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Using first-principles calculations based on density-functional theory, we elucidate mechanisms and energy
barriers for atomic diffusion on Al�110�, Al�100�, and Al�111�, up and down �100� and �111� steps on Al�110�,
and between the �100�, �111�, and �110� facets of Al. We find that the energetically preferred mechanism for
adatom diffusion on Al�110� is a diagonal exchange between the adatom and the substrate, which leads to
isotropic diffusion on this anisotropic surface. Similarly, diagonal exchange involving three atoms is the
preferred mechanism for atoms to ascend and descend the �100� and �111� steps. The descent of atoms over the
�100� steps is hindered by diffusion to the step edge while for the �111� steps, it is hindered by diffusion over
the edge. Energy barriers to ascend from �110� to �100� or �111� facets depend on facet height. Neighboring
adatoms can significantly influence diffusion-energy barriers and simple approaches cannot predict this com-
plex behavior. The energy barriers for dimers to climb from the �110� to the �100� and �111� facets are lower
than those for isolated adatoms.
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I. INTRODUCTION

Achieving the controlled self-assembly of nanostructures
in thin-film epitaxy is an important goal that could enable
applications in catalysis,1,2 �opto�electronics,3–8 quantum
computing,9 and magnetic data storage.10 Although the
growth of self-assembled structures has been observed ex-
perimentally in many heteroepitaxial systems, as well as in
homoepitaxy, the ability to predict assembly from first prin-
ciples is currently limited. Since thin-film growth often oc-
curs away from equilibrium, kinetic phenomena govern mor-
phological evolution and a predictive model must accurately
include all the relevant kinetic processes. These include phe-
nomena associated with deposition, such as downward
funneling,11 shadowing,12 and steering,13 as well as a multi-
tude of different processes that govern surface diffusion. If
all these important processes can be identified, they can be
incorporated into a kinetic Monte-Carlo �KMC� simulation14

that can predict the interfacial morphology that arises from
their synergy. The rate processes associated with deposition
and diffusion can be quantified in first-principles calculations
based on density-functional theory �DFT�. In principle, KMC
simulations based on DFT can be as accurate as ab initio
molecular dynamics �MD� with the added benefit that KMC
simulations can probe significantly larger length and time
scales than ab initio MD. However, for many systems of
interest, the catalog of DFT rate processes is not sufficiently
developed to enable such quantitative simulations.

In this work, we focus on elucidating mechanisms in-
volved in the self-assembly of “nanohuts”15 in Al�110� ho-
moepitaxy. At temperatures between 330 and 500 K, nano-
huts with smooth �111� and �100� facets form and grow to an
average height of 50 nm when 30 monolayers �MLs� of Al
are deposited on Al�110� with a rate of 1 ML/min.15 Interest-
ingly, nanohut formation in this homoepitaxial system is
driven primarily by kinetic phenomena16 so detailed studies
may reveal insight into kinetic driving forces for assembly.
From a fundamental perspective, the current understanding

of the diffusion processes that govern self-assembly in
multilayer thin-film epitaxy is limited and insights from DFT
calculations are useful. As we will elaborate below, Zhu et
al.16 used DFT calculations to obtain energy barriers for a
variety of different diffusion processes in this system. In the
studies reported below, we significantly expand their catalog,
by employing DFT calculations to quantify a number of key
diffusion mechanisms on the flat, stepped, and faceted sur-
faces of Al�110� that were not considered by them. In addi-
tion to elucidating transport mechanisms for isolated atoms
in these different environments, we consider the influence of
neighboring atoms on diffusion mechanisms and energy bar-
riers. As we will discuss below, the mechanisms that we find
here are critical for describing the formation of self-
assembled nanohuts in this and similar systems.

