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Formation of constrained nanostructures from Co atoms embedded within a Cu�100� surface is investigated
on the atomic scale by performing molecular-dynamics and kinetic Monte-Carlo simulations. The atomic
processes responsible for the linear and angular chain formations are identified. We demonstrate the key role of
substrate vacancies in the motion of embedded Co atoms and investigate the self-organization of Co atoms in
different conditions.
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I. INTRODUCTION

Magnetic nanostructures are appealing for engineering of
nanocomputers. During the past two decades Co nanosys-
tems on copper surface had a special interest because of their
unusual magnetic and electronic properties. The pioneering
work of de la Figuera et al.1 showed that Co thin film does
not grow on Cu�111� surface layer by layer; it rather grows
in the form of bilayer triangular islands. The magnetic
properties of triangle nanoparticles with two monolayers
height supported on Cu�111� surface were theoretically
investigated.2 Furthermore the unusual electronic properties
of it was observed and explained by Diekhöner et al.3 Re-
cently epitaxial growth of Co thin films on Cu�111� surface
was simulated with kinetic Monte Carlo method.4 Ram-
sperger et al.5 investigated the growth of Co on stepped and
flat Cu�100� surfaces and also found the deviation from layer
by layer growth. In later works6,7 the magnetic and electronic
properties of different stable and metastable structures were
investigated and non-Arrhenius behavior of the island den-
sity was found. The process of bilayer Co islands formation
was simulated by using accelerated molecular dynamics.8

The magnetic anisotropy of ultrathin Co/Cu�110� films was
discovered by Hope et al.9 �see also Fassbender et al.10�. In
the recent works magnetic properties of Co nanorods grown
on Cu�110� surface11 and epitaxial growth of Co islands were
explained.12

Moreover nanostructures can be built up from single at-
oms on the surface of metal with a scanning tunnel micro-
scope �STM� tip,13,14 but with increasing temperature ada-
toms and small nanostructures would become unstable due to
the thermally enhanced surface diffusion. On the other hand,
the stability of many embedded structures is qualitatively
understandable. It makes the idea to use a system with em-
bedded atoms for nanostructuring very attractive. The more
the diffusion mechanisms are understood at the atomic level,
the more the fabrication processes can be controlled in order
to obtain a better quality of the device performances. There-
fore such structures are very appealing from the technologi-
cal point of view.

In the past few years, the mobility of embedded atoms
into a Cu�100� surface has been investigated with the usage
of STM.15,16 Grant et al. 15 investigated the kinetics of Pd/Cu
alloys by following the motion of individual Pd atoms incor-
porated into a Cu�100� surface. The experiments of van Gas-

tel et al.16 showed the high mobility of In atoms embedded
within the first layer of a Cu�100� surface. It has been dem-
onstrated that surface vacancies are responsible for the mo-
bility of the embedded atoms because they are always
present in the surface. Mechanisms of vacancy motion were
theoretically investigated by Montalenti et al.17 for Ag�100�
surface and Boisvert and Lewis18 for Cu�100� surface. The
self-organization and motion of vacancy clusters was simu-
lated in the set of works.19–21 Atomic exchange processes for
single adatoms and burrowing of clusters into the substrate
have been investigated in several experiments and calcula-
tions even for metals immiscible in the bulk.22–24 Experi-
ments of Kurnosikov et al.25 showed the possibility to ma-
nipulate single atoms of Co embedded in to a Cu�001�
surface with STM tip and to create in a controlled way small
clusters which are stable at room temperature.

The main goal of our work is to investigate the evolution
of Co nanostructures embedded into a Cu�100� surface at the
atomic scale. The present calculations using the kinetic
Monte Carlo �kMC� method with energy barriers of all rel-
evant events calculated by means of the molecular-dynamics
�MD� method with ab initio based interatomic potentials are
performed.

The paper is organized as follows. In Sec. II, we briefly
describe the MD-kMC model used for our simulations. In
Sec. III, we concentrate on the main atomistic processes,
responsible for evolution Co nanostructures, and present the
results and discussions of the kMC simulations at different
concentrations of Co atoms and surface vacancies. Conclu-
sions are presented in Sec. IV.

