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b Department of Mechanical, Aerospace and Nuclear Engineering, Rensselaer Polytechnic Institute, 110 8th St., Troy, NY 12180, USA

Received 24 August 2006; accepted for publication 20 November 2006
Available online 11 December 2006

Abstract

In this work, we study the role of the double rotation mechanism in the concerted diffusion of two-dimensional small Cu clusters (up
to 10 atoms) over Cu{111} surfaces. Our results show that the necessary energy to diffuse the cluster on any direction over the surface
(overall activation energy) increases proportionally to the cluster size. However, the minimum energy necessary to just move the cluster
center of mass presents a nonmonotonic increase. The reason for this behavior relies on the double rotation mechanism, which is
observed in some clusters with diamond shape configuration. Consequently, clusters as big as hexamers can be expected to be surpris-
ingly mobile with activation energies around 0.15 eV.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Thin films have been used in many technological appli-
cations including surface coating, microelectronics and
optoelectronics. Hence, the importance of studying the
growth of thin films has increased over the last decades
[1,2]. The understanding of the growth phenomena requires
a complete description of the diffusion mechanisms of small
clusters. There exists a wide variety of experimental [3–7]
and theoretical [8–16] studies of small clusters diffusion
on surfaces.

Systematic experimental studies of small clusters diffu-
sion were carried out by Wang and Ehrlich [3,4], who stud-
ied the stability and diffusion of Ir clusters on Ir{111}
surfaces. They observed that activation energies increase
proportionally to the cluster size, except for tetramers.
Additionally, Kyuno and Ehrlich [5] studied diffusion and
dissociation of Pt clusters over Pt{11 1} surfaces. In this

case a monotonically increase of activation energies was re-
ported for all clusters studied.

Simulation methods were used to show a more detailed
description of clusters diffusion on surfaces and to calculate
their respective diffusion barriers [2]. Hamilton et al. [9],
employing the embedded atom method (EAM) as inter-
atomic potential, described a dislocation mechanism for
diffusion of Ni clusters over Ni{1 11} surfaces. They sug-
gested that this mechanism may facilitate the diffusion of
large clusters. Furthermore, they reported that the most
energetically favorable mechanism for tetramers diffusion
is a ‘‘nearly’’ simultaneous motion of the four atoms. Chi-
rita et al. [10] described a double-shearing mechanism for
the motion of Pt hexamers and octamers on Pt{111} sur-
faces. They reported that this mechanism may occur with
the same frequency as the gliding motion. Their studies
proposed that small clusters migrate by three fundamental
mechanisms: gliding, dislocation and double shearing mo-
tions. Liu et al. [11] studied the mechanisms of diffusion
and clustering over Ti{000 1} surfaces. They found that tri-
mers and heptamers are more stable than other clusters of
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comparable size. Additionally, clusters as large as hepta-
mers are highly mobile and cannot be effective nuclei in
the three-dimensional growth of thin films.

A nonmonotonic variation of the diffusion barrier with
the cluster size was shown by Chang et al. [12] for fcc mate-
rials over {111} surfaces. They proposed that this behavior
is due to the zig-zag diffusion mechanism of tetramers,
which have similar diffusion barrier than trimers. Recently
Marinica et al. [13] studied diverse diffusion mechanisms of
Cu clusters over Cu{111} surfaces. Their results show that
the diffusion barrier increases proportionally to the in-
crease of the cluster size up to heptamers. Wang et al.
[14] and Coronado and Huang [15] studied the diffusion
of adatoms and dimers under diverse substrate configura-
tions. They calculated the mechanisms and the energy bar-
riers for the generalized or three-dimensional Ehrlich–
Schwoebel barrier, which is expected to strongly influence
the surface morphology.