II. METHODS

In the framework of harmonic transition-state theory,17

which is accurate for low-temperature diffusion on solid sur-
faces, the rate of adatom hopping from an initial state to a
final state via a transition state is given by

r = � exp�− E/kBT� , �1�

where kB is the Boltzmann constant, � is the pre-exponential
factor, E is the diffusion-energy barrier, and T is the tempera-
ture. Within the harmonic approximation,17 � can be obtained
using

� =
�i=1

3N �i

�i=1
3N−1�i

† , �2�

where N is the number of unconstrained atoms and �i and �i
†

are the real, normal-mode frequencies at the minimum and
the transition states, respectively. In an extensive theoretical
study of adatom surface diffusion, Liu et al.18 found pre-
exponential factors in the range of 1011–1013 s−1, with lower
values corresponding to single-atom diffusion processes
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�e.g., an adatom hopping on top of the surface� and higher
values corresponding to collective diffusion processes, in-
volving the exchange with the substrate. Here, we focus most
of our effort on quantifying diffusion-energy barriers, which
have a larger effect on the rate than pre-exponential factors.
The energy barrier E is given by the difference between the
total energies of the initial and transition states. In this work,
we obtained these quantities from first-principles total-
energy calculations based on DFT, as implemented in the
Vienna ab initio simulation package �VASP�.19–21 To locate
transition states, we employ the climbing-image nudged-
elastic band �CI-NEB� method,22 which is implemented in
VASP.

For the DFT total-energy calculations, we used ultrasoft
Vanderbilt pseudopotentials,23 as supplied by Kresse and
Hafner,24 the generalized gradient approximation �GGA� by
Perdew and Wang,25 Fermi-Dirac smearing26 with a width of
0.2 eV, and an energy cutoff of 129.2 eV. We used the
Monkhorst-Pack scheme27 to sample the Brillouin zone.
With a converged �13�13�13� k-point mesh, we obtained
a bulk Al lattice constant of 4.05 Å, which is the same as the
experimental value.28 We also tested a few key results using
the GGA by Perdew, Burke, and Ernzerhof29 with a higher-
energy cutoff of 240.3 eV, and confirmed that the energy
barriers do not vary significantly.

To model various Al surfaces, we constructed periodic
supercells consisting of multilayered slabs with vacuum
spacing above the surface. We used vacuum spacings of at
least 15 Å, which is sufficient to minimize interactions be-
tween the periodic slabs normal to the surface. We adsorbed
adatoms on only one side of the slab because the emergence
of an artificial electric field perpendicular to the slab due to
asymmetry is small for this system.30–32 To obtain optimized
slab geometries, we relaxed the unconstrained atoms until
the force on each atom was less than 0.01 eV /Å. Following
our previous work for Al�110�, we employ a ten-layer slab
with the bottom five layers fixed at the bulk positions,31,32

and for Al�100�, we used an eight-layer slab with the bottom
four layers fixed at the bulk positions.32 We selected these as
the minimum thicknesses that could accommodate the inter-
layer relaxations for these surfaces.31,32 For Al�110�, we fur-
ther tested the slab thickness by performing calculations on
12-layer slabs for two diffusion mechanisms involving ex-
change of an adatom with the substrate. The energy barriers
from these calculations were within 5% of those for ten-layer
slabs.

To find the necessary thickness for the Al�111� slabs, we
obtained the interlayer relaxations using a 14-layer �1�1�
slab. We allowed the top seven layers to relax using a con-
verged �26�26�1� k-point mesh while keeping the atoms
in the bottom seven layers fixed at the bulk positions. We
calculated the interlayer relaxation �i,i+1, which is the per-
centage change from the bulk interlayer spacing between
layer i and i+1, with i=1 for the top layer. We obtained
�1,2=+1.08%, which is in good agreement with the experi-
mental values of +0.9�0.5% �Ref. 33� and +1.4% �Ref. 34�
from low-energy electron-diffraction �LEED� studies. How-
ever, we note that two other LEED studies reported a signifi-
cantly higher expansion between the first and second layers,
with �1,2=+2.2% �Ref. 35� and +1.7�0.3% �Ref. 36�. Our

value of �1,2 also agrees well with other theoretical estimates
based on DFT.37–42 We obtained �2,3=−0.38%, which is in
agreement with the experimental value of +0.5�0.7 �Ref.
36�—although the experimental value has a large uncer-
tainty. There are also large discrepancies in the values of �2,3
predicted in various DFT studies.37–42 However, these studies
all agree on the negative sign of �2,3, which implies contrac-
tion. The interlayer relaxations for Al�111� are much smaller
than what we obtained for Al�110� ��1,2=−8.61% and �2,3
=+4.92% �Ref. 31�� and Al�100� ��1,2=+1.76% and �2,3=
+0.67% �Ref. 32��, a trend which is consistent with other
experimental and theoretical results.41,43–45 We found that for
Al�111�, a six-layer slab with the top three layers uncon-
strained is sufficient to accommodate the interlayer relax-
ations, yielding �1,2=+0.97% and �2,3=−0.18%. Hence, we
used this slab thickness for performing further calculations
on Al�111�.

