT/GGA calculations using the PW91 functional have also shown that this
qualitative feature predicted by the EAM calculations [8, 35]. If confirmed by
more exhaustive calculations, this can provide an explanation of the re-entrant
2D growth, i.e. the transition from 3D growth to 2D growth as the temperature
is lowered. STM measurements of adsorbed Co atom on Pt(111) islands has
indeed shown that kinks o↵er the lowest path for descent and the mechanism
was found to be the non-intuitive one derived from the EAM calculations [3].
From simulations of Pt(111) growth using KMC and a rather simple transition table it has been concluded that no reasonable set of energy barriers
and pre-exponential factors in the rates of the various transitions can reproduce the re-entrant 2D growth unless the low energy near kink descent process
is included [6]. The simulations were tailored to CO contaminated STM experiments where triangular islands with A-edges form in the intermediate, 3D
growth regime. More recently, simulations of island shapes have been carried
out using energetics calculated for clean as well as CO contaminated Pt(111)
surface with focus on island shapes [36].
While a great deal of e↵ort has gone into studies of the energetics that a↵ect
island shapes and interlayer transport on Pt(111) there is still need for higher
level electronic structure calculations using a more accurate functional than
the LDA and using a common zero of the energy for the adatom binding at
various sites and the height of saddle points on the energy surface to determine
activation energy. The question is whether the complex features identified by
the simpler and more approximate empirical potentials are reproduced in these
more accurate but also computationally much more demanding calculations. In
particular, it remains to be seen whether the special role of kinks and corners
in the interlayer transport is present in the energy landscape predicted by the
4
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Figure 1: Ilustration of the simulation cell used for the DFT calculations of the straight
B-type step. The Miller index is (221). The lowest atom layers (darker gray) are fixed at
positions corresponding to the three-dimensional crystal.

electronic structure calculations. While preliminary results have indicated this
to be the case [8], the purpose of the present study is to address this issue in a
systematic way.
The article is organized in the following way. The methodology is described
in section 2 , including the systems simulated, the electronic structure method,
the method for finding minimum energy paths of transitions and long time scale
simulation. Then the results are presented in section 3. The article concludes
with a discussion in section 4.
2. Methods
A flat Pt(111) terrace is simulated using a slab with 5 layers, each containing
16 atoms, the atoms in the bottom two layers being kept fixed. This system is
used to calculate the zero of energy for the adatom in all subsequent calculations presented here, namely the binding energy of at an FCC site. Also, the
activation energy for di↵usion, i.e. hop from an FCC site to an HCP site is
evaluated. This quantity can be compared with the experimentally determined
activation energy for di↵usion.
The straight A-type step, which has a {100} microfacet, is represented by a
slab with a surface Miller index (322) while a kink on the step is represented by
a slab with a surface Miller index (956). The straight B-type step, which has a
{111} microfacet, is represented by a slab with a surface Miller index (221) while
a kink on the step is represented by a slab with a surface Miller index (985).
These configurations contain between 150 and 200 atoms, large and demanding
systems for electronic structure calculations. A cross section of the system used
to study a periodic B-type step is shown in figure 1.
The electronic structure calculations are carried out using the density functional approach [37] within the generalized gradient approximation that is a
step up in accuracy from LDA [38]. Most of the calculations are carried out
with with the PBEsol functional [39] as it gives good estimate of surface energy,
a quantity that a↵ects the strength of adatom interaction with the surface, as
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well as the lattice parameter (3.91 Å vs. the experimental value of 3.92 Å). The
PW91 functional [40, 41] is also used for some of the calculations. The valence
electrons are described with plane waves while the e↵ect of inner electrons is described using the projected augmented wave (PAW) formalism [42]. An energy
cuto↵ of 400 eV is used in the plane wave expansion. A 2x2x1 k-point sampling
is used with Methfessel-Paxton smearing [43] at a temperature of 0.1 eV. The
reported energy values are for extrapolation to zero temperature. The VASP
implementation was used in the calculations [44].
The minimum energy paths for the various transitions are calculated using
the nudged elastic band method [20, 21] with the climbing image extension [? ]
and improved tangent estimate [46]. The tolerance in the magnitude of atomic
forces in optimizations of the atomic coordinates both for identification of local
minima and the minimum energy paths is 0.02 eV/Å. Typically, 5 intermediate
images are used to represent the path in between the fixed endpoints, but this is
specified further in the graphs below showing the calculated results. The initial
path is generated using the image dependent pair potential [47].
Given the estimates of binding energy and activation energy for the various
transitions, a model is constructed for kinetic Monte Carlo (KMC) simulations
of the time evolution of an adatom on top of a surface island. The KMC
implementation includes both FCC and HCP sites for the adatom as has been
described previously [8]. The model takes into account the slight, 0.02 to 0.03
eV increase in binding energy and corresponding energy barriers as an adatom
approaches a step edge, as well as the 0.2 to 0.3 eV increase in binding energy
at sites adjacent to the step edge, the barrier for di↵using along the step and
barrier for descent at straight steps and kinks.
3. Results
The results obtained from the DFT calculations combined with the NEB
method for finding minimum energy paths are presented first for descent at
step edges, both straight and with a kink. Then, the paths for moving around a
corner site at a kink is presented and finally the energy landscape for approaching a step edge from above. Finally, KMC simulations of adatom di↵usion on
top of an island at room temperature and subsequent descent are presented.
Figure 2 shows the results obtained for Pt adatom di↵usion on the flat
terrace. The adatom starts at an FCC site and hops over a bridge to an HCP
site. The binding energy di↵erence is 0.2 eV. The energy barrier is found to
be 0.29 eV, which is in close agreement with estimates from previous DFT
calculations [54]. The completion of a di↵usion path is a second hop from
the HCP site to another FCC site. The overall activation energy for di↵usion
is, therefore, estimated to be 0.29 eV. This is in reasonable agreement with
estimates from experimental measurements, both FIM and STM which which
give a value of 0.26 eV [48, 49, 50].
The adatom energy at the FCC site on the flat terrace is taken to be the zero
of energy in all the results presented below. It is important to have a single well
defined zero of energy when such a complex energy landscape is explored rather
6
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Figure 2: Calculated energy along the minimum energy path for adatom hop from an FCC
site to an HCP site on flat Pt(111) surface. The complete di↵usion path involves analogous
hop in reverse from the HCP site to another FCC site. The activation energy for di↵usion
is found to be 0.29 eV and the energy di↵erence between the two sites is 0.2 eV. The energy
of the adatom at the FCC site on the flat terrace is taken to be the zero of energy in all the
results presented here.

than shift the zero of energy to whatever happens to be the initial configuration
of the various transitions studied.
3.1. Adatom descent
Figures 3 and 4 show calculated minimum energy paths for the descent of
an adatom at A- and B-type steps with and without kinks. The initial site of
the adatom is adjacent to the step edge, an HCP site in the case of the A-type
step but an FCC site in the case of the B-type step. The zero of energy is the
energy corresponds to an adatom at an FCC site on the flat (111) surface. The
energy barriers for descent are summarized in table 1.
As had been seen from EAM calculations [4], the lowest energy barrier is
obtained for a surprising mechanism, a descent near a kink but not into a
kink site. This is in contradiction with a frequently invoked approximation
where energy barriers are assumed to scale with the energy of the transition,
i.e. barriers being lower when the final state energy is lower. In this case, the
lowest barrier is for a mechanism where an atom is sitting at a step edge rather
than in the kink site, a final state that is ca. 0.5 eV higher in energy (see insets
in figures 3 and 4 showing the transition mechanism). The lowest barrier is for
the descent near a kink site on the B-type step, 0.30 eV. The highest barrier is
for a straight A-type step, 0.44 eV.
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Figure 3: Calculated energy along minimum energy paths for the descent of an adatom at an
A-type step, with or without a kink. Insets show the images of the atoms in a converged nudged
elastic band calculation of the transition path and points on the energy curve show energy of
the intermediate system images in the NEB calculations. Remarkably, the lowest activation
energy is obtained for descent near but not at a kink site even thought this mechanism leads
to significantly higher final state energy (see Table 1 for numerical values).

