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Abstract
The activation energy for atom diffusion across steps and facets is a key factor
in the surface structure formation during thin films deposition processes. In this
work, we calculate facet–facet barriers for atom diffusion of small Cu clusters
(up to eight atoms) from {1 1 1} facets to {1 1 1} (or {1 0 0}) facets. In each case
we focus only on the atom-by-atom diffusion process because this mechanism
was previously found as being energetically the most favourable.

Our results show that, for all clusters considered, the diffusion barriers
become independent of the facet size for three or more atomic layers. In
addition, clusters bigger than trimers present similar lowest facet–facet barriers,
except for heptamers which present the highest activation energy. In general,
for single steps, diffusion from {1 1 1} to {1 1 1} presents smaller lowest and
highest energy barriers than diffusion from {1 1 1} to {1 0 0}. But for multiple
steps (facets), both cases show similar behaviours. Finally, it is worth noting
that all these barriers are significantly greater than the corresponding concerted
cluster diffusion over a plane.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nanostructures such as quantum dots, nanowires, nanoplates and thin films, among others,
will play a very significant economic role at the heart of the next generation of electronic and
optical devices. Thin films, for example, usually present steps and facets that could provide a
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good template for the self-assembly of nanostructures. Consequently, controllable growth of
plain or patterned surfaces is one of the most active research areas nowadays [1].

Diffusion barriers control mass transport during surface deposition and determine the
formation and stability of surface patterns, which could be used for nanostructures fabrication.
The diffusion of atoms on flat surfaces has been exhaustively studied for many years using
diverse computational and experimental methods. In particular, Cu adatom diffusion through
hopping and exchange processes on Cu{1 1 1} and Cu{1 0 0} flat surfaces has received great
attention. Liu et al [2] summarized the energy barriers obtained by different methods for the
diffusion of adatoms on diverse fcc metal surfaces.

The diffusion of adatoms across steps has also received great attention. An adatom
approaching the edge of a step encounters a barrier that prevents it from going over the edge,
the conventional Ehrlich-Schwoebel (ES) barrier. Additional studies revealed that dimers and
trimers present even bigger ES barriers than adatoms. Moreover, it has been demonstrated
that these clusters prefer atom-by-atom diffusion to pass over the step [3, 4]. On the other
hand, during the growth process facets are not necessarily flat and surface steps present many
layers. As a consequence, intersections between two facets are very common. In this context,
the three-dimensional (3D) ES (also known as facet–facet) barrier was defined [5–7] as a
generalization of the conventional ES barrier. This last concept has been reviewed in historical
context by Lagally and Zhang [8].

The facet–facet barrier is defined as the necessary energy to cross over the ridge between
two facets. This process can be done by hopping or exchange motions. Notably, for the
present study, we focus only on the exchange process because it was previously reported as
being energetically the most favourable. Additionally, it is worth noting that the facet–facet
barrier influences the facet dimension during the growth process [9].

In this work, we calculate facet–facet diffusion barriers for small Cu clusters (up to eight
atoms) from {1 1 1} facets to {1 1 1} (or {1 0 0}) facets. In each case we focus only on the
atom-by-atom diffusion process because this mechanism has the lowest activation energy. The
embedded atom method (EAM) and the nudged elastic band (NEB) method are employed as
interatomic potential and minimum energy path (MEP) calculator, respectively. The paper is
organized as follows: in section 2 we describe the simulation methods, in section 3 the results
are presented and discussed and finally in section 4 we present the conclusions.

2. Simulation methods

The supercell we use in our calculations is a Cu{1 1 1} slab with a total number of atoms
approaching 6000, see figure 1. The left facet is a {1 1 1} oriented surface and the right one is
a {1 0 0} oriented surface. In all calculations the six bottom layers (approximately two times
the cut-off distance) are fixed, while the remaining layers are fully relaxed. Periodic boundary
conditions are set along the horizontal plane.