II. COMPUTATIONAL METHOD

For the simulation of evolution of embedded atoms we
apply a combination of MD and kMC methods. At the first
stage we calculate all diffusion barriers in our model with
MD method at zero temperature. To calculate diffusion bar-
riers, we can describe Cu and Co atoms as classical particles
which are interacting through interatomic potentials. In the
present work, interatomic potentials are formulated in second
moment of the tight-binding approximation.26 In this ap-
proximation, the attractive term EB

i �band energy� contains
the many-body interaction. The repulsive part ER

i is de-
scribed by pair interactions �Born-Mayer form�. The cohe-
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sive energy EC is the sum of the band energy and repulsive
part

EC = �
i
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where rij is distance between the atoms i and j, � and � are
types of atoms, ��� is an effective hopping integral, p�� and
q�� describe the decay of the interaction strength with dis-
tance between atoms, and r0

��, A��
0 , and A��

1 are adjustable
parameters of interatomic interaction.27 The interatomic po-
tentials reproduce the bulk properties of Cu and Co crystals
and the ab initio calculated properties of supported and em-
bedded Co clusters. The details of the fitting procedure are
described in Ref. 28. Reliability of our potentials for differ-
ent atomic structures �single adatoms, supported clusters,
embedded clusters, nanocontacts� has been
demonstrated.29–31

In our model we consider diffusion of embedded atoms
only through exchanges with surface vacancies. A concentra-
tion of the vacancies is not high so, for accelerating our
calculations at the kMC stage, we suppose that only surface
vacancies can be moved. In the framework of our MD-kMC
model we consider all possible processes: Co-vacancy and
Cu-vacancy exchanges in the first layer of copper substrate.
The diffusion barriers of vacancies are computed by means
of the MD, where the positions of Co and Cu atoms are
determined in fully relaxed geometry. The slab consists of
eight layers with 2000 atoms in each layer. Two bottom lay-
ers are fixed and periodic boundary conditions are applied in
the surface plane. The cutoff radius for the interatomic po-
tentials is set to 6.0 Å.

At the second stage of our investigation we employ the
general kMC method. The kMC model was developed by
Voter and co-workers32,33 and was used in several recent
studies.4,12,34–36 According to this approach the frequency �i
of the vacancy transition is calculated as

�i = �0 exp�−
Ei

D

kT
� , �4�

where Ei
D is the diffusion barrier, T is the copper substrate’s

temperature, k is the Boltzmann constant, and �0 is the pref-
actor. Generally �0 and Ei

D are functions of the surface tem-
perature. However, Kürpick and Rahman37 showed that fre-
quency prefactor �0 is constant in the range of 200–600 K
for processes in the first layer of Cu�100� surface. Moreover,

the diffusion barriers Ẽi
D at finite temperature �T�600 K�

for such processes differ from diffusion barriers Ei
D at zero

temperature no more than 10%. Thus, we use the approach
�4� with diffusion barriers Ei

D calculated at zero temperature
and for all considered processes we take �0 as 1012 Hz.34,35

For increasing of clearness of our statements relative prob-
abilities of complex processes will be considered. Because
the vacancy in the Cu�100� surface can move in four differ-
ent directions the probability of the simple event is calcu-
lated as

pi =
�i

�
j=1

4

� j

, �5�

then the probability of the complex process is the multipli-
cation of the simple event’s probabilities. For more correct
calculations we use random number generator from the
book.38

III. RESULTS AND DISCUSSIONS

In this section, we concentrate on the formation of linear
and angular chains from embedded Co atoms. We discuss
basic atomic processes, responsible for forming these struc-
tures, and present the results of kMC simulations.

At first, we need to understand how embedded Co atoms
can travel in the copper surface at 300–400 K. The Co-Cu
exchange in the Cu�100� surface is nearly impossible be-
cause exchange barrier is enormous �2.13 eV�. However, first
layer of the copper surface always contains some concentra-
tion of vacancies. The barrier of vacancy diffusion
�vacancy-Cu exchange� is only 0.34 eV, so vacancies in the
Cu�100� surface are very mobile: �vac

diff=5.9�10−7 s at 300 K
and �vac

diff=2.1�10−8 s at 400 K. Summarizing these state-
ments, we assume that embedded Co atoms’ diffusion can be
realized mainly via Co-vacancy exchanges.

To understand the mechanism of nanostructures formation
on the atomic scale, we consider the dominant processes
leading to Co atoms’ movement and estimate the probabili-
ties of these processes. For single Co atom diffusion two
events are necessary: hop of the vacancy toward the Co atom
with barrier of 0.46 eV and the Co-vacancy exchange with a
barrier of 0.59 eV. The total probability of this process is
3.6�10−6 at 300 K and 8.5�10−5 at 400 K.