Figure 4: Calculated energy along minimum energy paths for the descent of an adatom at a Btype step, with and without a kink. Insets show the images of the atoms in a converged nudged
elastic band calculation of the transition path and points on the energy curve show energy of
the intermediate system images in the NEB calculations. Remarkably, the lowest activation
energy is obtained for descent near but not at a kink site even thought this mechanism leads
to significantly higher final state energy (see Table 1 for numerical values).
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Table 1: Results of DFT/PBEsol calculations of the activation energy for adatom descent at
A- and B-type steps, with and without kink sites. The activation energy is the saddle point
energy minus the energy of the adatom at an FCC site of an extended (111) surface.

Step type
Mechanism

Activation energy

straight
at kink
near kink

0.44
0.35
0.33

straight
at kink
near kink

0.45
0.38
0.30

A

B

3.2. Rounding a corner
The preference for the near kink mechanism is important because it places an
atom on the side of an existing step, thereby providing a seed for the formation
of a new step and additional kink sites. A key issue then is whether such an atom
can easily move from this rather high energy site to the kink site by rounding
the corner atom. The minimum energy paths for such transitions on both the
A-type and B-type steps are shown in figure 5. The mechanism is shown in
insets. The calculated energy barrier is large for both steps, around 0.9 eV.
This means that the atom placed adjacent to a step edge after descent near
a kink is likely going to di↵use only along that step edge and will eventually
bind to another such atom to nucleate a new step edge, thereby introducing
two more kink sites. The low energy descent paths with, therefore, proliferate.
Another mechanism for the atom to move into the kink site, involving concerted
exchange, was also calculated but turned out to have even higher energy.
3.3. Step approached from above
The calculations of paths for adatom descent at step edges described above
started at the binding site adjacent to the step edge, an HCP site on the A-type
step and an FCC site on the B-type step. The energy of this initial site at the
A-type step is slightly positive, meaning that the binding energy of the adatom
is lower there than on the flat terrace. It is, however not as high as at an
HCP site on the flat terrace because it is bound to one under coordinated step
atom. The energy of the initial site at the B-type step is, however, significantly
lower than for the flat terrace. This is an FCC site which is lowered further in
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Figure 5: Calculated energy along minimum energy paths for the adatom to move from
outside a step edge into a kink site on A-type step (left) and B-type step (right). Insets show
the images of the atoms in a converged nudged elastic band calculation of the transition path.
The energy barriers are high, much too high for the process to be active at room temperature,
thus leading to growth of rough edges of islands.

energy by the fact that the adatom binds to two under coordinated step atoms.
The adatom is, therefore, trapped near the descending B-type step edge. The
question then becomes to what extent an adatom located at such a strongly
binding site can migrate and in what direction.
The minimum energy paths for the adatom displacement away from the step
edge and along the step edge are illustrated in figure 6. From this it becomes
evident that the atom will migrate primarily along the step edge. A trench is
formed long the step in which the atoms moves in a di↵usive way back and
forth. The energy barrier to move out of this trench away from the step and
towards an interior of an island is just about as high as the energy barrier to
descend.
The figure also illustrates how the binding energy of the adatom gradually
decreases as the adatom approaches the step. While this amounts to just 0.02
to 0.03 eV, it will significantly reduce the probability of finding an adatom at
these sites at room temperature. This slight increase in energy is then the main
obstacle for an adatom to approach a step edge and subsequently descend to
the lower layer, not the barrier to descend from the site adjacent to the step.
The energy landscape emerging from these DFT calculations is, therefore, quite
di↵erent from what is generally assumed, as illustrated in figure 6. Instead of
a equal binding energy for all sites on the upper terrace and then an increased
barrier only for descent to the lower layer, there is a gradual rise in energy as
the atom approaches the step edge and then a trough with large binding energy
at sites next to the step edge. The energy barrier to descend from there is not
higher than the barrier to go back to the interior of the island, especially when
the presence of kinks are taken into account.
3.4. kinetic Monte Carlo simulation
In order to explore the consequences of the main features of the energy
landscape emerging from the DFT calculations on the dynamics of an adatom
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Figure 6: Calculated energy along minimum energy paths for the approach of an adatom to
a step edge and descent to the lower layer (using PW91 functional). The energy barrier for
migration along the step edge is indicated with dashed lines. The adatom binds most strongly
at sites adjacent to the step edge and di↵usion along the step is more facile than either descent
or migration away from the step. As a result, the adatom mainly travels along the step once
it has reached the step edge.

Figure 7: A schematic illustration of the energy landscape emerging from the DFT calculations (solid line) were the energy at binding sites rises when the adatom approaches the step
edge (by 0.02 to 0.03 eV) but then gets trapped at sites adjacent to the step edge (by 0.1 to
0.3 eV). Di↵usion along the step edge is then most facile while the energy barrier for migration
away from the step edge and the barrier for descent are significantly higher and roughly equal.
The ‘standard’ and frequently assumed energy landscape is shown for reference (dashed line)
where each binding site is assumed to be equivalent and providing the same binding energy.
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Figure 8: Di↵usion path of an adatom on top of an island at a temperature of 300 K generated
using a kinetic Monte Carlo simulation based on the energy landscape illustrated in figure 7.
The adatom starts in the interior of the island and visits the various binding sites except for
those close to the step edge. This corresponds closely to the visitation map of sites obtained
experimentally by field ion microscopy [34]. Once the adatom reaches a site adjacent to the
step edge, it only moves along the step (see thick bundle of paths at the uppermost island
edge) until it descends near a corner site (to the right).

that lands on top of a hexagonal island on the Pt(111) surface, a kinetic Monte
Carlo simulation for room temperature is carried out. The results are shown in
figure 7. The adatom explores repeatedly most of the sites in the interior of the
island but sites near the edge of the island are rarely visited and when they are,
the adatom is most often reflected back to the interior. Eventually, the adatom
makes it to a B-type edge and is then trapped for a long time, migrating back and
forth along the edge, until it eventually descends near a corner site (where there
is a low barrier descent path analogous to that near a kink). This is illustrates
how the slight decrease in binding energy and corresponding increase in barrier
height (with respect to the FCC site on a flat terrace) is the e↵ective barrier for
descent, not the activation energy for the descent process itself starting from a
site adjacent to the step edge.
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4. Discussion
The preference for descent near kinks over descent at straight step edges
and at kinks found here from the NEB calculations combined with DFT is
qualitatively consistent with the original suggestion of this mechanism which
was obtained from extensive studies of various mechanisms using the EAM
potential function [4]. Wide exploration of mechanisms beyond what is assumed
to be optimal a priori as was carried out there is clearly of great importance as
the energy surface is highly complex. This descent near kink sites has strong
influence on the surface morphology of the growing surface since the energy
barrier for rounding the corner into a kink site is too high for the process to
be active at, for example, room temperature. The energy barrier is more than
three times larger than the energy barrier for descent. This means that an atom
that has undergone such a descent process becomes the nucleus of a new row
of atoms, i.e. a new step, and thereby new kink sites that o↵er additional low
energy paths for descent. If the low energy pathway were to simply fill the
kink site, then the number of kink sites would remain low and the e↵ect be less
pronounced. The importance of the descent near kinks rather than at kinks
has been further emphasized in KMC simulations [6] where it was shown that
re-entrant 2D growth could not be obtained without this preference for descent
near kink sites. The simulations were, however, based on a highly simplified
table of transitions and did not include nearly all the subtleties in the DFT
energy landscape.
The calculations also support another feature that was identified in the EAM
simulations, namely the slight decrease in binding energy and increase in energy
barriers as an adatom approaches a step edge from above, but before entering
one of the sites adjacent to the edge. This in the end becomes the feature of
the energy landscape that most promotes 3D growth because it prevents the
adatom from coming hear the step edge. This feature is not taken into account
in standard models of the energy landscape, as illustrated in figure 8 (dashed
line). FIM measurements have shown clearly such an avoided zone for the
adatom next to the step edge, so the calculations are in good correspondence
with experiment. Either the definition of the Ehrlich-Schwoebel barrier needs to
be refined to take into account not only the descent from a site adjacent to the
step edge but also this more delocalized drift in the energy which may be more
important in some cases, as seems to be the case for Pt(111). This upward drift
in energy is likely the results from elastic strain e↵ects. Possibly, a new quantity
should be defined that better reflects what the critical feature is in an energy
landscape for distinguishing between 2D and 3D growth at low temperature.
The strong binding to the sites adjacent to the step edge is another feature
that is missing in the standard models, but is found here in the DFT results,
especially at the B-type edge. This feature was, again, predicted from the EAM
calculations and there a classical dynamics simulation showed how the adatom
runs back and forth along the step until it finally descents near a kink or corner
site [4].
The descent of an adatom near but not at a kink site could explain the
13