In order to find the MEP and the activation energy between two given states, the system
potential energy must be calculated. For this purpose there are many available methods. One
of the most precise and general is the density functional theory (DFT). Unfortunately this
method is only feasible when working with systems having up to a few hundred of atoms.

For the purposes of our study, the system potential energy is calculated using the EAM
[10, 11]. The EAM potential, partly based on DFT concepts, gives a realistic description of
the metallic bonding, particularly for fcc elements such as Cu. Computationally, EAM is not
much more demanding than pair potentials, but due to its many body nature it gives a far
more realistic description of material properties. Hence, EAM can be successfully employed
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Figure 1. Configuration used in the calculations.

in systems with up to millions of atoms. Additionally, potential energy minimizations were
carried out by using the conjugate gradient method.

Currently, there are many methods to calculate activation energies of rare events. We
employ the NEB method [12, 13] as it is numerically more efficient than molecular dynamics
simulations in determining activation energies. NEB uses both the initial and the final states
of the system, which are used to calculate a chain of ‘images’ that initially represents the
intermediate configurations between the previously defined states. This band is minimized in
order to get the MEP. The activation energy is then obtained from the image with the highest
potential energy, which can be identified as the saddle point configuration. To calculate the
MEPs we employ between 10 and 30 images and the results are always very consistent. The
minimization of the band was carried out by using the steepest-descent algorithm.

3. Results

In order to compare the magnitude of the diffusion barriers that we obtain in this study and to
validate our procedures, we begin considering widely available results of diffusion barriers of
Cu atoms on Cu{1 1 1} surfaces. It is well known that an adatom may occupy either fcc or hcp
sites, which are energetically very similar, with the fcc site slightly more favourable. In the
case of a flat Cu{1 1 1} surface an adatom can diffuse freely through the hopping process from
an fcc to an hcp site or vice versa. We obtain 0.03 eV for the adatom diffusion barrier through
the hopping process from fcc to the hcp sites. The hopping process from hcp to fcc sites has
almost the same energy barrier. These results are consistent with previous calculations and
measurements [2, 14, 15].

Additionally, our calculations give an activation energy of 0.09 eV for the stepping down
process of an adatom from a {1 1 1} facet to a {1 1 1} step and 0.32 eV from a {1 1 1} facet to a
{1 0 0} step. In both cases the exchange process is considered. Notably, for both orientations
the diffusion barrier increases as the step becomes a facet. A step becomes a facet when its
height is bigger than one layer (N > 1). However, the energy barrier of an adatom crossing
the ridge remains constant for N > 2. All these results are in good agreement with previous
studies [4, 16].

Once we have validated our calculations we proceed to discuss the motion mechanisms for
clusters. Some aspects of the diffusion next to the ridge are also discussed. Recall that diffusion
of small clusters across steps or facets presents diverse mechanisms of motion. However,
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Figure 2. Stepping down processes (a)–(i) that bring the lowest activation energies for clusters
containing 1 to 8 atoms going from {1 1 1} to {1 0 0} facets. Black spheres are initial and final
states and white spheres correspond to saddle point configurations.

Figure 3. Stepping down processes (a)–(f ) that bring the highest activation energies for clusters
containing 3–8 atoms going from {1 1 1} to {1 0 0} facets. Black spheres are initial and final states
and white spheres correspond to saddle point configurations.

it has been observed that these clusters prefer to diffuse on an atom-by-atom basis by the
exchange process, in which one atom of the cluster takes the place of one atom of the ridge.
In figures 2 and 3, we show this mechanism for clusters up to eight atoms diffusing from {1 1 1}
to {1 0 0} facets. Figure 2 shows the cluster configurations and the stepping down processes
that bring the lowest activation energies. On the other hand, figure 3 shows the configurations
and paths that produce the highest activation energies. The initial and final positions of the
two diffusing atoms are represented by black spheres and the saddle point configurations are
white spheres. Considering mechanisms with the lowest activation energies, the atoms of each
cluster prefer to occupy hcp sites before going down a {1 0 0} facet and to occupy fcc sites
before going down a {1 1 1} facet.
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Table 1. Activation energies (eV) through exchange processes of small clusters versus the number
of layers (N ) of the ending step.

