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We study upward self-diffusion of adatoms and small clusters on faceted huts formed in fcc metal �110�
homoepitaxy using molecular dynamics simulations with interatomic potentials described by the embedded-
atom method. Our results show that both individual adatoms and small clusters on the �111�-sloped and
�100�-sloped facets of the huts on Al and Cu�110� can readily diffuse upward and cross the convex edges of the
huts, but with different atomistic mechanisms. An adatom crosses the convex edges via a simple concerted
exchange or indirect place exchange mechanism. In contrast, the upward diffusion and convex-edge crossing of
small clusters is realized by their dissociation at or near the edges of the hut after one or two atoms belonging
to the cluster are incorporated into the edges. The present simulation studies reveal that there truly exists
efficient upward mass transport on faceted islands in fcc metal �110� homoepitaxy, and such upward diffusion
processes are expected to play an important role in defining the kinetic faceting instability in these growth
systems.
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I. INTRODUCTION

It has been well accepted that the selection of a specific
growth mode in a given system is often the outcome of the
interplay between growth kinetics, characterized by a set of
atomic rate processes, and thermodynamics, driven by the
system’s overall tendency toward lower free energy
configurations.1 Since the regulation can be realized through
the movements or the diffusion behaviors of adatoms and
small clusters, the first step toward a detailed understanding
of surface morphology during and after growth is to identify
all the important atomic rate processes. Once the diffusion
behaviors of all the elemental entities are known, the evolu-
tion of the surface morphology during growth may be pre-
dicted and a desirable growth mode is likely to be selected
via manipulation of the growth kinetics. On the other hand,
determining the key currents and facet and step energies is
also important because it determines the evolution and al-
lows one to check whether all atomistic processes of impor-
tance have been included.

Up to now, extensive theoretical and experimental studies
of the diffusion of adatoms and small clusters in homoepi-
taxial growth have been carried out for various systems, such
as on the low Miller index surfaces of Cu, Al, and Pt �Refs.
2–16� and at stepped surfaces of Al�111�,4 Cu�001�,10

Ir�111�,11 and Ag�111�.12 In the latter cases, the focus had
been primarily on downward diffusion at the edge of mon-
atomic steps.8,15,17–19 Here, a descending adatom will en-
counter an additional potential energy barrier �Ehrlich-
Schwoebel �ES� barrier20,21� at the step edge. If the ES
barrier effect is sufficiently weak such that the adatoms can
easily climb down the steps, two-dimensional growth of
smooth films can be achieved. In the opposite regime, where
the ES barrier effect is strong, three-dimensional morphology
will appear, characterized by the formation of surface
mounds and rough films.1,22–24

Very recently, an intriguing observation of faceting insta-
bility was reported by Buatier de Mongeot et al. in experi-

mental studies of Al�110� homoepitaxy.25 They found that,
under proper growth conditions, regular pyramidal islands
bounded by four extended facets were formed after deposi-
tion of �10 ML �monolayer� of aluminum or higher. These
hut-shaped islands are ten times as tall as the average thick-
ness of the deposited film and have precise slope selections.
Detailed analysis of the huts along the two principal crystal-
lographic directions of �100� and �110� reveals that the major
and minor facets are terminated by the �111	 and �100	
planes, respectively. The formation of the huts could not be
attributed purely to insufficient downward adatom diffusion
within the framework of the ES barrier effect; instead, their
unusual heights demand the existence of massive atom trans-
port from the terraces onto the growing huts. To resolve this
puzzling observation, extensive first-principles calculations
of activation energies have been carried out within density
functional theory �DFT� for adatom diffusion on and around
monatomic and multilayer steps on Al, Pb, Cu, and Ag
�110�.25–27 The DFT results showed that there exist efficient
kinetic pathways for true upward adatom diffusion, and sim-
plified one-dimensional kinetic Monte Carlo simulations us-
ing these atomic rate processes as inputs illustrated the face-
ting instability for the formation of the huts.25–27

The DFT calculations were performed for adatom diffu-
sion using relatively small supercell sizes and at zero tem-
perature. One intriguing question that we examine is whether
small clusters formed on the faceted islands could also dif-
fuse upward, cross the convex edges, and add themselves to
the top of the huts. If small clusters could not diffuse away or
dissociate fast enough, their formation on the facets would
roughen the facets, thereby eliminating the possibility of pre-
cise slope selection in the formation of the faceted huts. For
studying the mobility of small clusters, it is more desirable to
carry out direct molecular dynamics �MD� simulations at fi-
nite temperatures, as such approaches are better suited to
uncover complex atomic processes of concerted nature.

