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Abstract
In the present work a detailed atomic-level analysis of some of the main diffusion mechanisms
which take place during cobalt adatom deposition are studied within atom dynamics (AD) and
the nudged elastic band (NEB) method. Our computer simulations reveal a very fast exchange
between Co and Au atoms when the deposit is a single cobalt adatom. However, when the
nucleus size increases, a decrease in the exchange probability is observed. Activation energies
for different transitions are obtained using AD in combination with the NEB method.

M This article features online multimedia enhancements available from
stacks.iop.org/JPhysCM/20/265010

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

1. Introduction

The understanding of atomic diffusion mechanisms on surfaces
is an interesting topic because of its key importance in
crystal growth, heterogeneous catalysis, phase transitions,
segregation and surface patterning at the nanometer scale.
For the last 50 years researchers have approached the
problem through theoretical models and, whenever possible,
through sophisticated experiments [1]. Recently, Labayen
and colleagues [2] have revealed the atomic mechanisms
underlying the apparent collective motion of long strings
of hexagonally arranged Au atoms embedded into the first
atomic plane of Au(100). Using video-STM they were able
to record 10–20 images per second, a considerably large
number compared with the 30–200 s required to capture a
single image with conventional STM. Due to this limitation
to obtaining experimental evidence of dynamics of atomic
transport on surfaces, atomistic computer experiments assume
great importance.

The Co/Au system has been the subject of many
experiments mainly because of the potential properties that
could be expected from the combination of a ferromagnetic
material with a noncorrosive substrate one. Although several
deposition studies for Co on single-crystal substrates have been

performed in UHV conditions [3–7], only a few reports have
been found in the literature dealing with the morphology of
thin electrochemically growth Co films on Au surfaces [8, 9].

Thermally activated diffusion of adatoms on fcc metal
surfaces may take place either by a hopping mechanism (an
adatom hopping between adjacent sites) or via an exchange
mechanism [10, 11] (an adatom exchange with one or
several surface atoms). Different theoretical approaches can
be adopted to study surface diffusion processes: density
functional calculations (DFT), for instance, can be employed
with a limited number of atoms (ca. 150) which, in some
cases, may be insufficient to describe exchange processes.
Another type of approximation uses semiempirical many-body
potentials, which can be used to treat a large number of
particles (up to millions) [12–14].

In particular, self-diffusion processes have been studied
by Feibelman [15] for fcc(100) surfaces within the DFT
formalism. Feibelman [15] found that hopping diffusion takes
place on the fcc(100) surfaces of the 4d metals, whereas the
exchange mechanism is favored for the same surfaces of the
5d metals. Semiempirical calculations using the embedded-
atom method (EAM) [16] and the Rosato–Guillope–Legrand
(RGL) potential [17] were performed for fcc(100), (110)
and (111) surfaces; however, only hopping diffusion was
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considered in that case. EAM in combination with the dimer
method has been used by Henkelman et al [18] to study the
exchange mechanism in self-diffusion of Al(100), in very good
agreement with Feibelman’s results [15].

Exchange diffusion studies on fcc(111) metal surfaces
have been performed by means of the second-moment approx-
imation of tight-binding theory (SMTB) [19]. Atom dynam-
ics simulation in combination with the NEB method [20, 21]
was used to calculate diffusion barriers of the homoatomic sys-
tems Au, Cu, Ni, Pt and the heteroatomic ones Co/Pt(111) and
Co/Au(111) [19]. However, only single adatom diffusion was
considered, and the effect of the adsorbate–adsorbate interac-
tion was not examined in that work. Ab initio calculations for
fcc(111) exchange diffusion are less frequent mainly due to the
large number of atoms involved in the whole process.