Lowest Highest

Cluster size Processes N = 1 N > 2 N = 1 N > 2

Adatom {1 1 1} → {1 0 0} 0.32 0.39 0.32 0.39
{1 1 1} → {1 1 1} 0.09 0.28 0.09 0.28

Dimer {1 1 1} → {1 0 0} 0.45 0.55 0.45 0.55
{1 1 1} → {1 1 1} 0.17 0.52 0.17 0.52

Trimer {1 1 1} → {1 0 0} 0.50 0.63 0.79 0.97
{1 1 1} → {1 1 1} 0.24 0.89 0.59 0.93

Tetramer {1 1 1} → {1 0 0} 0.60 0.74 0.89 1.07
{1 1 1} → {1 1 1} 0.36 0.76 0.69 1.11

Pentamer {1 1 1} → {1 0 0} 0.61 0.73 0.96 1.26
{1 1 1} → {1 1 1} 0.34 0.74 0.67 1.41

Hexamer {1 1 1} → {1 0 0} 0.61 0.73 1.00 1.23
{1 1 1} → {1 1 1} 0.32 0.73 0.91 1.28

Heptamer {1 1 1} → {1 0 0} 0.87 1.01 0.88 1.04
{1 1 1} → {1 1 1} 0.58 1.02 0.66 1.13

Octamer {1 1 1} → {1 0 0} 0.62 0.73 1.06 1.23
{1 1 1} → {1 1 1} 0.34 0.73 0.87 1.28

In order to quantify the diffusion mechanisms, we present in table 1 the lowest and highest
activation energies of small clusters (up to eight atoms) versus the number of layers (N) of
the ending step, for different orientations. The values we obtain show that energy barriers are
independent on the facet size for N > 2 for all clusters, hence following the same trend than
adatoms. Dimers, for example, have higher facet–facet barriers than that of adatoms for the
two facets studied. The activation energies which go from {1 1 1} to either {1 1 1} or {1 0 0}
facets (see figure 2(b)) are very similar for multilayer facets, with the latter slightly higher than
the former. These results on adatoms and dimers are in accordance with previous studies [4].

For trimers and bigger clusters it is possible to find diverse configurations which are related
to a variety of activation energies. We have tested all possible configurations to calculate the
dependence of the activation energies on the cluster configuration. We found that one of the
factors that greatly influence the activation energies is the number of bonds that the diffusing
atom has to break in order to cross the ridge. For example, depending on the cluster size, the
diffusing atom can break two (figure 3(a)), three (figures 3(b) and (e)) or four (figures 3(c),
(d) and (f )) bonds with other cluster atoms. In general, it has been observed that the energy
increases with the increasing number of broken bonds.

Over flat surfaces trimers prefer to diffuse in compact triangle arrangements. This diffusion
process implies a concerted rotation or translation. The corresponding translation mechanism
has an activation energy of 0.12 eV [17]. On the other hand, considering the lowest facet–facet
barrier (see figure 2(c)), trimers are arranged in such a way that two atoms are in front of the
edge. In all cases, the facet–facet barriers are greater than that of dimers, see table 1. It is worth
noting also that for trimers the lowest facet–facet barrier from {1 1 1} to {1 1 1} is greater, in
about 0.26 eV, than the lowest barrier from {1 1 1} to {1 0 0}.