This is the objective of the present study: We carry out
extensive MD simulations of the diffusion of both adatoms
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and small clusters on the �111�-sloped and �100�-sloped fac-
ets of huts formed on Al and Cu�110� surfaces, at various
temperatures, and with interatomic potentials described by
the embedded-atom method �EAM�.28–31 The possible impor-
tance of lattice expansion due to the elevation of temperature
is also considered. Our results show that it is favorable for
both adatoms and clusters to diffuse upward and cross the
convex edges of the facets, but with different atomistic
mechanisms. An adatom crosses the convex edge via a
simple concerted exchange or indirect place exchange
mechanism. In contrast, for small clusters, the upward diffu-
sion and convex-edge crossing is realized by a combination
of cluster dissociation at the edge and concerted exchange
between the atoms belonging to the cluster and the edge
atoms of the hut. Our MD simulations reveal that there truly
exists efficient upward mass transport on faceted huts in fcc
metal �110� homoepitaxy, and such upward diffusion pro-
cesses of both adatoms and small clusters are expected to
play an important role in defining the kinetic faceting insta-
bility in these systems.

The paper is organized as follows. In Sec. II, we briefly
describe the EAM and the technical aspects of the MD simu-
lations. In Sec. III, we present the simulation results for up-
ward self-diffusion of individual adatoms on the �111�-sloped
and �100�-sloped facets of a hut on an Al�110� surface. The
results for small clusters �dimer, trimer, and tetramer� diffus-
ing on the �111� facet of a hut on Al�110� are presented in
Sec. IV. Section V contains the results for Cu adatom or
cluster diffusion on the Cu�111�-sloped and Cu�100�-sloped
facets, aimed to explore the general aspect of the kinetic
processes. Discussions and conclusions are presented in Sec.
VI.

II. MODEL SYSTEMS AND COMPUTATIONAL DETAILS

The embedded-atom method is a semiempirical simula-
tion method with input parameters drawn from experimental
values.28–31 The basic idea of the EAM is that the total elec-
tron density in a metal can be approximated by the superpo-
sition of the electron densities of the individual atoms within
the metal, and the energy of an embedded atom is deter-
mined jointly by the total electron density at the position
where the atom resides plus the sum of pairwise potentials
characterizing the core-core repulsion of atomic nuclei
within a given cutoff distance. The energy of the ith embed-
ded atom is then written as

Ei =
1

2

j�i

��rij� + U��i� , �1�

where the first term represents the pairwise repulsive poten-
tial, rij is the distance between atom i and atom j, and the
second term is the energy required to embed atom i into the
background electron density. The electron density �i is also
taken to have a pairwise form

�i = 

j�i

f�rij� , �2�

where f is the electron density from each neighboring atom
of the embedded atom i.

In the past, the EAM potential has been shown to give
reasonably accurate descriptions of the bulk and surface
properties of metal and alloys,32,33 such as bulk stress,
chemisorption at surface, surface diffusion, and surface
vibration.32–38 In our present study, we use two model sys-
tems to study the upward diffusion processes, corresponding
to adatoms and clusters ascending at the step edges along
both the �110� and �100� directions on the �100�-sloped and
�111�-sloped facets of a hut on the Al�110� and Cu�110� sur-
faces, respectively �Fig. 1�. Models with a 12-layer hut on a
12-layer �110� substrate are used in our calculations. Periodic
boundary conditions are utilized along both the x �00−1� �or
�−110�� and y �−110� �or �001�� directions for a �111�-sloped
�or �100�� facet. In studying adatom upward diffusion on the
�111�-sloped facet, the size of the substrate is 10�2a0
�28a0, while that of the �111�-sloped facet is 10�2a0
�3�6a0, and the �110� top is 10�2a0�6a0, as seen in Fig.
1�a� �here, a0 is the bulk lattice constant�. In studying adatom
diffusion on the �100� facet, the area of the substrate, the
�100�-sloped facet, and the �110� top surface are taken to be
17.5�2a0�12a0, 12a0�3�2a0, and 17.5�2a0�3.5a0, re-
spectively, �see Fig. 1�b��. The corresponding two model sys-
tems contain 6985 and 9721 atoms, respectively. In the stud-
ies of dimer, trimer, and tetramer upward diffusion, we
enlarge the sizes of the model systems in both the x and y
directions accordingly.