80

Article I

ocurrence of re-entrant 2D growth. The transition from 3D to 2D growth as
temperature is lowered seems to coincide with a transition from compact islands
with relatively straight edges to dendritic islands with high density of kinks, as
judged from scanning tunneling microscopy measurements [30]. Straight edges
lead to large activation energy for descent while the presence of kinks o↵ers low
energy paths for descent that can be active even at low temperature. Thus, even
though the thermal energy of the adatoms is reduced, the number of low barrier
paths for descent is increased enough by the increase in kink density that 2D
growth reappears as the temperature is lowered. Another important consideration is the slight but significant decrease in binding energy and corresponding
increase in activation energy as an adatom on top of an island approaches a
step edge. For a large island, this will hinder the adatom from reaching the
step edge and thereby promote 3D growth. For islands that are small enough,
such as dendritic islands with width less than 6 atom rows, this upward drift in
the adatom energy will be smaller. It remains to be seen from detailed KMC
simulations that properly take into account all these subtle features which of
these two e↵ects or even both are responsible for the re-entrant 2D growth. In
any case, these explanation that emerge from the calculations are consistent
with the original explanation of Kunkel et al. [27] that ‘the reduced island size
and/or their less regular shape, both due to the reduced adatom mobility at
lower temperature’ leads to the re-entrant 2D growth.
The results of the NEB calculations combined with DFT presented above
illustrate that there are a number of important processes relevant to the fate
of an adatom that lands on top of an island, and thereby the question whether
the vapor deposition leads to 2D or 3D growth. Some of these features are
subtle and unexpected, but they can control the surface morphology of a growing crystal. The challenge to the theoretical studies is to identify the relevant
processes and estimate the rate of these processes accurately enough to be able
to explain the surface patterns observed in experimental measurements and it
seems clear that the standard model is oversimplified. The most serious challenge to theoretical studies is the problem of identifying the relevant processes.
As the calculations on Pt(111) presented here illustrate, the key process may be
non-intuitive, as the near but not at kink sites, shown in figures 3 and 4. This
calls for algorithms that can find what processes would occur in the simulated
system if direct classical dynamics simulations could be carried out long enough
to cover experimental time scales. Long time scale simulation approaches such
as the adaptive kinetic Monte Carlo method [45, 23] can in principle be used in
such studied, as has been illustrated for Al(100) and Cu(100) growth, but the
problem is that the DFT calculations are computationally very demanding, too
much so to make such calculations practical at the present time, and that empirical potential functions such as EAM and EMT are too approximate, although
they have been used successfully to identify unexpected mechanisms. A possible future direction in this respect is the use of machine learning to interpolate
between calculated DFT results. The question still remains whether such an
approach can be trusted to provide unexpected results since it represents only
an interpolation between results fed into the machine learning as a test set. The
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challenge of explaining how microscopic processes influence macroscopic behavior is particularly relevant in studies of growth shapes of crystals, which o↵er a
unique testing ground for the computational challenges of bridging vast length
and time scales.
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The atomic scale transitions corresponding to diffusion and interlayer transport of a Au adatom on the low
energy, close packed Au(111) surface are studied using density functional theory calculations within the
generalized gradient approximation. Minimum energy paths and estimates of activation energy are calculated for
processes that influence whether the crystal grows layer-by-layer, i.e. 2D growth, or whether new islands tend to
nucleate on top of existing islands resulting in 3D growth. Kinks on island edges turn out to provide paths for
adatom descent with lower activation energy than straight steps. The energy barrier for an adatom to round the
corner and enter a kink site is significantly higher. A descent mechanism that places an adatom near but not at a
kink site can therefore promote the formation of a new row of step atoms and lead to the introduction of
additional kink sites, thereby opening up new low activation energy paths for descent and promotion of 2D
growth. The sites adjacent and above the step edge provide large binding energy for the adatom, especially at the
B-type step, and form a trough along which the adatom can migrate before descending, thereby increasing the
probability that an adatom finds a kink on the B-type step. These features of the energy landscape representing
the interaction of a Au adatom with the surface point to the possibility of a re-entrant layer-by-layer growth
mode of the low energy, close packed surface of the gold crystal.

1. Introduction
In some material growth applications the goal is to form nanoscale
islands on a surface while in others the preferred growth mode is layerby-layer. The morphology of the surface is typically governed by kinetic
processes rather than thermodynamics because the surface temperature
is kept low enough to prevent the mixing of components. An important
consideration then is the rate of various atomic rearrangement pro
cesses, in particular those that lead to descent of adatoms from an upper
layer to a lower layer, i.e. interlayer transport. Such processes have been
studied extensively for several metals, in particular platinum, but while
gold is also an attractive metal in various applications, little work has
been done so far on interlayer transport in gold crystal growth.
An energy barrier larger than the activation energy for diffusion on a
flat surface typically exists for the descent of an adatom from an upper
layer to a lower layer and it is referred to as the Ehrlich-Schwoebel (ES)
barrier [1]. This can be most easily seen if an adatom sitting in a
threefold site of an island on a (111) surface of an FCC crystal rolls over
an island edge. Then one of the three bonds to the underlying atoms is

broken to a larger extent than if the adatom is rolling over a bridge site in
a diffusion hop on a flat surface. Several theoretical calculations [2–4]
for transition metal surfaces have shown, however, that such descent
processes occur by a concerted displacement mechanism rather than by
a hop over the step edge. Nevertheless, a significant ES barrier is typi
cally present. The identification of the relevant transition mechanisms
and characterization of the energy landscape for adatom migration on a
growing surface is essential for gaining an understanding of the atomic
scale mechanism of crystal and thin film growth and the conditions that
can promote either 2D or 3D growth.
Sometimes the ES barrier is estimated simply as the difference be
tween the energy barrier for descent starting from a site adjacent to the
step edge minus the activation energy for diffusion on the flat terrace.
Theoretical calculations using empirical potential functions, such as the
embedded atom method (EAM) [10,11], that can be applied to large
enough systems [3], as well as field ion microscope (FIM) measurements
[5] surface show that the landscape is more complex. The site closest to
the step edge can offer higher binding energy for the adatom, as can be
understood from the low coordination of the step atoms (lower
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transitions. Then, the results are presented in section 3 and a discussion
presented in section 4. A brief conclusion is given in section 5.

coordinated atoms form stronger bonds) but sites further away from the
step can have lower binding energy than sites on the flat surface, leading
to an excluded zone near the step edge, as has been observed in FIM
measurements [6–9]. The energy barrier for adatom hops along and
above the step edge can be small, as has been seen in EAM [10,11]
calculations of Pt(111) [3], significantly smaller than either diffusion
away from the step edge or descent to the lower layer. As a result, the
adatom can be expected to diffuse along the top of the step edge. This
increases the attempt frequency for descent but can also increase the
probability of nucleation of a new island on top of an existing island.
It is important to use a single reference point when the energy of the
adatom in various sites and at the transition state for atomic rear
rangements is estimated. If the islands are large enough, the most likely
landing site of an incoming atom is at a flat terrace and the majority
species will be an adatom in the lowest energy site of an extended, flat
terrace. The zero of energy is here taken to be the energy of an adatom at
an FCC site of the Au(111) surface.
Measurements of growing metal surfaces, in particular (100) facet of
copper, have shown that 2D growth can be achieved at surprisingly low
temperature [12,13]. When growth at higher temperature leads to
three-dimensional growth, this phenomenon is referred to as re-entrant
layer-by-layer growth [14]. It has been documented particularly well for
the growth of the (111) facet of platinum [14–17]. It is not clear how
common re-entrant layer-by-layer growth is, in particular whether it
holds for Au(111), a metal that is commonly used in experimental
studies of nanostructures.
The key challenge in gaining understanding of the way conditions
affect the growth mode is to identify the relevant atomic scale transition
mechanisms. Usually this is assumed and postulated based on intuition,
but a robust method for finding minimum energy paths for transitions,
such as the nudged elastic band (NEB) method [18,19], makes the
exploration of a large number of possible mechanisms feasible, as long as
the computational effort in evaluating the system energy and atomic
forces is not too large. Such calculations can reveal several unexpected
mechanisms, as discussed below.
As an adatom migrates along the step edge, it is likely to run into
defects such as kinks where a row of step atoms ends. It has been pointed
out that kinks as well as corners of island edges (where A- and B-type
steps meet) can affect the energy barrier for descent of a Pt adatom on
the Pt(111) surface. This was first based on extensive exploration of
transitions mechanisms using NEB and EAM potential function [3] and
then later supported also by density functional theory (DFT) calculations
[20]. There, it was shown that kink sites can offer significantly lower
energy paths for descent as compared to straight edges. This is partic
ularly important for B-type steps on Pt(111) since the activation energy
for descent is estimated to be particularly large there [4] and the 3D
islands formed in the intermediate temperature range tend to be trian
gular surrounded by B-type steps. An unexpected mechanism involving a
concerted two atom displacement process where the adatom takes the
place of an edge atom near – but not at – a kink site turned out to have a
particularly low energy barrier. It is hard to verify such a mechanism
experimentally for a one-component system since the atoms are indis
tinguishable. But, an experimental STM study of a Co adatom on a Pt
(111) surface has indeed shown that a concerted displacement process
facilitated by a kink site, is most likely to occur [21]. This could be
inferred from the final state location of the Co atom.
In this article, we present studies of the energetics and transition
mechanisms for a Au adatom on the Au(111) surface using NEB calcu
lations where the energy of the system and atomic forces are evaluated
using DFT within the generalized gradient approximation. In particular,
we address the question whether kinks on steps play an important role in
the interlayer transport and thereby the possibility that a Au(111) sur
face can show re-entrant layer-by-layer growth.
The article is organized as follows. The methods are described in
section 2, including the systems studied, the electronic structure
method used, and the method for finding minimum energy paths of