Surface diffusion of single Co adatoms as well nucleation
and growth of Co clusters on Au(111) reconstructed surfaces
have been studied by Bolou and coworkers [22] using the
many-body semiempirical potential second-moment tight-
binding model (SMTB). The aim of the present work is to
elucidate the atomistic mechanisms during deposition of a
single, a dimer and a trimer of cobalt atoms on an Au(111)
surface. For a single Co adatom on the unreconstructed and
on the herringbone reconstructed surface of Au(111), the main
diffusion pathway has been reported to be hopping [22, 23].
Our nudged elastic band calculations show that, for the present
parameterization, too high activation energies may result if
a relatively small number of atoms are relaxed. On the
other hand, adsorbate–adsorbate interactions are considered
for the case of small Co nuclei on Au(111) unreconstructed
surfaces. In a previous work [24] one of us suggested that,
when the number of Co adatoms arriving at the surface is
large enough, i.e. 3–6 atoms, the diffusion mechanism can
change from exchange to hopping due to the strong Co–Co
interaction. As a first attempt, and because of the very short
times involved in the single-exchange process, atom dynamics
(AD) simulations were performed in the present work to study
single Co atom diffusion. In multiple-exchange processes,
the timescale reachable by AD was not enough to monitor
diffusion at 300 K. Thus, a higher-temperature AD simulation
was employed. With the structural information gathered from
these simulations, NEB [20, 21] calculations were performed
in order to get the minimum energy paths and an atomic-level
description of the whole exchange process. From the AD
simulations, waiting times, temperature and possible escape
paths were obtained. Furthermore, activation energies and
the minimum energy paths were obtained from the NEB
calculations.

2. Calculation details

The primary objective of the present work was to determine
the main diffusion pathways involved during the deposition
of single, dimers and trimers of Co adatoms on the
Au(111) surface. To reveal such mechanisms we performed
canonical (NV T ) atom dynamics (AD) simulations at different
temperatures (between 300 and 800 K). The Nordsieck fifth-
order predictor–corrector [25] was used to integrate Newton’s

equation of motion, with a time step of 2 fs. The metal
surface, Au(111), was modeled as a slab of seven layers of
atoms arranged on an fcc(111) lattice with 200 atoms per
layer. The three bottom layers were held fixed and thus they
mimicked the metal bulk effect. All atoms interacted through
potentials calculated by the embedded-atom method, which
takes into account many-body effects, characteristic of the
metallic bond [26], as follows:

Ei = F(ρi ) + 1
2

∑
φ(ri j ). (1)

The energy of atom i , Ei , due to the surrounding atoms is
assumed to consist of two parts, a two-body interaction φ(ri j )

and an embedding term F which depends on the local electron
density ρi . The two-body term for dissimilar types of atoms is
constructed following the analytical model of Johnson [27]:

φab(r) = 1

2

[
f b(r)

f a(r)
φaa(r) + f a(r)

f b(r)
φbb(r)

]
(2)

where f a(r) and f b(r) are the single-atom electron densities
at a distance r from an atom of type a or b, respectively, in the
pure metal.

Periodic boundary conditions were applied in the [11̄2]
and [11̄0] directions. In the remaining discussion we refer to
the z coordinate as that perpendicular to the substrate surface.
For each system, a single atom, a dimer or a trimer of Co
adatoms were alternately positioned on hollow fcc sites of the
Au(111) surface. Subsequently, an AD run was performed, and
the initial and final configurations were then used for the NEB
calculations [20, 21] in order to obtain the activation energies
Ea (saddle point) for the diffusive processes.

The energy along the minimum energy path (MEP)
is given as a function of a reaction coordinate (RC). In
mathematical terms, we have defined the RC at image N + 1
of the NEB chain as:

RC =
√∑N−1

j=1

∣∣�l j

∣∣2

√∑Ntot−1
j=1

∣∣�l j

∣∣2
(3)

where �l j is the vector joining images j and j + 1, and Ntot is
the total number of images of the chain.

Several atomic configurations extracted from the AD
simulations were employed to build the NEB image chain,
using a quenching algorithm. The purpose of this procedure
was to improve the starting point for the NEB minimization
process, introducing a more realistic image chain than a simple
interpolation between initial and final configurations. The
number of images used to obtain the minimum energy path
was adjusted according to the system. For instance, for single
adatom diffusion, 25 images with a spring force of 5.0 nN A−1

were used, whereas in the case of trimer deposition, 135 images
with a spring force of 5.0 nN Å

−1
were required.

3. Results

3.1. Single adatom deposition

A single cobalt atom was placed on a hollow (fcc) site of
the Au(111) surface layer, and an AD simulation at 300 K

2



J. Phys.: Condens. Matter 20 (2008) 265010 O A Oviedo et al

Figure 1. (a) Minimum energy path for single adatom exchange
calculated with a different number of mobile atoms. (b)–(f) Atomic
configurations showing the atoms allowed to relax during the NEB
minimization. N = 2, 7, 19, 54 and 414, respectively.

was performed in order to relax the system. After 1 ps, the
Co atom became embedded in the first surface layer, leading
to a transient energetically unfavorable configuration, which
resulted in the pull-out of the Au surface atom at 2 ps.