In previous work,31,32 we obtained a converged �5�4
�1� k-point mesh for a �5�4� Al�110� slab along the
��11̄0�� �001�� or �in-channel�cross-channel� direction. We
use the same or higher k-point density for other slabs in this
work. The number of atoms per layer in the slabs is large
enough to prevent significant lateral interactions between the
adatoms in the periodic images of the supercells. To study
adatom diffusion on the flat �110� surface, we employed a
�5�4� slab with a �5�4�1� k-point mesh. We used an
�8�3� slab with a �4�6�1� k mesh to study �100� steps
and facets, and a �4�6� slab with a �7�3�1� k-point mesh
to study �111� steps and facets on Al�110�. For adatom dif-
fusion on the flat �100� and �111� surfaces, we employed a
�5�5� slab with a �5�5�1� k-point mesh, and a �4�4�
slab with a �7�8�1� k-point mesh, respectively.

To find transition states using the CI-NEB method, we
relaxed two slabs with atomic configurations corresponding

FIG. 1. �Color online� Atomic configurations �top view� of the
initial �left�, transition �center�, and final �right� states proposed by
Stumpf and Scheffler �Ref. 30� for adatom diffusion on the flat
Al�110� surface via �a� in-channel hopping; �b� cross-channel hop-
ping; �c� cross-channel exchange and; �d� in-channel exchange. Ini-
tial adatoms are labeled by circles and substrate atoms involved in
the exchange mechanisms are labeled by squares.
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to the desired initial and final states. Then, we constructed
three �unless stated otherwise� intermediate states or “im-
ages” between them, following an initial guess of the diffu-
sion mechanism. In CI-NEB calculations, the positions of the
atoms are optimized so that the images follow a minimum-
energy pathway �MEP� while also forcing the image with the
highest energy to reside at the transition state. This offers an
advantage over the regular NEB method,46 which finds the
MEP but does not guarantee that the highest-energy image is
the transition state. In NEB calculations, a sufficient number
of images is needed to obtain a good estimate of the MEP so
that a good transition state can be found. However, we can
obtain the transition states directly and accurately by em-
ploying much fewer images with the CI-NEB method. Inter-
estingly, even one image was found to be sufficient for most
of the calculations in this work, except for a case with two
transition states between the initial and final states, as dis-
cussed below.

III. RESULTS

A. Diffusion on Al(110), Al(100), and Al(111)

Adatom diffusion on Al�110� has been investigated in pre-
vious theoretical studies using semiempirical potentials18,47

and DFT calculations.16,30,48 However, even among the DFT
studies, there is no consensus regarding the dominant diffu-
sion mechanisms and their energy barriers. For adatom dif-
fusion on Al�110�, we first investigated the mechanisms pro-
posed by Stumpf and Scheffler.30 In Fig. 1, we show the
atomic configurations that we obtained following their pro-
posed hopping �Figs. 1�a� and 1�b�� and exchange �Figs. 1�c�
and 1�d�� mechanisms. Our energy barriers for these mecha-
nisms, along with those from previous DFT studies, are
shown in Table I.

We found an energy barrier of 0.47 eV for in-channel
hopping �cf., Fig. 1�a�� and 0.71 eV for cross-channel hop-
ping �Fig. 1�b��. Our barriers have approximately two-thirds
of the magnitudes of those reported by Stumpf and
Scheffler,30 perhaps because they used the local-density ap-
proximation �LDA� while we used the GGA. Deviations
from the hopping barriers obtained by Sun et al.48 are prob-
ably due to the thinness of their Al�110� slab �four layers�,
which is not sufficient to account for the interlayer relax-
ations associated with this surface.31 We also matched
Stumpf and Scheffler’s proposed30 transition state for cross-
channel exchange, shown in Fig. 1�c�. For this mechanism,
we obtained an energy barrier of 0.38 eV, which is signifi-
cantly smaller than values reported in previous work.16,30 As
discussed above, Stumpf and Scheffler used the LDA, which

TABLE I. Energy barriers obtained in this work for Al adatom diffusion on the flat Al surfaces shown in
Figs. 1, 3, and 4, along with the results from other studies.