To eliminate the possible unphysical effect of using a con-
stant lattice constant in the MD simulations, we first calcu-
late the equilibrium lattice constant at a given temperature
using the EAM potentials for both Al and Cu, and then use
these temperature-dependent lattice constants in subsequent
simulations. Time steps of �3 and �3.5 fs for Al and Cu are

FIG. 1. �Color online� Simulation models of an Al hut island on
a �110� surface, with different sloped facets: �a� �111�-sloped facet
and �b� �100�-sloped facet.
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adopted, and these time steps are fine enough to simulate the
dynamic behavior of adatom or cluster diffusion on the fac-
ets at the given temperatures. In adopting these time steps,
the drifts in the total energy of the systems are less than
10−4%. The time duration of the MD simulations ranges from
0.3 to 2 ns, depending on the diffusion rate at given tem-
peratures; such durations are long enough to reveal the ato-
mistic mechanisms of the ascending processes.

III. UPWARD DIFFUSION MECHANISMS OF Al ADATOM
ON FACETS OF Al(110)

Before we investigate the upward diffusion behaviors of
an adatom and small clusters on the sloped facets of the huts,
we first study adatom and small cluster diffusion on flat
Al�001�, Al�110�, and Al�111� in order to elucidate the valid-
ity of the EAM potential adopted in our calculations. We use
a 5�6a0�6�2a0 cell with a thickness of ten Al layers to
study the adatom and cluster self-diffusion. Here, we only
present the results of an adatom and a trimer diffusing on a
flat Al�111� surface. Figure 2�a� shows the simulation results
of the single Al adatom case. For a single adatom, diffusion
proceeds via an adatom hopping between two FCC sites
through a neighboring HCP site at the temperature of 100 K.
Figures 2�b� and 2�c� show different diffusion mechanisms
obtained from the MD simulations for a trimer diffusing on
Al�111� at 350 K. One is the hopping mechanism from one
FCC-H site to another FCC-H site via an HCP-T site; an-
other is the hopping-rotation mechanism, in which the trimer
atoms first hop from a FCC-H site to a neighbor HCP-T site,
then rotate to a FCC-T site. �In our notation, the trimer with
three atoms at fcc sites �FCC� or hcp sites �HCP� and with
the mass center at the hollow site �H� or on the top site �T� is
labeled as FCC�HCP�-H or FCC�HCP�-T.� Generally, the re-
sults are in agreement with previous DFT calculations and

MD simulations employing semiempirical potentials.5,12,36

To further test the validity of the EAM potential, we also
calculate the diffusion coefficient, Dt=��d2 /2D, for Al ada-
tom diffusion on an Al�111� surface. Here, � is the number of
possible hopping directions �three in our case� and � is the
hopping frequency which is obtained by the hopping number
n divided by the total time t. d stands for the jump distance
and D for the dimensionality of the diffusion space �two for
surface diffusion�. The calculated Dt at 150 K is �4.6
�10−4 cm2/s, which is also in close agreement with previ-
ous study.5

Next, we study the diffusion of an Al adatom on the �111�-
sloped and �100�-sloped facets of the huts grown on Al�110�.
We focus our attention on the upward diffusion and convex-
edge processes to see if efficient upward diffusion processes
can indeed occur. For the �111�-sloped facet, we study the
diffusion behaviors of an adatom with a given initial position
on the �111�-sloped facet at temperatures ranging from
150 to 750 K with the temperature step of 50 K. Thermal
equilibrium can be reached after about 5000 simulation steps
��15 ps� for each simulation, and the independent MD
simulations are carried out for several times for a given tem-
perature. At the temperature of 150 K, a single adatom be-
gins to diffuse upward or downward randomly on the �111�-
sloped facet. Once the adatom diffuses downward and
reaches the concave corner of the facet, it will be trapped and
cannot escape from the trap site until the temperature is el-
evated to above 500 K. However, as the adatom diffuses up-
ward, it can easily cross the convex edge to the top of the hut
when the temperature is higher than 150 K. Once on top, the
adatom is unable to return downward to the �111�-sloped
facet even at the high simulation temperature of 750 K.