With the initial and final configurations determined
from the AD simulation, NEB calculations were performed
to acquire the minimum energy path for this exchange
mechanism. The most relevant quantity obtained in this
procedure is the activation energy of the process, Ea, which
can be used in a proper kinetic scheme to obtain reaction rates.
The NEB method was applied considering a different number
of mobile atoms in the simulation cell, in order to test the
convergence with respect to this parameter. Figure 1 shows the
energy profile along the reaction coordinate RC for different
numbers of mobile atoms. When only two neighboring
atoms were allowed to relax, two activated processes were
detected, the larger activation energy observed corresponding
to 1.20 eV. As the number of neighbors allowed to relax was
increased, i.e. when the first wrapping shell was considered,
the Ea decreased to 0.20 eV and only one transition state was
observed. Finally, using 414 mobile atoms, an Ea value of
0.11 eV was found. As can be observed, if only a few atoms are
relaxed, the activation energies may be strongly overestimated.
Bulou [19] have estimated an energy exchange for a single
cobalt adatom on Au(111) of 0.536 eV using the second-
moment approximation of tight-binding theory SMTB–NEB

calculations, a similar semiempirical many-body potential.
Aside from the transition discussed above and found in our
AD simulations, Bulou et al [19] have also reported a so-
called medium-range transition. For this process we observed
a converged activation energy of 0.27 eV.

All the calculations reported in the present paper were
done for the fcc(111) lattice. However, on real Au(111)
surfaces both fcc and hcp domains are present due to the
surface reconstruction. Figure 1 showed the calculated barriers
for the Co–Au exchange to occur to be rather sensitive to the
number of atoms allowed to relax their positions so than one
may expect that the behavior of Co adatoms at the finite fcc
areas of the reconstructed Au(111) surface may be different
from that on the (infinite) unreconstructed surface. However,
figure 1 also shows that the barrier height for single adatom
exchange can be calculated with a relatively good accuracy
considering the relaxation of 54 atoms, a system that involves
up to some third-nearest neighbors. Since the distances that
separate hcp and fcc distances are larger than third-nearest-
neighbor distances, we expect that our results, obtained for
perfect flat surfaces (i.e. with fcc domains), are applicable to
the fcc region of the reconstructed surface.

The analysis of the atomic configurations together with the
energy profile contributes to the understanding of the diffusion
mechanism. The whole exchange processes comprise two
steps: the opening of the gold surface in the vicinity of the Co
atom (activated process), simultaneously with the penetration
of the cobalt atom, leading to the transition state or saddle point
with the atomic configuration presented in figure 2(b). It is
remarkable that no atoms protrude from the surface. The high
compressive surface stress generated by the insertion of the Co
atom is released by the later ejection of a gold atom, with a
concomitant decrease of the potential energy of the system.
Note also in figure 2(b) the high strain of the hexagon defined
by the six nearest Au atoms on the surface around the exchange
place.

3.2. Dimer adatom deposition

The second case studied involves the diffusion of a Co dimer
into the Au(111) surface. This mechanism will be referred
to as double short exchange (DSE) [19]. As in single atom
deposition, atom dynamics simulations were performed in
order to get the final configuration of the system required for
the NEB calculations. In figure 3(a) a series of snapshots taken
during the dynamic evolution of the system are shown. In
frame (a) the initial state at t = 0 with two cobalt adatoms

Figure 2. Atomic coordinates for single atom exchange at the initial state (a), saddle point (b) and final configuration after exchange (c) as
calculated by NEB calculations. Note the strain of the surface in the vicinity of the Co atom marked by a hexagon. On-line: red sphere: Co
atom, black: Au exchanged and gray: Au(111).
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Figure 3. Snapshots taken from the atomic dynamics simulations of dimer exchange deposition at different times. t = (a) 0, (b) 6.6, (c) 7.8
and (d) 9.0 ps. Note the strain of the surface in the vicinity of the Co dimer marked by dotted lines. On-line: red sphere: Co atom, black: Au
exchanged and gray: Au(111).

at the top surface is observed. In frame (b) an intermediate
stage at t ≈ 6.6 ps, in which both Co atoms have been inserted
into the topmost layer of the Au(111) surface, is shown. At
t ≈ 7.8 ps the first Au atom appears on top of the surface layer
(figure 3(c)). Subsequently at t = 9.0 ps a second Au atom
is expelled just beside the other one. In frame (d) the final
configuration of the AD simulations is shown with the two gold
atoms on top of the surface layer at their equilibrium positions.
Again a very fast exchange between Co and Au atoms was
observed by means of AD simulations. In this case a two-
step concerted process takes place involving the insertion of
two Co atoms and the subsequent expulsion of two Au atoms
at different times.