2. Methods
The flat Au(111) terrace is simulated using a slab of atomic layers
containing 16 atoms subject to periodic boundary conditions in the
plane of the surface. The atoms in the bottom two layers are kept fixed
while atoms are free to move in the top layer. The binding energy of the
adatom at an FCC site is used to define the zero of energy for the adatom
in all the calculations presented here. It is important to have a single well
defined zero of energy when such a complex energy landscape is
explored. If the zero of energy is shifted to whatever happens to be the
initial configuration of the transition studied, then an incorrect estimate
is obtained for the activation energy.
The straight A-type step, which has a {100} microfacet, is repre
sented by a slab with Miller index (322) while the straight B-type step,
which has a {111} microfacet, is represented by a slab with index (221).
These are periodic arrays of steps with short terraces in between. Such
models have previously been used extensively in DFT studies of the
properties of steps and atomic transitions, such as chemical reactions, at
steps. Kinks on an A-type step are represented by a slab with Miller index
(956) while kinks on a B-type step are represented by a slab with Miller
index (985). These models are analogous to the (854) and (874) surface
slabs used by Feibelman [22] in calculations of adatom diffusion along
step bottoms, except that the width of the terraces in between the steps is
larger in the (956) and (985) models, making them a more accurate
representations of an island edge. These configurations contain between
150 and 200 atoms, a relatively large number making these systemds
computationally demanding in electronic structure calculations. A cross
section of the model used here to study a periodic B-type step and the
model used to study kinks on the B-type step are shown in Fig. 1.
The electronic structure calculations are carried out using DFT [23,
24] within the generalized gradient approximation which is a step up in
accuracy from the local density approximation (LDA) [25]. The calcu
lations are carried out with the PBEsol functional [26] as it gives good
estimate of surface energy and lattice constant of solids, quantities that
affect the strength of adatom interaction with the surface. The energy of
a Au atom in the gas phase is likely to be overestimated by the PBEsol
functional and the absolute value of the binding energy therefore
overestimated (more towards LDA than functionals optimized for atoms
and molecular bonding). But this is not of concern since the question
addressed here is the variation of the energy of the adatom as it un
dergoes transitions on the solid surface, not the energy of the adatom
with respect to a gas phase atom. The DFT/PBEsol calculations give a
lattice parameter of 4.08 Å for Au crystal, in close agreement with the
experimental value of 4.07 Å. The valence electrons are described using
a plane wave basis while the effect of inner electrons is described using
the projected augmented wave (PAW) formalism [27]. An energy cutoff
of 300 eV is used in the plane wave expansion. A 2x2x1 k-point sampling
is used with Methfessel-Paxton smearing [28] at a temperature of 0.1 eV.
The reported energy values correspond to extrapolation to zero tem
perature. The VASP software is used in these calculations [29].
The minimum energy paths for the various transitions are calculated
using the NEB method [18,19] with the climbing image extension [30]
and improved tangent estimate [31]. The initial paths are generated
with the image dependent pair potential (IDPP) method [32]. The
tolerance in the magnitude of atomic forces in optimizations of the
atomic coordinates, both for identification of local minima and the im
ages along the minimum energy paths, is 0.02 eV/Å. Typically, 5 in
termediate images are used to represent paths in between the fixed
endpoints, but this is specified further in the graphs below illustrating
the calculated results.
Within the harmonic approximation to transition state theory
(HTST), see review in ref. [20], the activation energy in the Arrhenius
expression for the rate constant of an elementary transition is given by
2
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Fig. 1. Left: Cross section of the slab with (221) surface Miller index, used to study the straight B-type step. Light gray spheres indicate atoms that can move freely,
while dark gray spheres indicate atoms that are fixed in order to represent the confining effects of missing atoms below. Right: On-top view of two simulation cells
used to represent kinks on the B-type step, with Miller index (985).

the highest energy along the minimum energy path, a first order saddle
point on the energy surface, minus the energy of the initial state mini
mum. The activation energy for a given downstepping mechanism re
ported below is calculated as the difference in the saddle point energy
and the energy of the adatom in a FCC site on the flat surface. The HTST
rate theory is the standard approach in calculations of rates of crystal

growth transitions. The pre-exponential factor in the Arrhenius expres
sion can also be found by calculating the vibrational modes at the saddle
point and in the initial state, but we will assume here that the value of
the pre-exponential factor does not vary between mechanisms enough to
make a significant difference in the rates and we compare only the
values of the activation energy.

Fig. 2. Energy along the minimum energy path for adatom hop from an FCC site to an HCP site on the flat Au(111) surface. The complete diffusion path involves
analogous hop in reverse from the HCP site to another FCC site. The activation energy for diffusion is found to be 0.12 eV and the energy difference between the two
sites is 0.04 eV. The energy of the adatom at the FCC site on the (111) surface is taken to be the zero of energy in all the results presented here.
3
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3. Results

Table 1
Results of DFT/PBEsol calculations of the activation energy for a Au adatom
descent at A- and B-type steps on the Au(111) surface, with and without a kink.
The activation energy is the highest energy along the minimum energy path
minus the energy of an adatom in an FCC site on the Au(111) surface. The un
certainty in the difference between values of the activation energy for different
transition mechanisms of this type has been estimated to be ca. 0.02 eV [4].

The results of the NEB calculations of minimum energy paths are
presented first for descent at steps, both straight and with a kink, and
then paths for moving around a corner atom at a kink.
Fig. 2 shows the results obtained for a Au adatom diffusion hop on
the flat (111) surface. The adatom starts at an FCC site and hops over a
bridge to an HCP site where the binding energy is smaller by 0.04 eV.
The completion of a diffusion path involves a second hop from the HCP
site to another FCC site which is the reverse of the path shown. The
activation energy for diffusion is found to be 0.12 eV. This is comparable
to an estimate obtained in previous DFT calculations using the PBE
functional, 0.15 eV (calculations using the more approximate LDA
functional give 0.20 eV) [33].

Step type
A

B

3.1. Adatom descent

Mechanism

Activation energy

straight
at kink
near kink

0.25
0.16
0.17

straight
at kink
near kink

0.31
0.20
0.14

to FCC sites. At the B-type step edge, however, the adjacent site is of FCC
type and the undercoordination of the step atoms leads to larger binding
energy by 0.03 eV, as can be seen from the downward shift in the cor
responding initial point of the descent path in Fig. 2. The activation
energy is the energy of the maximum along the minimum energy path
with respect to the adatom at the FCC site on a flat Au(111) surface. The
calculated activation energy for three different descent paths at the two
types of steps are summarized in Table 1.