Figure 3 �upper panel� shows the concerted exchange
mechanism of an adatom diffusing upward from the �111�-
sloped facet to the top �110� surface. Figure 3�a-i� gives the
initial position of the adatom on the facet, Figs. 3�a-ii�–3�a-
iv� exhibit the atomistic diffusion process taking place at the
edge of the facet, and Fig. 3�a-v� shows one configuration for
a kicked-out edge atom diffusion on the top �110� surface.
From the structures obtained in the trajectory of the MD
simulations, we found that when the adatom diffuses upward
to the convex edge of the facet, it kicks out an edge atom and
replaces its position in the edge, while the kicked-out atom
becomes an adatom on the top �110� surface. Once the ada-
tom climbs up the huts, it begins to diffuse on the top �110�
surface and cannot diffuse downward to the �111� slope facet
during all the MD simulations.

Why does the upward and crossing convex-edge diffusion
process take place easily? What is so special about �110�
surface that produces flattop huts? The special aspect of the
fcc�110� surface, in contrast to the �111� and �100� surfaces,
is highlighted in Refs. 25 and 26 and also by Fichthorn and
Scheffler �Ref. 27�: The atomic arrangements at the edges of
monatomic steps on fcc�110� are rather loose, making up-
ward diffusion of an adatom via the place exchange mecha-
nism easily accessible. This explanation may also be applied
in the present case.

Now, we study Al adatom diffusion on the �100�-sloped
facet. We simulate the diffusion process of the adatom with
the initial position near the convex edge of the facet at the

FIG. 2. �Color online� Schematic illustration of the different
diffusion mechanisms of an Al adatom and a trimer on Al�111�: �a�
site-to-site hopping of a single adatom along the �112� direction at
150 K and ��b� and �c�� hopping without rotation and hopping with
rotation of a trimer at 350 K.
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temperatures ranging from 500 to 800 K with a temperature
step of 50 K, focusing on the upward diffusion and the
convex-edge crossing processes. We observe that through a
concerted exchange or indirect place exchange mechanism,
the adatom can diffuse and cross the convex edge to the top
�110� surface. At low temperatures of 500–600 K, the ada-
tom diffuses upward through the concerted exchange mecha-
nism as we discussed above. However, at high temperatures
of �600 K, the adatom can diffuse upward through an indi-
rect place exchange mechanism. Figure 3 �lower panel�
shows the process of an indirect place exchange mechanism
taking place at the temperature of 600 K. In the indirect
place exchange process, the adatom near the convex edge
�shown in Fig. 3�b-ii�� first squeezes itself into the surface
and pushes its neighboring atom in the second layer of the
hut upward to the edge �see Figs. 3�b-iii� and 3�b-iv��, with
one edge atom being kicked out. The kicked-out atom moves
upward to the top �110� surface and stays on the top surface
as an adatom �Fig. 3�b-v��. Similar to the case of adatom
diffusing on the �111�-sloped facet, it is very difficult for the
atop adatom to diffuse back to the �100�-sloped facet even at
the high simulation temperatures.

Earlier DFT calculations25,26 of activation energies of an
adatom diffusion on the step edge have shown that it is en-
ergetically favorable for an adatom to climb up onto the top
�110� surface from either the �111�-sloped or �100�-sloped
facet, while the energy barrier for an atop adatom to diffuse
from the top surface to the sloped facets is large. Our MD
simulation results are in agreement with the DFT results;
furthermore, these simulations directly elucidated the de-
tailed atomistic mechanisms, including the indirect exchange
mechanism not identified in the previous DFT calculations
with much smaller supercell sizes.