Move Figure

Energy barriers
�eV�

This work Previous work �theory� Experiments

Al�110� 0.43d

1. �110� hopping 1�a� 0.47 0.60,a 0.38c

2. �001� hopping 1�b� 0.71 1.06,a 0.83c

3. �110� exchange 1�d� 0.39 0.33,a 0.33b

4. �001� / �110� / �112� exchange 1�c� 0.38 0.62,a 0.49b

3�a�–3�c�
5. �112� exchange 3�d� 0.33 0.50c

Al�100�
1. Hop 4�a� 0.57 0.69,a 0.46,c 0.65,e

0.51,f 0.55g

2. Exchange 4�b� 0.51

3. Exchange 4�c� 0.22 0.40,a 0.19,b0.17c

0.20,e 0.16g

Al�111� 0.042�0.004 i

1. hcp to fcc 4�d� 0.05 0.04a–c,h

2. fcc to hcp 4�d� 0.01

aReference 30.
bReference 16.
cReference 48.
dReference 51.
eReference 63.

fReference 64.
gReference 65.
hReference 66.
iReference 67.
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may be the reason for our discrepancy with them. Surpris-
ingly, our diffusion barrier for cross-channel exchange does
not agree with that reported by Zhu et al.,16 even though they
used the same GGA and slab thickness. The only known
difference is that we employed the CI-NEB method to find
diffusion barriers while they used the NEB method. As dis-
cussed above, it is possible that we located the transition
state more precisely with this method and, hence, we found a
more accurate energy barrier.

Moving on to in-channel exchange, we found that the
transition state proposed by Stumpf and Scheffler,30 shown in
Fig. 1�d�, is actually an intermediate local minimum and that
this mechanism proceeds via a move from the initial state to
the intermediate state followed by a second move from the
intermediate state to the final state. To confirm the locations
of the transition states, we performed two separate CI-NEB
calculations between the initial and intermediate states, and
between the intermediate and final states. The MEP for this
mechanism and the atomic configurations of the key images
are shown in Fig. 2.

Since in-channel exchange occurs as a result of two sepa-
rate, sequential moves, the net rate for this process is given
by the mean first-passage time.49 For the mechanism in Fig.
2, we obtained the mean first-passage time � for moving
from the initial state to the final state, considering one or
more visits to the intermediate state and possibly multiple
revisits to the initial state.49 This is given by

� =
r1 + 2r2

r1r2
, �3�

where r1 is the rate from the initial state to the intermediate
state and r2 is the rate from the intermediate state to either
the final or initial state. These have the form given by Eq. �1�
with E1=0.39 eV and E2=0.16 eV. The attempt frequencies
�1 and �2 are given by Eq. �2�. We conducted dynamical
matrix calculations17 in VASP to obtain the normal-mode fre-
quencies for �1 and �2. We displaced seven atoms �enclosed
inside the dashed areas in Fig. 2� from their equilibrium po-

sitions by �0.005 Å in the direction of each Cartesian co-
ordinate in relaxed slabs of the initial, transition, and inter-
mediate states. We found one imaginary normal-mode
frequency at the transition state, and obtained the attempt
frequencies �1=3.97�1012 s−1 and �2=3.70�1012 s−1 us-
ing Eq. �2�. The rate of the effective move is given by 1 /�.
By representing this effective rate in the form of the Arrhen-
ius equation, i.e.,

1/� = �ef f exp�− Eef f/kBT� , �4�

we obtained the energy barrier Eef f and attempt frequency
�ef f of the effective move from the slope and y intercept of
an Arrhenius plot of ln�1 /�� vs 1 /T. In the temperature range
between 200 and 500 K, this yields �ef f =1.980�1012 s−1

and Eef f =0.39 eV. We note that the value of this effective
barrier is higher than those found by Stumpf and Scheffler30

and by Zhu et al.,16 who both assumed that the intermediate
local minimum was the transition state.