Figs. 3 and 4 show calculated minimum energy paths for the descent
of an adatom at A- and B-type steps with and without a kink. The initial
site of the adatom is adjacent to the step edge, an HCP site in the case of
the A-type step but an FCC site in the case of the B-type step. The binding
energy at the HCP site adjacent to the A-type step is nearly equal to that
of the FCC site of the flat Au(111) surface. The fact that the step atoms
are undercoordinated and thereby form stronger bonds to the adatom
compensates here the reduced binding energy at HCP sites as compared

Fig. 3. Energy along minimum energy paths for the descent of an adatom at a straight A-type step (solid line), at kink (dotted line) and near kink (dashed line). Insets
show the configurations of the atoms in the nudged elastic band images of the minimum energy paths. Points on the curves show energy of the intermediate system
images in the discretization of the paths. The atom that starts as an adatom at the upper terrace is labeled 1, while the step atom that gets pushed out is labeled 2. A
kink site provides paths for adatom descent with lower activation energy than a straight step (see Table 1 for numerical values).
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Fig. 4. Energy along minimum energy paths for the descent of an adatom at a straight B-type step (solid line), at kink (dotted line) and near kink (dashed line). Insets
show the configurations of the atoms in the nudged elastic band images of the minimum energy paths. Points on the energy curve show energy of the intermediate
system images in the discretization of the paths. The atom that starts as an adatom at the upper terrace is labeled 1, while the step atom that gets pushed out is labeled
2. Remarkably, the lowest activation energy is obtained for a descent mechanism that places an atom at the step edge near a kink site but not in the kink site, even
though this mechanism leads to significantly higher final state energy (see Table 1 for numerical values).

The lowest activation energy for interlayer transport turns out to
correspond to descent near a kink site on the B-type step. The initial site
for this process is even lower in energy than the sites at the straight Bstep, by about 0.1 eV and the activation energy for descent is 0.14 eV.
This is substantially lower than the barrier for descent at a straight Btype step which is calculated to be 0.31 eV. Note that the final state
energy is 0.3 eV higher for the path with lower activation energy
because the final state does not correspond to an atom being placed at
the 6-fold coordinated kink site but rather in a 5-fold coordinated site at
the step edge. This shows that the height of the energy barriers does not
scale with the final state energy. Such an approximation is, however,
often invoked in crystal growth and chemical reaction calculations
where energy barriers are not calculated but only estimated roughly.
The descent mechanism that involves placing an atom into the kink
site at the B-type step rather than at the step edge near the kink site,
corresponds to an intermediate value of the activation energy, 0.20 eV.
The comparison of the two downstepping mechanisms at a kink on the Btype step again show that the activation energy does not scale with the
energy of the final state.
Also for the A-type step, the kink offers paths for descent with lower
activation energy than a straight step, but here the two kink related
paths, the one that places an atom into the kink site and the one placing

an atom at the step edge near the kink site, have similar activation en
ergy, 0.16 and 0.17 eV. The lowest energy path for descent is, therefore,
calculated to be descent near a kink site on the B-type step.
3.2. Rounding a corner
The preference for adatom descent into a site near but not at a kink
site is important because it provides a seed for the formation of a new
row of atoms and additional kink sites. A key issue then is whether such
an atom can easily move from this rather high energy site to the nearby
low energy kink site, either by rounding the corner atom or by a
concerted displacement mechanism. The former mechanism turns out to
have lower activation energy and the minimum energy paths for such
transitions at both A-type and B-type steps are shown in Fig. 5. The insets
show the atom configurations at the two endpoints and at each image in
the converged NEB calculation of the transition path. The calculated
energy barrier is large for both steps, over 0.5 eV, and the concerted
displacement mechanism even higher, 0.7 eV. This means that an atom
placed at a step after descent near a kink is not likely to move into the
kink site if the temperature is not too high, for example at room tem
perature. The adatom can diffuse more readily along the step edge, with
activation energy of 0.3 eV. This means that a new row of step atoms will
5
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Fig. 5. Energy along minimum energy paths for an adatom to move from a 5-fold coordinated site at a step edge into a nearby 6-fold coordinated kink site. Left: at Atype step. Right: at B-type step. Insets show the configurations of the atoms at the two endpoints and for images of the system in converged nudged elastic band
calculations of the minimum energy paths. The activation energy is high in both cases, over 0.5 eV, significantly higher than for adatom descent. At a temperature
where descent near a kink is active while the rounding of the corner to enter the kink site is not, the step edge becomes rough and the number of kink sites proliferates
promoting layer-by-layer growth.

form, introducing more kink sites and the low energy descent paths will,
thereby, proliferate.

similar configurations of the system are being compared here and
cancellation of errors can therefore be expected to be effective. The
calculated activation energy differences presented here are likely
meaningful and provide correct trends, for example in the comparison
the different descent mechanisms. Also, the fact that various empirical
potentials [3,34] and STM experiments on a related system [21] show
similar features indicates that kink sites do indeed offer low energy paths
for adatom descent.
The results presented here demonstrate the complexity of the energy
landscape and the importance of choosing a single reference point for
the energy of the adatom. If the activation energy of a downstepping
event is estimated as the increase in energy with respect to the energy of
the initial state for the elementary event, then the comparison between
A- and B-type steps will be incorrect. The initial state for the down
stepping event is higher in energy at the A-type step than at the B-type
step because it corresponds to an HCP site rather than an FCC site. The
initial site for the descent near a kink on the B-type step is even lower in
energy, as can be seen in Fig. 4. The proper energy reference for all the
adatom descent mechanisms is the energy of the adatom in an FCC site of
a flat terrace since this represents the majority species.
The results of the NEB-DFT/PBEsol calculations presented here
illustrate that a number of processes need to be taken into account to
determine the fate of an adatom that lands on top of an island, and
thereby answer the question whether the atom deposition leads to 2D or
3D growth. Some of these features are subtle and unexpected, but they
can control the surface morphology of a growing crystal. The challenge
to theoretical studies is to identify the relevant processes and estimate
the rate of these processes accurately enough to be able to explain the
surface patterns observed in experimental measurements and to predict
the growth mode of materials that have not been studied experimen
tally. The most serious challenge is the problem of identifying the
relevant atomic scale processes. As the calculations presented here
illustrate, the key process may be nonintuitive. This calls for efficient
algorithms for finding which processes can occur in the system under
study at given conditions.
Since classical dynamics simulations cannot cover long enough time
scales, advanced techniques are needed to search for likely transition
mechanisms [20,35]. Long time scale simulation methods such as