In order to obtain the activation energy values involved in
the whole process, the atomic coordinates of the system shown
in figures 3(a) and (d) were used as initial and final states for
the NEB calculations, respectively. Figure 4(a) displays the
energy profile along the reaction coordinate RC for the DSE
mechanism. As seen in the figure, an activation energy Ea =
0.18 eV was obtained. The whole process can be more properly
understood by splitting the energy profile into different regions.
In the interval (0.0 < RC < 0.1), a rearrangement of the
surface atoms occurs, involving an activation energy Ea =
0.18 eV, i.e. a surface opening is required to insert the first
Co adatom. In the region between (0.1 < RC < 0.2) a very
small activation energy of Ea = 0.02 eV is associated with
the insertion of the first Co adatom into the first Au(111) layer.
Afterward, between (0.2 < RC < 0.5), the energy decreases
steeply due to the expulsion of the first Au atom toward the
surface. The insertion of the second Co atom is followed
by a small change in the slope of the curve in figure 4(a),
indicating that this process is not activated. In the region
(0.5 < RC < 0.8), the expulsion of a second Au atom occurs.
This is also a non-activated process. At the end of the energy

Figure 4. (a) Minimum energy path for dimer exchange deposition
calculated with the NEB method. (b) z displacement of the atoms
involved in the exchange of a Co dimer.

profile, (RC ≈ 0.95) a second activated process is found. This
is related to the diffusion of the two Au adatoms approaching
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Figure 5. Minimum energy path for trimer exchange deposition
calculated with the NEB method. The upward-pointing arrows signal
the opening of the Au surface and the downward-pointing arrows
show the insertion of a Co atom.

each other, with Ea = 0.22 eV. However, figure 4(a) clearly
shows that this final state involving the two Au atoms close to
each other, as found by the quenched AD, has a higher energy
than that observed by the NEB at RC = 0.85. The latter
evidence reveals that the NEB procedure may also be useful
to identify local minima.

The z coordinates of the atoms mainly involved in the
DSE were monitored during the exchange mechanism seen
in figure 4(b). As can be observed, the first Co atom is
inserted with the concomitant ejection of the first Au atom.
This process is different from the single Co atom deposition
described above, which is in agreement with the simulation
reported by Bulou [19]. The second Co atom begins to diffuse
into the Au surface before the second Au atom is ejected. This
generates a high compressive stress on the surface, manifest in
the large surface strain around the exchange place (not shown
here). Thus, the Co dimer insertion into Au(111) can be viewed
as a two-step process, in which the Au second atom is expelled
after the insertion of the first one is completed.

3.3. Trimer adatom deposition

As the size of the nuclei increases, atom dynamics simulations
at 300 K become insufficient to study Co incorporation into
Au, because of the increase in the waiting time for atom
exchange. We have investigated the dynamic evolution of a
Co trimer adsorbed on Au(111) during 50 ns at 300 K. During
this period, no exchange or surface mixing was observed.
However, atom dynamics simulations at 700 K showed a
surface exchange process of the whole cobalt trimer. From
the final configuration at 700 K, the configuration of the
system was relaxed and the atomic coordinates were used as
the final image for NEB calculations. A set of intermediate
dynamic configurations were used as input images, since a
straightforward interpolation between initial and final states
was not possible.

Figure 5 shows the energy profile of the whole trimer
exchange mechanism. The opening of the surface is again
an activated process, marked by upward-pointing arrows in

figure 5. The first step involves a medium exchange between
a cobalt atom (say, Co1) and two gold atoms. In this process,
atom Co1 sinks into the surface, going down between the other
Co atoms (say, Co2 and Co3) that form a bridge. At the same
time, one of the Au atoms comes out of the surface at the
other side of the Co2–Co3 bridge. The activation energy for
this process is Ea = 0.33 eV, concluding at RC near 0.2.