Figure 1 demonstrates the formation and dissociation of
dimers. When two single Co atoms meet each other, the for-
mation of dimer 
Fig. 1�a�� takes place through two stages:
the vacancy disposes side by side with both Co atoms with a
barrier of 0.51 eV and Co-vacancy exchange happens with a
barrier of 0.57 eV. The total probability of the dimer forma-
tion p1 is 2.1�10−7 at 300 K and 9.8�10−6 at 400 K. The

FIG. 1. Transitions responsible for the �a� association and �b�
dissociation of Co dimers. Dark-gray, light-gray, and white repre-
sent Cu atoms, Co atoms, and vacancies, respectively.
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dissociation of dimer 
Fig. 1�b�� is less operative because of
the big diffusion barrier of 0.93 eV at the second stage. The
total probability of this process pdis�10−3p1 at 400 K.

Now, we consider trimer formation from embedded Co
atoms. At low concentration of Co atoms this process is simi-
lar to dimer formation: it proceeds in two stages with barriers
of 0.51 and 0.57 eV consequently. The probability of linear
trimer formation is p1 /2. The probability of angular trimer
formation is p1 if the axis of dimer has been perpendicular to
the direction of monomer’s jumping and p1 /2 if the axis of
dimer has been parallel to the direction of the adatom’s hop-
ping. Another situation takes place at high concentration of
alloy when meeting of three single Co atoms is possible: the
vacancy is placed between three Co atoms with a barrier of
0.56 eV and Co-vacancy exchange happens with a barrier of
0.27 eV. The probability of this process is significantly
higher than the analogous probability at low concentration of
Co atoms p�100p1 at 400 K. At the same time, the prob-
ability of angular trimer formation is twice higher than prob-
ability of linear trimer formation.

Hence, the formation of two types of Co chains is pos-
sible: linear and angular chains. We discuss the mechanisms
of associating single Co atoms with each type of Co chains.
First, we concentrate on the behavior of the Co monomers
close to the linear chain. Further, we proceed to the behavior
of the Co atoms near the zigzag chain, the simplest example
of the angular chain.

Figures 2 and 3 clarify how single Co atoms associate
with the linear Co chain. The process of single Co atom
association to inner atoms in the chain �Fig. 2� consists of
three consecutive events: a vacancy hops toward the chain
with a barrier of 0.46 eV, dislocates between the single Co
atom and the inner atom of the chain with a barrier of 0.93
eV, and makes an exchange with the Co monomer with a
barrier of 0.57 eV. The probability of this complex process is
p�10−3p1 at 400 K. On the other hand, the process of single
Co atom association to the edge of the chain is similar to
trimer formation. Thus, Co atoms associate mainly to the
edge of the linear Co chains. Figure 3 summarizes our find-
ings about the probabilities of Co monomer association with
the linear Co chain and demonstrates that formation of an-
gular chains is twice probable than formation of linear
chains. Finally, we need to note that the process of Co atom
transition along the chain is unlikely at 400 K because of a
high Co-vacancy exchange barrier �0.93 eV�.

The process of single Co atom association to inner atoms
of the zigzag Co chain �Fig. 4� is simpler and more probable
than in the case of the linear chains. A vacancy dislocates
between two atoms of the zigzag chain and the Co monomer
with a barrier of 0.56 eV, then Co-vacancy exchange takes
place with a low barrier �0.27 eV�. This process has a prob-
ability p�100p1 at 400 K. Whereas, the process of single Co
atom association to the edge of the zigzag Co chain is similar
to association to the edge of liner chain.

The process of 2�2 cluster formation is similar to asso-
ciation of the Co atom to the inner atoms of the zigzag chain
and has a probability p�100p1 at 400 K. Further association
of Co monomers to the 2�2 cluster is similar to trimer
formation and its probability is p= p1 or p= p1 /2 depending
on the initial displacement of the monomer and the 2�2
cluster.

As it has been mentioned above, vacancies in the first
layer of Cu�100� surface are very mobile and that leads to the
formation of compact clusters from the vacancies. The va-
cancies spend the most part of their time in the vacancy
cluster, but if the vacancy locates on the edge of the cluster it
can leave the cluster through hops in the direction out of the
edge: the first jump has a barrier of 0.43 eV and second jump
has a barrier of 0.34 eV. We suppose that the existence and
displacement of the vacancy cluster does not depend on fur-
ther jumps of the vacancy until the vacancy approaches to
the cluster again on the distance less than two neighbor’s
distance. The probability of leaving vacancy cluster is
pleave

vac =1.5�10−4 at 300 K and pleave
vac =1.8�10−3 at 400 K.