A recent work of Karim et al. [16] focused on the self-
learning kinetic Monte Carlo (SLKMC) method to study
the diffusion of small Cu clusters (up to 10 atoms) over
Cu{111} surfaces. The study takes into account both the
concerted diffusion, and the single and multiple jumps from
one set of fcc sites to another. They found that small clus-
ters diffuse primarily through concerted motion, even if for
some cases (nonamers and decamers, principally) single
atom mechanisms are more frequent. Additionally, the
concerted diffusion leads to an almost linear increase of
the diffusion barrier with cluster size.

Even though the energy barriers for small clusters diffu-
sion have been calculated in other studies, using MD sim-
ulations to calculate these energies is very difficult and
sometimes inaccurate because usually for a given tempera-
ture range more than one mechanism can be activated. This
drawback did not allow a complete description of the
mechanisms of motion [9,13,16]. On the other hand, The
nudged elastic band (NEB) method, developed by Henkel-
man and Jónsson [19], can be used to determine precisely
the minimum energy path of each atom of the cluster be-
tween two previously defined states.

In this work, we use the NEB method to describe the
influence of the so-called concerted double rotation mech-
anism in the diffusion processes of small Cu clusters over
Cu{111} surfaces. Additionally molecular dynamics
(MD) simulations are performed to confirm some NEB re-
sults. Our calculations suggest that, in opposition to previ-
ous insights, small diamond shape clusters can be relatively
more mobile, as long as this rotation mechanism operates.

2. Simulation methods

The interatomic interaction is based on the embedded
atom method (EAM) potential [17,18]. The EAM poten-
tial, partly based on DFT concepts, gives a realistic
description of fcc metal systems; with the advantage of
allowing simulations of systems with up to millions of
atoms. The simulation cell used in all calculations is a

Cu{111} slab with 12 layers and with approximately
2300 atoms. The four bottom layers were fixed and the
eight upper layers were set up without any constraint. Peri-
odic boundary conditions were set along the horizontal
plane. A cluster was located on the free surface to study
its diffusion mechanisms. For a detailed description of
the mechanism of motion through previously defined
paths, we carried out molecular statics calculations. The
activation energies and the minimum energy paths (MEP)
of these mechanisms were obtained using the nudged elas-
tic band (NEB) method [19,20]. The NEB method is
numerically more efficient than molecular dynamics simu-
lations in determining activation energies. It uses both
the initial and the final states of the system to calculate a
chain of ‘‘images’’ that initially represents the intermediate
configurations. The energy of this chain is minimized in or-
der to obtain the MEP. The activation energy is then ob-
tained from the image with the highest potential energy,
which can be identified as the saddle point configuration.

To validate the activation energies obtained using the
NEB method, molecular dynamics (MD) simulations were
carried out at a constant volume with time step of 5 fs for
tetramers diffusion. For this validation, the four bottom
layers were fixed, the four intermediate layers were sub-
jected to a Nose–Hoover thermostat and the four top lay-
ers were set up without any constraint. In a dynamic
simulation of tetramer diffusion at a finite temperature,
the trajectory of the center of mass was recorded as a func-
tion of time. The simulated diffusion process was divided
into sub-process of equal time duration and with at least
one jump in each sub-process according to the procedures
of Soneda and Diaz De La Rubia [21]. We calculated the
total squared displacement as a function of time following
the expression R2 =

P
j(rj � r(j�1))

2, where r is the position
of the cluster center at the end of each sub-process, and j

specifies the sub-process. Then the diffusion coefficient
D = R2/4t was calculated as the average of the values ob-
tained for every sub-process. We performed MD simula-
tions over 7 ns at six different temperatures 500, 525, 550,
600, 625, and 650 K. Finally, we fitted the calculated diffu-
sion coefficients to Arrhenius functions in order to get the
activation energy of the diffusion process. These values
must be similar to those obtained using the NEB method.