Subsequently, the sinking of a second Co into the surface
takes place, involving the activated process observed at RC =
0.25 with an Ea = 0.81 eV. The insertion of the second
cobalt atom (Co2) is an activated process with a saddle point
at RC = 0.33 and Ea = 0.27 eV. Once this exchange
occurs, a rearrangement of the first and second surface layers
is related to the large activated process appearing at RC =
0.44. (See video in supplementary information (available
at stacks.iop.org/JPhysCM/20/265010)). At RC = 0.75 the
insertion of the third cobalt atom Co3 is observed, with an
activation energy Ea = 0.32 eV. Finally, the rearrangement of
atoms leads to the energy minimum shown at RC = 1. It must
be noted that, as the number of Co adatoms increases, adatom
exchange with the surface involves strongly activated processes
not present in the case of single adatom insertion. For instance,
in trimer deposition, the insertion of each of the three Co
atoms is an activated process, whereas for a single adatom,
the insertion process is practically non-activated. As stated
before, the increasing difficulty in inserting Co atoms into the
Au surface as the Co coverage increases bears consequences
for Au surface nanostructuring with cobalt atoms, as in the
case of the supersaturation-induced local metal deposition
method [24].

4. Conclusions

The atomistic mechanism taking place during the early stages
of single, dimer and trimer Co deposition on Au(111) was
characterized using atom dynamics simulations coupled to
the nudged elastic band method to find saddle points of the
transitions.

For the insertion of the first Co atom in single, dimer
and trimer nuclei, exchange with the surface is favorable
against hopping surface diffusion. This exchange becomes
progressively more difficult as the nucleus size increases. This
is summarized in figure 6(a), where the activation energies for
this process are plotted as a function of the number of cobalt
atoms in the nuclei. In comparison, the activation energy
for diffusion of Co on Au(111) is plotted and signaled by an
arrow. Assuming first-order kinetics, if an attempt frequency
of the order of 1 THz is employed to estimate the exchange
times of the first Co atom, the times obtained are of the order
of 0.1 ns, 1 ns and 1 s for one-, two-and three-atom nuclei,
respectively. On the other hand, exchange energies for the
whole nuclei suggest that this process is always favorable, as
shown in figure 6(b). This plot indicates that the insertion of a
set of Co atoms into Au(111) becomes progressively slower
as the number of atoms in the set increases. However, the
consideration of the highest energy value along the reaction
coordinate in the case of the three-atom cluster would yield a
waiting time of the order of 109 s for the insertion of the whole
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Figure 6. (a) Activation energies and (b) exchange energies as a function of the number of Co atoms in the nuclei. Note that the Ea value for
Co diffusion on Au(111) and kBT are marked in frame (a).

Table 1. Energy change for exchanging a Co atom with an Au one
on an Au(111) surface. �EJEAM is the calculation made using the
JEAM potentials. �ESMTB is the result obtained using the SMTB
potential with the parameters of Bulou [23]. �EDFT are
first-principles calculation results with the SIESTA code [28].
The local density approximation was used for the exchange and
correlation energy allowing for spin polarization. A (3 × 3) supercell
geometry was adopted, and the substrate consisted of four Au(111)
layers separated by a distance of 2.1 nm. The two first surface layers
were allowed to relax. The k-point sampling mesh was a (6 × 6 × 1)
one and the energy shift was 0.01 eV.

�EJEAM (eV) −0.49
�ESMTB (eV) +0.15
�EDFT (eV) −2.44

nucleus in the surface, indicating that this process should not
be observed within experimental timescales. The enhancement
of the Co–Au site exchange in the presence of small Co
clusters contrasts with previous work [23] where the diffusion
of Co single atoms was found to prevail over single Co atom
exchange. The main reason for this discrepancy must be sought
in the nature of the interatomic potentials employed. In order to
allow for further comparison, we have performed comparative
calculations with the results given in table 1. We compare
there the energy for exchanging a Co atom with an Au one
on an Au(111) surface, according to the results obtained by the
JEAM, SMTB and DFT first-principles calculations. We see
that the JEAM and the DFT results lead to the same qualitative
prediction, that is, that the exchange of a Co atom with an
Au one on an Au(111) surface is energetically favorable. The
larger absolute value obtained by DFT may be in part due to the
small supercell employed and to the overbinding characteristic
for LDA. This interesting controversy constitutes a motivation
for further research.

This simulation also shows that an optimization of the
number of participating atoms during the diffusion mechanism
must be carried out. For instance, a variation from 1.20
to 0.11 eV in a typical activation energy can be obtained,
depending on whether 2 or 400 atoms are relaxed in the system.
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