IV. UPWARD DIFFUSION MECHANISMS OF Al
CLUSTERS ON (111) FACET OF Al(110)

To gain a more complete understanding of diffusion pro-
cesses and growth morphology, it is also desirable to know

the diffusion behavior of small clusters of atoms such as
dimers, trimers, etc. To this end, we further investigate small
cluster diffusion on the �111�-sloped facet of Al�110�, focus-
ing on cluster upward diffusion at the step edge of the facets.
To simulate the cluster diffusion processes on the facet, here
we enlarge the size of the models so that the systems contain
more than 20 000 atoms. Our MD simulations begin at the
temperature of 300 K, increasing by steps of 50 K in subse-
quent simulations.

First, we study the case of a dimer diffusing on the �111�-
sloped facet. The dimer is put at the center of the facet ini-
tially. When thermal equilibrium of the system is achieved
after 5000 simulation steps, we find that the dimer can dif-
fuse upward or downward. Once the dimer diffuses down-
ward, it may reach and be trapped at the concave corner of
the facet and could not escape from the concave corner even
at a high temperature �550 K�. Figure 4 shows the snapshots
of the simulation results for the dimer upward diffusion pro-
cess on the �111�-sloped facet at the temperatures of 350 and
450 K, respectively. Figure 4�a-iv� shows the simulation re-
sults at the lower temperatures of 300–350 K. Here, we find
that the dimer can diffuse upward to a site near the upper
edge of the facet, then through a concerted exchange mecha-
nism between one dimer atom and one edge atom, the atom
at the edge jumps from the �111�-sloped facet to the top
surface. During the process, the dimer is dissociated into two
adatoms and one of them replaces the edge atom being
kicked out and placed on top. The other atom of dimer then
may experience the same diffusion processes of an adatom as
studied in the previous section. Finally, the two atop adatoms
associate and form a new dimer on the top �110� surface
�Fig. 4�a-v��. The new dimer can easily diffuse on the top
�110� surface at the simulation temperature, but the descend-
ing diffusion process of the dimer from the top �110� surface
to the �111�-sloped facet is not found during simulations.

At high temperatures of 400�550 K, our MD simula-
tions show that a dimer diffuses upward and then directly
place exchanges two neighboring edge atoms as a whole

FIG. 3. �Color online� Upper panel: �a-i� initial configuration, �a-ii� and �a-iii� intermediate steps, and �a-iv� final configuration of the
concerted exchange mechanism for an Al adatom diffusing upward and crossing the convex edge of the �111�-sloped facet to the top �110�
surface at 150 K. Lower panel: �b-i� initial configuration, �b-ii� and �b-iii� intermediate steps, and �b-iv� final configuration of the indirect
place exchange mechanism for an Al adatom diffusing upward and crossing the convex edge of the �100�-sloped facet to the top Al �110�
surface at 600 K. �a-v� and �b-v� show the configurations after a kicked-out edge atom has diffused to the top �110� surface for the two cases.
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unit. The two kicked-out edge atoms move to the top �110�
surface and form a new dimer �Figs. 4�b-ii�–4�b-v��.

Next, we study trimer upward diffusion toward the top
�110� surface. We find that a trimer can also diffuse upward
from the �111�-sloped facet to the top �110� as the tempera-
ture increases to 500 K. However, in the temperature range
of our simulations, the trimer always dissociates at the edge
through the concerted exchange mechanism shown in Fig. 5.
Thus, for a trimer, massive atom transportation to the top
�110� surface can be realized via the concerted exchange
mechanism in which the trimer dissociates into one atom and
one dimer.

For tetramer diffusion on the �111�-sloped facet, our simu-
lations show that it can also diffuse upward at the tempera-
ture of about 500 K, and at the convex edge of the �111�-
sloped facet, the tetramer may dissociate into two dimers
�Fig. 6, upper panel� or one atom and one trimer �Fig. 6,
lower panel�. In the former case, one dimer from the disso-
ciated tetramer may exchange directly with the two edge
atoms, and the kicked-out edge atoms move to the top sur-
face of the hut and stay there as an ad-dimer, while the other
dimer is left on the facet near the edge, experiencing a simi-
lar process for dimer diffusion. In the latter case �Fig. 6,
lower panel�, one atom from the dissociated tetramer re-

places one convex-edge atom. The remaining trimer on the
�111�-sloped facet may then undergo the same diffusion pro-
cesses of a trimer discussed earlier.