3. Results

We have used the NEB method to calculate the diffusion
barriers for adatoms, dimers, and trimers, which are 0.03,
0.10, and 0.12 eV, respectively. These values are in good
agreement with experimental and numerical results
[1,7,11–15]. A brief review of the diffusion mechanisms ob-
served is as follows. Adatoms can usually move in two pos-
sible ways: hopping and exchange process, with the former
one being energetically preferred in the case of Cu{1 11}.
Dimers have two types of motions: intracell (rotation)
and intercell (translation) motion. Notably, the latter one
allows unrestricted motion over the surface and consists
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in the concerted sliding of the two atoms. For trimers the
compact triangular configuration is energetically the most
stable; this is in agreement with other studies [16]. This
compact configuration has two mechanisms of concerted
motion: rotation and sliding motion. The latter one has
the highest (overall) activation energy. Note that we have
defined the overall activation energy as the minimum en-
ergy necessary to diffuse freely over the surface. Addition-
ally, the minimum energy to move the cluster center of
mass is usually related to the double rotation mechanism.

After the validation of our calculations we proceed to
the analysis of bigger clusters. In the case of tetramers,
our calculations show that atoms prefer a diamond shape
configuration. Furthermore, the results show three different
concerted mechanisms of motion: the dislocation mecha-
nism, the concerted translation along its long diagonal
direction and the translation involving double rotation
along its short diagonal direction. Using the NEB method
we obtain an energy barrier of 0.20 eV in the case of dislo-
cation mechanism from fcc to hcp sites and 0.19 eV from
hcp to fcc sites. The long diagonal direction motion has
the highest activation energy with a value of 0.22 eV from
fcc to hcp sites and 0.21 eV from hcp to fcc sites. Finally,
the translation motion along the short diagonal direction
exhibits a double rotation mechanism, which has the low-
est activation energy, 0.12 eV from fcc to hcp sites and
0.11 eV from hcp to fcc sites. For unrestricted tetramer dif-
fusion over the surface we need both, long and short diag-
onal motions, so that the overall diffusion barrier results
0.22 eV.

The concerted double rotation mechanism is of special
interest in our study. We observe that it possesses two
stages. For a description of the stages we use the atoms
A and B located in the long diagonal, see Fig. 1(a). The
numbers indicate the coordination number of each atom.
In the first stage the tetramer rotates as a whole with atom
B moving with the largest velocity, at the same time atom
A stays almost at the same position, see Fig. 1(b). In the
second stage the tetramer rotates as a whole but in the
opposite direction, until reaching the final configuration,
see Fig. 1(c). This type of motion can be repeated along
h110i directions. Due to its lowest activation energy this
mechanism is the most predominant in the tetramers diffu-
sion process over Cu{1 11} surfaces. Nevertheless, unre-

stricted tetramers diffusion needs more than one mecha-
nism of motion.

Importantly, this double rotation mechanism is also
found in hexamers, octamers, and nonamers diffusion,
when they are arranged in diamond shape configurations,
see Fig. 2(a)–(c). These configurations can be thought as
the aggregation of diamond shape tetramers. In all these
cases, the fastest atom, for the corresponding initial and
final states, occupies a site formed by two atoms with coor-
dination numbers equal to 10 and one atom with the high-
est coordination number, 12. See atoms A and B in
Fig. 2(a)–(c). Note that we also observe the double rotation
mechanism in decamers, see Fig. 2(d). In this case, the sub-
strate atoms below the fastest and slowest atoms present
the same coordination number. Furthermore, it is worth
noting that the double rotation mechanism allows diffusion
along h1 10i directions for all aforementioned cases except
for decamers which can only move from fcc to hcp and go
back to the original position.

The relative displacements of atoms A and B for the
double rotation mechanism of tetramers, hexamers, and
nonamers, shown in Fig. 3, provide additional insights into
the diffusion mechanism. We observe that the rate of dis-
placement of B atoms is greater than that of A atoms until
the saddle point configuration. Notably, beyond this con-
figuration, the rate of displacement of A atoms is greater
than that of B atoms. The symmetry of the atomic displace-
ments in the double rotation mechanism confirms the con-
certed motion and the high mobility of atoms A and B.