On Cu{1 1 1} surfaces, a tetramer prefers a diamond shape configuration and diffuses
predominantly by a concerted translation mechanism along its short diagonal [17]. This
mechanism has an activation energy similarly to that of trimers translation. For the case
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Figure 4. Lowest (dashed lines) and highest (dotted lines) activation energies for N = 1 and
lowest (continuum lines) and highest (dashed–dotted lines) activation energies for N > 2. N is
the number of steps. The circles and the squares represent the energy barriers going from {1 1 1}
to {1 1 1} and from {1 1 1} to {1 0 0} facets, respectively. The continuum line with triangle marks
is the minimum activation energy for concerted motion over the plane.

of facet–facet barriers, the diffusion of a tetramer from the {1 1 1} facet to the {1 0 0} facet
is shown in figures 2(d) and 3(b). When the tetramer diffuses from the {1 1 1} facet to the
{1 1 1} or the {1 0 0} facets, see table 1, the lowest and highest facet–facet barriers are very
similar for N > 2.

For pentamers, hexamers, heptamers and octamers, the translation over flat surfaces
requires at least an energy of 0.17 eV, 0.15 eV, 0.32 eV and 0.31 eV [17], respectively.
Hexamers and octamers can be arrange in configurations that allow diffusion mechanisms
with lower activation energies. On the other hand, the lowest and highest steps and facet–facet
barriers are summarized in table 1 and visualized in figure 4. In this figure we can see that,
when N = 1 (steps), the lowest and highest energy barriers from {1 1 1} to {1 0 0} steps are
greater than the barriers from {1 1 1} to {1 1 1} steps. Notably, when the number of steps
is greater than two (N > 2), both facets have similar lowest and highest energy barriers for
clusters bigger than trimers, in almost all cases. Additionally, heptamers have similar lowest
and highest facet–facet barriers because of their compact hexagonal configuration. Figure 4
also presents the energy barriers for concerted cluster diffusion over flat surfaces. It is clear
that both diffusion barriers over the plane and facet–facet barriers present a nonmonotonic
dependence on the cluster size.

Figure 5 allows us to compare the MEPs for the lowest activation energies of tetramers with
that of heptamers. It can be observed that heptamers present largest energy values along the
MEPs. This behaviour is observed for both {1 1 1} and {1 0 0} facets studied. It is also worth
pointing out that pentamers, hexamers and octamers have very similar MEPs than tetramers.

4. Conclusions

In this work, we calculate facet–facet barriers for atom-by-atom mechanisms of small Cu
clusters diffusing from {1 1 1} to {1 1 1} (or {1 0 0}) facets. In all cases, the diffusing
atoms prefer to cross the ridge between facets by exchange processes and by atom-by-atom
mechanisms.
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Figure 5. MEPs for the lowest activation energies for atom diffusion between two facets for N > 2.
Continuous lines correspond to diffusion from {1 1 1} to {1 0 0} facets and dashed lines correspond
to diffusion from {1 1 1} to {1 1 1} facets. The circles and squares correspond to tetramers and
heptamers diffusion, respectively.

In the case of monolayer steps (N = 1), the lowest and highest energy barriers to diffuse
from {1 1 1} to {1 0 0} steps are larger than the barriers corresponding to diffuse from {1 1 1}
to {1 1 1} steps. In contrast, for multilayer facets (N > 2), the diffusion barrier becomes
independent of the number of layers. Furthermore, the lowest and highest activation energies
to diffuse from {1 1 1} to {1 1 1} (or {1 0 0}) facets are very similar for most cases.

In general, the energy barriers for both concerted diffusion over the plane and atom-by-
atom edge crossing mechanisms present a nonmonotonic dependence with the cluster size.
For edge crossing, the diffusion barrier increases monotonically from adatoms to trimers.
However, for clusters of four or more atoms the lowest activation energy remains almost
constant (approximately 0.75 eV, for example, for N > 2), except in the case of heptamers.
Heptamers with hexagonal configuration have, in general, the highest activation energies
(approximately 1 eV, for N > 2).

Finally, it is worth noting that all diffusion barriers related to edge crossing are significantly
greater than barriers corresponding to concerted diffusion over a plane. This fact means that
small clusters mobility over flat surfaces is much higher than across steps or facets, which in
general represent stronger kinetic barriers.
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