There is an alternate and slightly more favorable mecha-
nism for diffusion in the in-channel direction, shown as
move b in Fig. 3. This move has the same transition state as
that for cross-channel exchange �move a in Fig. 3� and the
same energy barrier of 0.38 eV. The symmetric transition

state for these moves can also lead to diffusion in the �11̄2�
�diagonal� direction with the same energy barrier, shown as
move c in Fig. 3.

In separate work, we studied diffusion mechanisms on
Al�110� using accelerated ab initio MD simulations.50 In that
study, we found that the most dominant mechanism for ada-
tom diffusion is a diagonal exchange, shown as mechanism d
in Fig. 3. Experimental studies on the �110� surfaces of Al,
Ni, Ir, and Pt have shown that the energy barrier for adatom
diffusion along the cross-channel direction is lower than or
comparable to that for the in-channel direction.51–54 How-
ever, theoretical studies before our work indicate the oppo-
site behavior on Al�110� and other fcc�110�
surfaces.16,18,30,47,48,55–61 Using Cl-NEB calculations on

FIG. 2. �Color online� The MEP and atomic configurations �top
view for images 0, 2, 4, 6, and 8� for the in-channel exchange
mechanism shown in Fig. 1�d�. Images 2 and 6 are the transition
states, image 4 is the intermediate state, and images 0 and 8 are the
initial and final states, respectively. The initial adatom is labeled by
a circle and the substrate atom involved in the exchange mechanism
is labeled by a square.

FIG. 3. �Color online� Atomic configurations �top view� of the
initial �left�, transition �center�, and final �right� states, along with
energy barriers for the dominant adatom diffusion mechanisms on
Al�110�: �a� cross-channel exchange; �b� in-channel exchange; �c�
diagonal exchange; and �d� alternate diagonal exchange. The initial
adatom is labeled by a circle and the substrate atom involved in the
exchange mechanism is labeled by a square.
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Al�110�, we obtained an energy barrier of 0.33 eV for the
diagonal exchange mechanism, which has the transition state
shown in d in Fig. 3. This mechanism was not considered in
most of the previous theoretical studies on Al�110�.16,18,30,47

Sun et al.48 studied this mechanism on Al�110� but found it
to be significantly less feasible than the in-channel hopping
mechanism—perhaps because of the thinness of their slabs.
Hence, we match the experimental trends by finding that the
lowest diffusion barrier for an isolated adatom on Al�110� is
that for diagonal motion, which advances the atom in both
the in-channel and cross-channel directions. In a recent study
of diffusion on Cu�110�,62 the energy barrier for the diagonal
exchange mechanism was found to be close to that for the
in-channel hopping mechanism.

For adatom diffusion on Al�100�, we studied one hopping
and two exchange mechanisms, which are shown in Fig. 4.
We obtained an energy barrier of 0.57 eV for the hopping
mechanism shown in Fig. 4�a�. For the exchange mecha-
nisms shown in Figs. 4�b� and 4�c�, we find energy barriers
of 0.51 eV and 0.22 eV, respectively. Our values for these
barriers are in good agreement with those in other DFT
studies,30,48,63–65 as shown in Table I. On Al�111�, we found
that the hcp binding sites are more stable �by 	0.04 eV�
than the fcc sites. An adatom can hop from an hcp site to a
nearest-neighbor fcc site with an energy barrier of 0.05 eV
and the transition state shown in Fig. 4�d�. The energy barrier
for an adatom to hop from an fcc site to a nearest-neighbor
hcp site is only 0.01 eV. These values are in good agreement
with other theoretical16,30,48,66 and experimental results,67 re-
ported in Table I.

B. Diffusion in the vicinity of (100) and (111) steps on Al(110)

In the initial stages of thin-film epitaxy, single-layer is-
lands form, whose steps may have various orientations. The

upward/downward motion of atoms over the step edges can
significantly influence the morphology of a growing film.
Generally, the energy barriers for atoms to descend step
edges are higher than those on the flat terrace. The excess
barrier to descend the step edge is referred to as the Ehrlich-
Schwoebel �ES� barrier.68,69 A high ES barrier promotes at-
oms to stay and nucleate on top of islands whereas a low ES
barrier allows the atoms to descend the steps, thereby pro-
moting layer-by-layer growth.