4. Discussion
The calculations presented here indicate that a Au adatom on top of
an island on a Au(111) surface can descend to the lower layer most
easily near a kink on a B-type step. This is similar to what has previously
been deduced from calculations of a Pt adatom on a Pt(111) surface [3,
20]. This nonintuitive mechanism was first predicted from extensive
studies of various mechanisms using an EAM potential function for the
Pt/Pt(111) system [3]. It has been used to explain signs of re-entrant
layer-by-layer growth in kinetic Monte Carlo simulations of Pt(111)
surface growth [34]. Since the same feature in the energy landscape is
found here for a Au adatom on a stepped gold surface, the indication is
that Au(111) may also show re-entrant layer-by-layer growth behavior.
The sites adjacent to and above the B-type step offer 0.03 eV stronger
binding than corresponding sites on the A-type step, so adatoms will
tend to migrate to the top of B-type step edges. As the energy barrier for
rounding the corner into a kink site is more than three times larger than
the energy barrier for descent, there will be a range in temperature
where descent is active but rounding the corner is not, so the step edge
will become rough with multiple kinks, each offering a low energy path
for descent, and thereby promoting layer-by-layer growth.
Experimental STM measurements of Pt(111) growth have shown that
the transition from 3D to 2D growth as temperature is lowered down to
room temperature coincides with a transition from compact islands with
relatively straight steps to dendritic islands with high density of kinks
[17]. Straight step edges lead to significant activation energy for
descent, especially B-type steps [4], while the presence of kinks offers
low energy paths for descent that can be active even at low temperature.
Thus, even though the thermal energy of the adatoms is reduced as the
temperature is lowered, the number of low barrier paths for descent is
increased enough by the increase in kink density so that 2D growth
reappears as the temperature is lowered.
While the differences in activation energy between competing tran
sition mechanisms calculated are small, on the order of 0.1 eV, which is
often quoted as an error bar for DFT calculations, the fact that only
6
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adaptive kinetic Monte Carlo [36,37] have been used in combination
with empirical potential functions in such studies, for example in sim
ulations of Al(100) and Cu(100) growth [38], but the problem is that the
more accurate and reliable DFT calculations have so far been compu
tationally too demanding for such simulations. A possible future direc
tion in this respect is the use of machine learning to interpolate between
points in a training set of DFT calculations. The question still remains
whether such an approach can be trusted to provide unexpected results
since it represents only an interpolation between data fed into the ma
chine learning algorithm. The most relevant part of the energy surface,
corresponding to nonintuitive and unexpected mechanisms may be
incorrectly represented since the training set will likely not contain such
configurations. The challenge of explaining how microscopic processes
influence macroscopic behavior is particularly relevant in studies of
growth shapes of crystals, which offer a unique testing ground for the
computational challenges of bridging vast length and time scales.
As mentioned in the introduction, there is great interest in Au
nanoparticles and therefore also the growth modes of Au nanoparticles.
Recently, intriguing experimental observations have been made where
Au nanoparticles were grown by reduction of precursors using an elec
tron beam [39]. As a function of time, switches between disordered and
ordered structures were observed until, eventually, as the nanoparticles
became large enough the ordered structure dominated. More often,
nanoparticles are grown by precipitation from solution, and there again
it is important to gain an understanding of how the growth mode de
pends on conditions such as temperature and concentration of pre
cursors [40]. Chemical vapor deposition can also be used, even one-step
catalyst-free thermal chemical vapor deposition, as has been demon
strated in growth of Au nanoparticles on silicon substrates [41]. There,
single-crystal nanoparticles with various morphologies such as prism,
icosahedron, and five-fold twinned decahedron were formed. The shape
of such nanoparticles is governed by the kinetic processes that take place
as atoms land on the particle surface, including the processes studied
here, as well as many others. A full description of the growth of nano
particles requires calculations of additional atomic scale rearrange
ments, and then a long timescale simulations of the growth under
specific conditions.

high enough for the adatoms to overcome energy barriers for down
stepping, an intermediate temperature range where diffusion along is
land edges is active and the steps therefore tend to be straight and free of
kinks will likely give 3D growth since the barrier for descent at straight
steps is relatively high, significantly higher than diffusion on the flat
terrace. The corresponding Ehrlich-Schwöbel barrier is 0.2 eV at the Btype step. Then, as the temperature is lowered further and diffusion of
adatoms along the step bottoms becomes hindered, the steps will
develop kinks and a new low barrier descent mechanism becomes
available. Since the downstepping at kinks on a B-type step is most likely
going to place an adatom near but not at a kink site, a new row of step
atoms is nucleated, generating new kinks and additional low barrier
paths for descent. This can lead to re-entrant layer-by-layer growth, as
has been observed experimentally for Pt(111). The main conclusion of
the work presented here is, therefore, that Au(111) growth is likely to
show re-entrant layer-by-layer behavior analogous to that of Pt(111).
This can have significant consequences for the various methods that are
being developed for growing Au nanoparticles of particular shape. The
functionality of Au nanoparticles in various applications, such as
catalysis, is strongly dependent on the shape of the nanoparticle and
thereby the abundance of the various types of sites on the surface.
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Calculations of the diffusion of a Au adatom on the dimer reconstructed Si(100)-2 × 1 surface reveal an
interesting mechanism that differs significantly from a direct path between optimal binding sites, which are
located in between dimer rows. Instead, the active diffusion mechanism involves promotion of the adatom to
higher-energy sites on top of a dimer row and then fast migration along the row, visiting ca. a hundred sites at
room temperature, before falling back down into an optimal binding site. This top-of-row mechanism becomes
more important the lower is the temperature. The calculations are carried out by finding minimum energy paths
on the energy surface obtained from density functional theory within the PBEsol functional approximation
followed by kinetic Monte Carlo simulations of the diffusion over a range of temperature from 200 to 900 K.
While the activation energy for the direct diffusion mechanism, both parallel and perpendicular to the dimer
rows, is calculated to be 0.84 eV, the effective activation energy for the indirect mechanism parallel to the rows
is on average 0.56 eV.
DOI: 10.1103/PhysRevB.105.205411

I. INTRODUCTION

The formation of metallic nanostructures on solid surfaces has become the focus of various types of research and
technological applications [1] as they can have interesting
properties, such as optical, electronic, and catalytic [2,3]. Gold
nanostructures are often of particular interest because of their
stability and silicon surfaces represent a natural choice for a
substrate because of its widespread use in electronic applications. For example, gold nanoparticles formed on a silicon
surface can be used as metal catalysts in the synthesis of
one-dimensional nanostructures such as carbon nanotubes [4]
and silicon nanowires [5]. They have also been found to display interesting optical properties [6] and to form mesoscopic
structures [7]. Moreover, the presence of a gold overlayer on
silicon has proven to play an important role in the growth
mechanism of silicon oxide [8] and other materials [9]. Stripes
of Au on silicon surfaces have also been studied extensively in
recent years, for example, the electronic structure and surface
dynamics of Au wires on flat [10] and stepped [11,12] silicon
surfaces.
An understanding of the interaction between Au atoms and
the Si surface as well as the initial stages of Au nanostructure
formation is therefore of considerable importance. Epitaxial
growth of gold islands and overlayers on Si(100) have been
studied by scanning and high-resolution transmission electron
2469-9950/2022/105(20)/205411(7)
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microscopy, electron diffraction, and grazing-incidence xray diffraction [13–15]. More detailed information about
the Au/Si(100) interaction has been obtained from the lowtemperature scanning tunneling microscopy (STM) studies of
Chiaravalloti et al. where the binding sites of Au adatoms on
the silicon surface could be identified [16] both in between the
Si dimer rows of the reconstructed Si(100)-2 × 1 surface and
on top of the dimer rows. An adatom initially sitting on top of
a row was observed to move in between rows during STM
manipulation, indicating that the latter site is more stable.
Previous density functional theory (DFT) studies had reported
binding sites in between the dimer rows (BDRs) [17] and
there it was assumed that diffusion occurs by adatom hops
between such binding sites, the adatom thereby remaining in
between dimer rows during diffusion. More extensive DFT
calculations by Chiaravalloti et al., however, identified also
two binding sites on top of the dimer rows, an asymmetric site
at the edge of the dimer row (TDR1) and a symmetric site
in the center of a row (TDR2). The question then arises how
Au adatoms diffuse on the surface, in particular whether the
TDR sites play some role there or whether the diffusion occurs
by direct hopping between the optimal BDR sites. This will,
for example, affect where dimers form and how Au islands
nucleate on the surface.
In this paper, results of theoretical calculations of the diffusion of a Au adatom on the reconstructed Si(100)-2 × 1
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(a)
Si (slab)
Upper Si atom
Lower Si atom
BDR
TDR1
TDR2
TDR3

(b)

FIG. 1. (a) Top and (b) side views of the clean Si(100)-2 × 1
surface. The buckled dimers are highlighted with a brown (orange)
color for the upper (lower) Si atoms, and the capping hydrogen atoms
are shown in lighter color. The binding sites of the Au adatom, in
between dimer rows (BDR, representing both BDR1 and BDR2—see
Fig. 2) and on top of a dimer row (TDR1, TDR2 and TDR3), are
marked with red symbols.

surface are presented. The study is based on nudged elastic band (NEB) calculations of minimum energy paths for
elementary transitions with the energy and atomic forces
estimated from DFT calculations with the Perdew-BurkeErnzerhof exchange-correlation density functional (PBEsol)
for metallic bulk and surface systems. The results, combined
with rate estimates based on harmonic transition state theory,
are used in kinetic Monte Carlo (KMC) simulations of Au
adatom diffusion over a range of temperatures. The optimal
diffusion mechanism turns out to be nonintuitive and indirect
involving Au adatom hopping on top of a dimer row and then
migration along the row long distance between visits to the
low-energy BDR sites. The effective activation energy turns
out to be significantly smaller than that of the more direct
diffusion path between BDR sites.
II. METHODOLOGY