Briefly, we summarize the diffusion behaviors of clusters
on the �111�-sloped facet observed in our MD simulations at
the temperatures ranging from 350 to 500 K. We found that
a dimer, trimer, or tetramer can all diffuse upward on the
�111�-sloped facet, and then through a combined process of
cluster dissociation and place exchange between the cluster
and hut edge, atoms are transported to the top surface of the
hut, leading to hut growth. Cluster dissociation at the step
edge has been observed in previous MD study of cluster
downward diffusion,20 and the dissociation of a dimer at the
step edge could be attributed to shear motion39 as well as a
short-range attraction effect.40 The different temperature de-
pendences we observed in the upward diffusion of small
clusters with different sizes can be understood from the cal-
culated dependence of the diffusion on the cluster size.10

V. UPWARD DIFFUSION MECHANISMS OF Cu ADATOM
AND CLUSTERS ON FACETS OF Cu(110)

In order to explore the potentially generic nature of the
kinetic processes discussed above, we have further per-

FIG. 4. �Color online� �a-i� and �b-i� common initial configuration of an Al dimer diffusing upward and crossing the convex edge of the
�111�-sloped facet to the top �110� surface at 350 K. Upper panel: �a-ii� and �a-iii� intermediate steps and �a-iv� final configuration of the
sequential concerted exchange mechanism at 350 K. Lower panel: �b-ii� and �b-iii� intermediate steps and �b-iv� final configuration of the
exchange mechanism of the dimer as a unit at 400 K. �a-v� and �b-v� show the configurations after a dimer formed by two kicked-out edge
atoms has diffused to the top �110� surface for the two cases.

FIG. 5. �Color online� Different kinetic steps of the dissociation and concerted atom exchange mechanism of an Al trimer crossing the
convex edge of a �111�-sloped facet at 500 K.
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formed MD simulations of Cu adatom and cluster upward
diffusion on sloped facets of Cu�110�. Similar to the cases of
Al, all the kinetic processes identified above have been ob-
served for Cu, but for each case a relatively higher tempera-
ture is needed. For example, for a single Cu adatom or a
Cu-Cu dimer diffusing up to the top Cu�110� surface from a
sloped Cu�111� facet, the minimum simulation temperature
had to be 400 and 500 K, respectively. These observations
are consistent with the fact that on a Cu surface, the corre-
sponding kinetic processes have higher activation barriers
than that on Al.5 Overall, the MD simulation results for both
Al and Cu suggest that the formation of hut islands observed
in Al�110� homoepitaxy26 should also be expected to occur in
homoepitaxial growth of Cu�110� and other fcc metal �110�
surfaces under proper growth conditions.

VI. SUMMARY

In summary, we have studied upward self-diffusion of
adatoms and small clusters on faceted huts formed in fcc
metal �110� homoepitaxy using molecular dynamics simula-
tions with interatomic potentials described by the embedded-
atom method �EAM�. Our results showed that both indi-
vidual adatoms and small clusters on the �111� and �100�
faces of the huts on Al and Cu�110� can readily diffuse up-
ward and cross the convex edges of the huts, but with differ-
ent atomistic mechanisms. An adatom can cross the convex

edges via a simple concerted exchange or indirect place ex-
change mechanism. In contrast, the upward diffusion and
convex-edge crossing of small clusters can be realized by
their dissociation at or near the edges of the hut after one or
two atoms belonging to the cluster are incorporated into the
edges. These results are in agreement with the previous first-
principles calculations and experimental observations and
also lead to the identification of new kinetic processes of
long-range nature. Overall, the present simulation studies re-
vealed that there truly exists efficient upward mass transport
on faceted islands in fcc metal �110� homoepitaxy, and such
upward diffusion processes are expected to play a key role in
defining the kinetic faceting instability in these growth sys-
tems.
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