We studied the �100� and �111� steps, which are the most
stable on Al�110�.32 We constructed �100� steps as one-layer-
high islands that are four atoms wide along the in-channel
and infinite along the cross-channel direction and �111� steps
that are three atoms wide along the cross-channel and infinite
along the in-channel direction, as shown in Figs. 5 and 6.
Zhu et al.16 proposed the exchange mechanisms m1 in Fig.
5�a� for upward/downward diffusion on the �100� step and
m3 in Fig. 6�a� for the �111� step. For mechanisms m1 and
m3, we found energy barriers of 0.58 eV �0.44 eV� and 0.65

FIG. 4. �Color online� Atomic configurations �top view� of the
initial �left�, transition �center�, and final �right� states for �a�
Al�100� hopping; �b� Al�100� exchange; �c� Al�100� diagonal ex-
change; and �d� Al�111� hopping from an hcp to a fcc site. Initial
adatoms are labeled by circles and the substrate atoms involved in
the exchange mechanisms are labeled by squares.

FIG. 5. �Color online� Atomic configurations �top view� of the
initial �left�, transition �center�, and final �right� states for interlayer
diffusion on the �100� step: �a� proposed by Zhu et al. �Ref. 16� and
�b� proposed in this work. Initial adatoms are labeled by circles and
atoms involved in the exchange mechanisms are labeled by squares
and triangles.

FIG. 6. �Color online� Atomic configurations �top view� of the
initial �left�, transition �center�, and final �right� states for interlayer
diffusion on the �111� step: �a� proposed by Zhu et al. �Ref. 16� and
�b� proposed in this work. Initial adatoms are labeled by circles and
atoms involved in the exchange mechanisms are labeled by squares
and triangles.
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eV �0.68 eV�, respectively, for the upward �downward� trans-
port of adatoms. These values are in good agreement with
those reported by Zhu et al.16 The upward diffusion of ada-
toms over steps is generally considered to be less feasible
than downward diffusion. Interestingly, however, our results
confirm those of Zhu et al.,16 who found that the energy
barrier for upward diffusion is slightly smaller than that for
downward diffusion on the �111� step.

In addition to confirming the results of Zhu et al.,16 we
found two, three-atom exchange mechanisms, m2 in Fig. 5�b�
and m4 in Fig. 6�b�, that are more complex but kinetically
more feasible than the two-atom exchange mechanisms �m1
and m3�. The energy barriers for upward �downward� trans-
port via these mechanisms are 0.49 eV �0.36 eV� for m2 and
0.58 eV �0.62 eV� for m4. In a simplified definition,70 the ES
barrier EES is given by EES=Es−E, where E is the energy
barrier for diffusion on the terrace and Es is the barrier for
interlayer transport of adatoms down the step edges. Taking
E=0.33 eV for terrace diffusion, we find that EES for the
�111� step �0.29 eV� is high but that for the �100� step �0.03
eV� is small. In this scenario, atoms on the �110� terrace on
the top of an island will not frequently descend the �111�
steps, but have an easy passage down the �100� steps. This
suggests that layer-by-layer growth is likely during Al�110�
homoepitaxy, in contradiction to the experimental findings.15

To resolve the apparent contradiction with experiment, we
need to account for other origins of the ES barrier, which
reflects the approach of atoms to a step edge, as well as their
descent over the edge. Thus, we consider the approach of an
atom from the center of an island to the edge. For this study,
we constructed a one-layer-high island, which is ten atoms
wide along the in-channel and infinite along the cross-
channel direction, on a �13�2� Al�110� slab, as shown in
Fig. 7. Using a �2�10�1� k-point mesh, we obtained ad-
sorption energies of an adatom on five, fourfold hollow sites
�Fig. 7� as the atom approaches the �100� edge. Here, we
define the adsorption energy as the difference between the
energies of the slab �including the island� with and without
the adatom. Figure 7 also shows the values of the adsorption
energies at these binding sites, which are significantly

smaller in magnitude for the two edge sites �1 and 2� than for
the center sites �3, 4, and 5�. In a preliminary study, we found
that this edge effect is negligible for the �111� step on
Al�110�, thus we did not perform an elaborate investigation
for this step.