The reconstructed Si(100)-2 × 1 surface is modeled with a
periodic 4 × 4 surface supercell of a six-layer slab. The three
upper layers are allowed to relax while the rest of the atoms
are kept frozen at the perfect crystal positions. The bottom
silicon layer is passivated with hydrogen atoms. The system
is illustrated in Fig. 1.
To calculate the minimum energy paths between the local minima corresponding to the Au adatom binding sites,

the climbing image NEB (CI-NEB) method is used [18–20].
The image-dependent pair potential (IDPP) method [21] with
six intermediate images is used to generate the initial paths.
Iterative optimization of atomic coordinates is carried out
until the magnitude of the components of the atomic forces
perpendicular to the path have dropped below 0.01 eV/Å.
The energy of the system and atomic forces are estimated
using DFT within the PBEsol functional approximation [22].
PBEsol is chosen here because it is known to give good results
for the silicon crystal and its surface, including the surface
energy. It is closer to the local density approximation (LDA)
than the PBE approximation in that the exchange enhancement factor is smaller. As a result, the energy of an isolated
atom is higher with PBEsol and the binding energy to the
surface therefore overestimated, but this error will be similar
for all binding sites on the surface and not affect the shape
of the energy landscape for the adatom. A plane-wave basis
set is used with a cutoff energy of 350 eV to represent the
valence electrons, while the inner electrons are represented
with the projector augmented-wave method [23]. Calculations
of the crystal give a lattice parameter of 5.43 Å, in excellent
agreement with the experimental value. A vacuum space of
15 Å is used to avoid interactions between periodic images of
the slab. The Brillouin zone is sampled using a uniform mesh
with 7 × 7 × 1 k points. The calculations are carried out with
the EON software [24] with energy and atomic forces obtained
from VASP [25].
The values of the activation energy Ea for each elementary hop of the Au adatom from one binding site to another
are obtained from the minimum energy paths as the maximum energy along the path minus the initial state energy,
given by the harmonic approximation to transition state theory
(HTST) (for a review, see Ref. [20]). The rate constants for
the various processes are then estimated using the Arrhenius
expression k = ν exp (−Ea /kB T ), where the preexponential
factor is taken to have a typical value of ν = 1012 s−1 . The
transition mechanisms and estimated rate constants are then
used to prepare input for a KMC simulation of the diffusion
over a larger area of the surface and a range of temperature
values using the ZACROS software [26,27]. The possibility for
desorption or adsorption of gold atoms is not included as the
goal here is to identify the possible diffusion paths of a single
Au adatom.

III. RESULTS AND DISCUSSION
A. Binding sites

It is well known that the Si(100) surface undergoes a
reconstruction to form an extended 2 × 1 surface unit cell
where dimer rows are formed to reduce dangling bonds. The
calculations were started from the unreconstructed Si(100)
surface, with two dangling bonds for every surface Si atom.
During energy minimization with respect to coordinates of the
movable atoms, buckled dimer rows form as shown in Fig. 1.
The resulting arrangement of the surface atoms corresponds
to the c(4 × 2) reconstruction where the buckling of dimers
in adjacent Si dimer rows follows opposite patterns. This
structure has been observed in both low-temperature STM
experiments [28] and in simulations [29] and is found to be the
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TABLE I. Binding energy (in eV) of a Au adatom at various
adsorption sites on the Si(100)-2 × 1 surface, calculated with the
PBEsol and PBE functional approximations. The Si-Au-Si angle is
given in parentheses (in degrees).

BDR1
BDR2
TDR1
TDR2
TDR3
a

DFT/PBEsol

DFT/PBEa

3.44 (140◦ )
2.91 (170.5◦ )
3.12 (100◦ )
3.07 (121◦ )
2.87 (58◦ )

3.24 (131◦ )
3.03 (98◦ )
2.94 (118◦ )

Data from Ref. [16].

predominant configuration of the surface above 120 K. The
calculations give a dimer bond length of 2.34 Å and a buckling
angle of 19.8◦ . This agrees quite well with data obtained from
low-energy electron diffraction (LEED) experiments giving
values of 2.24 Å and 19.2◦ [30].
The three binding sites of the Au adatom identified by
Chiaravalloti et al. [16] are first calculated by placing the
adatom in the vicinity of these locations and minimizing the
energy with respect to the coordinates of all the movable
atoms. These binding sites are labeled as BDR1, TDR1, and
TDR2, as indicated in Fig. 1. After the local minimum has
been reached, the binding energy Eb is calculated as
Eb = Esurf + EAu − EAu/surf ,

(1)

where EAu/surf and Esurf correspond to the energy of the silicon
slab with and without the Au adatom and EAu is the energy of
an isolated Au atom. Table I shows the values obtained here
with the PBEsol functional as well as the PBE values obtained
previously by Chiaravalloti et al. [16]. The two functionals
give similar values, the PBEsol binding energy being larger by
about 0.1–0.2 eV as could be expected from the overestimate
of the energy of the isolated Au atom.
At all the binding sites, the Au adatom is stabilized by
bonding to two Si-dimer atoms. The Si-Au-Si angle formed is
given in Table I. The BDR1 position represents the most stable
adsorption site, consistent with the fact that it is the most frequently observed configuration in the low-temperature STM
measurements [16]. The TDR1 and TDR2 sites appear to be
nearly equally stable, with a binding energy difference of only
0.05 eV in the PBEsol calculations.
An additional local minimum in the BDR position has also
been found (from now on referred to as BDR2) where the Au
adatom is located ≈1 Å closer to the surface as compared to
the previously known BDR1 configuration. Figure 2 shows a
side view comparison between these two configurations of the
atoms. The calculated binding energy for the BDR2 configuration is 2.91 eV, about 0.5 eV smaller than the one obtained
for the BDR1 site. There, the Au atom is again bonded to two
Si-dimer atoms but forms a significantly larger Si-Au-Si angle
of 170.5◦ .
B. Diffusion mechanism

The mechanism of Au adatom diffusion on the surface is
found by identifying the minimum energy paths connecting
the binding sites. The results are shown in Fig. 3. Starting

FIG. 2. Side view of the two local minima found for the Au
adatom placed in between silicon dimer rows (BDR sites). The Au
adatom is displayed in yellow and the Si-dimer atoms are colored in
brown. The Au adatom in the lower site, BDR2, shown in (b), is 1 Å
closer to the surface than in the more stable upper site, BDR1, shown
in (a).

with the adatom in one of the most stable binding sites, a
BDR1 site, an initial path to an adjacent BDR1 site is generated using the IDPP method. The NEB optimization of the
path results in a longer path that visits a TDR1 site as an
intermediate minimum. It turns out that there is no minimum
energy path between two BDR1 sites that does not include an
intermediate minimum. The calculated activation energy for
the BDR1→TDR1 hop is 0.84 eV, while the opposite process,
a jump back to the same or an adjacent BDR1 site, has an
activation energy of 0.52 eV. Once the Au adatom is in a
TDR1 site, it has, however, other options than to fall down to a
BDR1 site. A hop to a TDR2 site at the center of the dimer row
has a lower activation energy of 0.12 eV. From the TDR2 site,
the adatom can either go back to the TDR1 site by overcoming
a barrier of only 0.08 eV, or it can slide over a silicon dimer to
get to an adjacent TDR2 site. The CI-NEB calculation of the
path between two TDR2 sites reveals an intermediate binding
site where the adatom sits on top of a Si dimer. (This site is
labeled as TDR3 in Figs. 1 and 3.) The energy barrier for the
TDR2→TDR3 hop is 0.24 eV. The TDR2→TDR2 process
can also involve dissociation of the Si dimer as the Au atom
goes through it instead of going over it. However, this process
has an activation energy of 0.57 eV, making it less likely.
It is worth noting that the diffusion of the Au adatom on
the surface involves a local change in the tilt of Si dimers.
From the on-top views in Fig. 3, it can be seen how during the
BDR1→TDR1 transition, a Si dimer flips in order to stabilize
the Au atom in the TDR1 configuration. Then, in order to get
to the next BDR1 site, the Si dimer in the adjacent dimer row
flips as well. Similarly, when the Au atom hops on top of a
Si dimer in the TDR3 site, the tilt is eliminated, but then the
dimer tilts again once the Au atom has passed by. The energy
barriers reported here correspond to the diffusion of a Au
adatom on the c(4 × 2) reconstruction of the Si(100) surface
and take these local changes in the dimer tilt into account.
Similar values of the energy barriers are obtained for diffusion
on the p(2 × 2) reconstructed surface, the difference being on
the order of 0.01 eV.
In summary, the diffusion from one BDR1 site to another
can occur via two possible paths (illustrated in Fig. 4). In
the most direct path, the Au adatom goes first to a TDR1
site and then to another BDR1 site. Another, less direct path
involves visiting also TDR2 sites from the TDR1 site and
possibly extended travel along the silicon dimer row until
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TDR3
TDR2

TDR2
TDR1

TDR1

BDR1

BDR1

BDR1

TDR1

TDR2

TDR3

FIG. 3. Calculated minimum energy paths between the main adsorption sites obtained using the CI-NEB method with DFT/PBEsol atomic
forces. Each dot corresponds to an image of the system along the path. Bottom panels correspond to on-top view of the BDR1, TDR1, TDR2,
and TDR3 configurations. The TDR3 site was discovered as an intermediate minimum in the CI-NEB calculation of the minimum energy path
between adjacent TDR2 sites.

the adatom eventually jumps back down to a BDR1 site. The
latter process takes place via the TDR1 configuration with an
overall activation energy of 0.52 eV. In order to study the competition between these different diffusion mechanisms, KMC
simulations of the long-timescale dynamics were carried out
for a range in temperature.