A cluster may need more than one mechanism to diffuse
freely over the surface. Consequently, the overall diffusion
barrier might be higher than that of the double rotation
mechanism. This is observed in Fig. 4, which shows the
overall diffusion barrier (solid line) compared to the mini-
mum activation energy necessary to move the center of
mass of the cluster (dashed line). As expected, the required
energy to diffuse freely over the surface increases with the
number of atoms, this agrees with other studies [12,13].
In contrast, the minimum energy required to move the cen-
ter of mass of small clusters presents a nonmonotonic
behavior, this behavior is related to the low activation ener-
gies of the double rotation mechanism presented in tetra-
mers, hexamers, octamers, and nonamers. The activation
energies calculated for the double rotation mechanism of

Fig. 1. Minimum energy path images for tetramers double rotation mechanism: (a) initial state, (b) displacement from the initial to the final state, (c) final
state. The numbers represent the coordination number of the atoms.
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hexamers, octamers, nonamers, and decamers are 0.15,
0.31, 0.30, and 0.36 eV, respectively. In each case this
mechanism is the one with the lowest activation energy.
Importantly, trimers and heptamers do not present the

double rotation mechanism due to their compact
configuration.

In order to confirm the activation energy for the tetramers
double rotation mechanism obtained from MS calculations,

Fig. 2. Initial states in the diamond shape configuration for (a) hexamers, (b) octamers, (c) nonamers and (d) decamers. The numbers represent the
coordination number of the atoms.

Fig. 3. Displacement of the atoms A (open symbols) and B (filled
symbols) relative to their initial positions for tetramers (circles), the
hexamers (triangles) and nonamers (squares).

Fig. 4. Overall diffusion barrier (solid line) and minimum energy
necessary to move the center of mass of the cluster (dashed line).
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MD simulations were performed. The procedures employed
are described in the previous section. The simulated diffusion
processes were divided into 1000 and 700 sub-processes, each
one containing at least one jump. From the simulation of the
tetramer diffusion at 500 K, the total squared displacement
as a function of time for each number of sub-processes
confirms the convergence of the diffusion coefficients, see in-
set in Fig. 5. The diffusion coefficients reveal two motion
mechanisms, which are fitted to two Arrhenius functions,
as shown also in Fig. 5. We obtained the following Arrhenius
functions, 0.95 · 10�4 exp (�0.09/kBT) and 4.12 · 10�4

exp(�0.16/kBT) cm2/s�1. The activation energies are 0.09
and 0.16 eV, which agree very well with the NEB calcula-
tions for the double rotation and higher energy mechanisms,
respectively. The second value obtained by MD calculations
is slightly lower than NEB results because at higher temper-
atures we experience high and low activation energy mecha-
nisms, which affects the calculations.

The prefactors are as important as the energy barriers in
the diffusion process. The prefactor value obtained for
tetramer diffusion in the low temperature regime is in
the same order of magnitude as the prefactor for Cu
adatom diffusion [16]. This result suggests that tetra-
mer diffusion, mediated by the double rotation mecha-
nism, may have a high mobility even at relatively low
temperatures.

4. Conclusions

The minimum energy necessary to move the center of
mass of small clusters presents a nonmonotonic depen-
dence with respect to the cluster number of atoms. We
found that this low activation energy is basically due to
the double rotation mechanism. In the case of tetramers,
the double rotation mechanism is the most predominant
one and produces a diffusion barrier similar to that ob-
served in trimers. The results obtained using the nudged
elastic band (NEB) method also suggest that pentamers
and hexamers show higher mobility than expected. Hepta-
mers are slightly less mobile than octamers and nonamers
due to its compact configuration. Finally, we observed that
tetramers, hexamers, octamers and nonamers present the
double rotation mechanism when they are arranged in a
diamond shape configuration.
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