Thus, the mean time of the process is proportional to
�vac

diff / �pprocesspleave
vac �. This simple ratio can be used for com-

parison of mean times of some processes at different tem-

FIG. 2. Transitions responsible for the association of the Co
atom to inner atoms of the linear Co chain. Dark-gray, light-gray
and white represent Cu atoms, Co atoms, and vacancies,
respectively.

FIG. 3. Different positions of a single Co atom before associa-
tion with the linear Co chain. Formation of a linear chain takes
place with the probability of p1 /2 if the Co monomer is in the A or
B positions. Formation of an angular chain takes place with the
probability of p1 /2 if the Co monomer is in the B position or p1 if
the Co monomer is in the C position. If the single Co atom is in the
D position it can associate with an inner atom of the chain with
probability of 10−3p1 at 400 K. Dark-gray and light-gray represent
Cu and Co atoms, respectively; p1=9.8�10−6 at 400 K.

FIG. 4. Transitions responsible for the association of the Co
atom to inner atoms of the zigzag Co chain. Dark-gray, light-gray,
and white represent Cu atoms, Co atoms, and vacancies,
respectively.
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peratures; for instance, the mean time of Co monomer’s dif-
fusion at 300 K in 7800 times longer than at 400 K.

From our MD investigation we can make the following
conclusions: �i� The main time of embedded Co atom’s dif-
fusion at 400 K is significantly less than at 300 K, thus
evolution of the investigated system accelerates with increas-
ing of copper substrates’s temperature, and the formation of
constrained structures from Co atoms in the first layer of
Cu�100� surface at 400 K is possible. �ii� If during the pro-
cess of evolution the linear chain from N cobalt atoms has
formed �N	2�, then the probability of association of the
single Co atom to one of the N−2 inner atoms of the chain is
significantly less than the probability of association to the
outer atoms of the chain. Consequently, the formation of
such compact structures as square clusters bigger than 2
�2 during the evolution is highly unlikely. �iii� If during the
process of evolution the constrained structure from N embed-
ded Co atoms has been formed, then this structure is linear
chain with a probability of 32−N. Thus, with increasing of Co
concentration, in general, angular structures are formed.

Now, we discuss the results of our kMC simulations. It is
necessary to note that at temperatures higher than 400 K
processes of vacancy appearing and covering of Co atoms
with atoms of the substrate take place. On the other hand, our
kMC investigation shows that at temperatures lower than
400 K the mobility of embedded Co atoms decreases and
compact structures in the Cu�100� surface cannot be formed.
Consequently, the formation of constrained Co nanostruc-
tures without being covered with copper atoms is realized
only in narrow range of temperatures near 400 K.

At the Fig. 5 the results of our simulations for cases of
low and high concentrations of Co alloy at 400 K are pre-
sented. In contradiction to the case of Co atoms self-
organization on the Cu�100� surface,8 embedded Co atoms
do not gather into compact clusters and the angular structures
are formed. The increase of Co atoms concentration infers to
the result of self-organization of Co atoms: the number of
simple structures is decreasing and the number of complex
structures is increasing.

It can be noted that a concentration of substrate vacancies
Nv does not infer to result pattern of evolution, but the speed
of the evolution depends on the vacancy concentration. It has
been discussed before that vacancies form the rectangular
clusters and the probability of leaving the cluster is not high.

On the other hand, a free vacancy can join back to the va-
cancy cluster with a probability which is proportional to the
perimeter of the cluster. So, the total time of compact struc-
tures formation is approximately proportional to Nv. This
estimation agrees with our kMC simulations.

IV. CONCLUSION

In summary, we have performed atomic-scale simulations
of the self-organization of Co atoms embedded into a
Cu�100� surface. We have shown that the motion of embed-
ded Co atoms is the result of an intensive diffusion of sub-
strate vacancies. The major atomic events responsible for the
formation of embedded Co nanostructures have been identi-
fied. We have revealed that during the process of evolution,
in general, angular structures are formed. The temperature
conditions of such scenario of self-organization have been
determined and the influence of Co atom’s concentration and
vacancy’s concentration to evolution of the system has been
analyzed.
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