FIG. 4. Illustration of the two competing diffusion paths for the
Au adatom. The dashed line represents the most direct diffusion
path between optimal sites, BDR1→TDR1→BDR1. The solid line
indicates schematically the more efficient indirect path involving fast
migration on top of a dimer row between TDR1, TDR2 and TDR3
sites before falling back down again into one of the optimal BDR1
binding sites.

IV. KINETIC MONTE CARLO SIMULATIONS

As mentioned in the Methodology section, the activation
energy (Ea ) for each elementary transition included in the
KMC simulations is obtained from the DFT/PBEsol calculations as the energy difference between the maximum energy
along the minimum energy path and the initial state minimum,
as given by HTST. Although the preexponential factor of
the Arrhenius expression for the rate can be estimated using
HTST by calculating the vibrational modes at the initial state
and at the saddle point, we assume here that its value does not
vary significantly for the transitions involved and use a typical
value of 1012 s−1 .
The lattice used in the KMC simulations includes only the
most relevant adsorption sites (i.e., BDR1, TDR1, and TDR2),
as illustrated in Fig. 5. The elementary transitions included
correspond to the reversible adatom hops: (1) between BDR1
and TDR1; (2) between TDR1 and TDR2; and (3) between
adjacent TDR2 sites. Adsorption or desorption of the Au atom
is not included in the simulations. The initial configuration
corresponds to a Au atom adsorbed in one of the BDR1 sites.
A total of ten simulations were carried out for seven values
of the temperature: 200, 250, 300, 400, 500, 700, and 900 K.
For each simulation, a different random number seed was
used to generate independent instances of time evolution of
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BDR1
TDR1
TDR2

FIG. 5. Illustration of the lattice of sites included in the KMC
simulations of the diffusion of the Au atom. For simplicity, the
weakly binding TDR3 site is not included in the simulations.

the system. An average of 5 × 10 KMC events occurred
in each simulation. Table II presents the average time spent
in a BDR1 site as well as the average time spent on top of
a dimer row and number of TDR2 sites visited in between
BDR1 sites. The results show that the Au adatom tends to skid
along a dimer row, especially at low temperature, rather than
following the BDR1→TDR1→BDR1 path. This preference
at low temperature stems from the fact that once the adatom
has made it to a TDR1 site, the energy barrier for skidding
along a dimer row is lower than the barrier for entering a
BDR1 site. At high temperature, this difference in barrier
height is less important and the BDR1→TDR1→BDR1 path
becomes more competitive.
The KMC results give a value for the average distance
traveled by the Au adatom along a dimer row in between visits
to BDR1 sites. This can be used to estimate the diffusion coefficient D assuming a one-dimensional random walk between
BDR1 sites as
09

L2
,
(2)
2τ
where L is the average length traveled and τBDR1 is the average time spent at a BDR1 site before hopping on top of
a dimer row. Figure 6 shows the Arrhenius graph of this
D(T ) =

TABLE II. Results of kinetic Monte Carlo simulations at various
values of the temperature. τBDR1 is the average time in seconds spent
in a BDR1 site, τTDRs is the time spent on sites on top of dimer
rows in between visits to BDR1 sites, and L/d is the length traveled
along the top of a dimer row divided by the BDR1 site separation,
d = 3.84 Å.
T (K)
200
250
300
400
500
700
900

τBDR1

τTDRs

L/d

3.5 × 1008
2.3 × 1004
3.0 × 1001
9.4 × 10−03
6.8 × 10−05
2.8 × 10−07
1.2 × 10−08

2.7 × 10−01
1.2 × 10−03
2.0 × 10−05
2.0 × 10−07
1.6 × 10−08
7.9 × 10−10
1.3 × 10−10

1910
240
72
19
11
5
3

FIG. 6. Arrhenius graph of the Au adatom diffusion coefficient
D on Si(100)-2 × 1 as a function of temperature in the range 200–
900 K. The linear fit gives an effective activation energy of 0.56 eV.
There is, however, clear deviation from linear dependence because
the indirect mechanism of skidding along a dimer row becomes more
important as the temperature is lowered.

estimate of the diffusion coefficient. Since the skidding along
a dimer row is more important relative to the more direct
BDR1→TDR1→BDR1 path at low temperature, the relationship is not linear, but a straight line fit to the whole range
from 200 to 900 K gives an average slope corresponding to an
effective activation energy for diffusion as 0.56 eV. The slope,
however, is lower in the lower-temperature range than in the
high-temperature range as the relative importance of the two
diffusion mechanisms changes with temperature. This value
of the effective activation energy is significantly lower than
the activation energy for the direct BDR1→TDR1→BDR1
path which is 0.84 eV. Figure 4 shows a depiction of the competing diffusion paths. The solid line indicates a simplified
description of the indirect mechanism where the adatom hops
on top of a dimer row in rapid migration. The dashed line represents the more direct BDR1→TDR1→BDR1 mechanism
that becomes competitive only at high temperature.
At high temperature, the transition between TDR1 and
TDR2 sites is not well described by HTST due to the
low-energy barrier of 0.08 eV. This, however, does not significantly affect the results presented here. It is not important
to include explicitly the TDR2 site in the KMC simulations
as it can simply be merged with the TDR1 site. The results
of KMC simulations using this reduced model give average
time spent at BDR sites and average length traveled on top of
a dimer row of same order of magnitude as the ones where the
TDR2 site is included explicitly.
Both parallel and perpendicular diffusion paths with respect to the dimer rows involve traversing through the same
saddle point on the energy surface 0.84 eV above the energy
of the BDR1 site. The activation energy for diffusion in the
two directions obtained directly from the energy surface is
therefore the same and from this one would conclude that
the diffusion is isotropic. However, since the repeated hopping along dimer rows lowers the effective activation energy,
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diffusion parallel to the rows is faster, particularly at low
temperature.
The diffusion mechanism for the Au adatom on the
Si(100)-2 × 1 surface identified here is similar in many respects to the diffusion mechanism of a Si adatom on this
surface, in that an indirect diffusion mechanism involving
repeated hops along of the top of a dimer row rows turn out
to be more efficient than a direct hopping mechanism between
optimal binding sites, especially at low temperature [31]. This
explained the experimental STM observations of the formation of Si ad-dimers on top of dimer rows even though dimers
were expected to form in between dimer rows since those sites
have a greater binding energy.
V. CONCLUSION

The mechanism and rate of diffusion of a Au adatom on the
reconstructed Si(100)-2 × 1 surface has been calculated using
the CI-NEB method for identifying optimal diffusion paths
with energy and atomic forces estimated from DFT/PBEsol.
While the most stable binding site is found to be in between
dimer rows, in agreement with previous theoretical calculations and STM experimental measurements [16,17], the
dominant diffusion mechanism is found to involve promotion
of the adatom into metastable sites on top of a dimer row
and multiple hops along the row, before the adatom settles
down again into an optimal binding site between dimer rows.
This indirect diffusion mechanism becomes more dominant
the lower is the temperature. At room temperature the adatom
is predicted to skid along a dimer row covering distances on
the order of 300 Å in between visits to optimal binding sites.
In addition to the optimal binding site in between dimer
rows, an additional local minimum, BDR2, is found where
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