The adsorption-energy profile in Fig. 7 can be attributed
to alterations in the electronic charge density and strain ef-
fects that occur close to the �100� step edge. The strain effect
is evident in Fig. 7 from different vertical relaxations of the
atoms forming the substrate and the island close to the �100�
edge. Adatoms on the top Al�110� terrace have to climb up-
hill energetically when diffusing from the center to the �100�
edge and would prefer to stay on the more stable sites in the
center. In field-ion microscopy studies on Pt�111� �Ref. 71�
and Ir�111�,72 an excluded zone with a reduced population of
adatoms was observed close to descending step edges, sug-
gesting the same behavior. Also, in other theoretical studies
of fcc�111� surfaces, changes in adsorption energies have
been reported up to several sites away from the descending
step edge.73,74 Thus, hindered diffusion from the center of an
island to the �100� step edge and a high-energy barrier for
descending the �111� step lead to high effective ES barriers
that promote three-dimensional growth in Al�110� homoepi-
taxy.

To accurately describe the lateral growth and decay of
islands, we obtained energy barriers for an Al adatom to
move along, away from, and toward the �100� and �111�
steps on the lower Al�110� terrace. For these calculations, we
used slabs with two-atom-wide �semi-infinite� islands to
simulate steps, as shown in Fig. 8, which is sufficient accord-
ing to our previous study.32 Using hopping mechanisms simi-
lar to those shown in Figs. 1�a� and 1�b�, an adatom can
move along the �100� step with an energy barrier of 0.66 eV,
and away from �toward� the �100� step with an energy barrier
of 0.57 �0.42� eV. Similarly, an adatom can hop along the

FIG. 7. �Color online� Adsorption energies on top of a one-
layer-high island at different binding sites �1–5� close to the �100�
step edge on Al�110�. The relaxed positions �side view� of the atoms
forming the substrate �dark� and the island �light� are shown �not-
to-scale in the vertical direction�, along with the binding sites on top
of the island, which are indicated by black circles.

FIG. 8. �Color online� Transition states for adatom diffusion
near steps formed by one-layer-high islands on Al�110�, using the
exchange mechanisms shown in Fig. 3, for �a� cross-channel, in-
channel, or diagonal moves adjacent to the �100� step; �b� alternate
diagonal move adjacent to the �100� step; �c� cross-channel, in-
channel, or diagonal moves adjacent to the �111� step; and �d� al-
ternate diagonal move adjacent to the �111� step. The arrows begin
at the initial states and point to possible final positions.
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�111� step with an energy barrier of 0.47 eV and away from
�toward� the �111� step with an energy barrier of 0.73 �0.75�
eV. Using exchange mechanisms similar to those shown in
Figs. 3�a�–3�c�, an adatom can move along and away from
�toward� the �100� step with the same transition state shown
in Fig. 8�a� and an energy barrier of 0.46 �0.31� eV, and
similarly, along and away from �toward� the �111� step with
an energy barrier of 0.36 �0.38� eV and the transition state
shown in Fig. 8�c�. An alternate mechanism to move away
from �toward� the steps is similar to that shown in Fig. 3�d�,
with an energy barrier of 0.49 �0.34� eV for the �100� step
and 0.29 �0.31� eV for the �111� step, and the transition states
shown in Figs. 8�b� and 8�d�, respectively. We note that the
mechanisms discussed above involve an exchange of the
adatom with a substrate atom that is not directly bonded to
atoms in the step. Our preliminary results indicate that ex-
change between substrate atoms that are bonded to the step
results in significantly higher-energy barriers than those re-
ported above.

Many of the mechanisms shown in Fig. 8 were also
probed by Zhu et al.16 and, in all cases, our energy barriers
are comparable to theirs. Zhu et al. used wider steps than us,
which also validates our use of two-atom-wide steps for
these calculations. However, they concluded that the in-
channel hopping mechanism has the lowest-energy barrier to
move away from or toward the �100� steps, whereas, we
found that the exchange mechanism with the transition state
shown in Fig. 8�a� is most favorable for this move. For �100�
steps, it is easier for an adatom to join the step than to move
away. In contrast, for �111� steps, it is easier to move away
from the step than to join it. This kinetic anisotropy can have
a significant influence on the aspect ratios of self-assembled
structures during homoepitaxial growth on Al�110�.

C. Transport between (110), (100), and (111) facets

During homoepitaxial growth on Al�110�, nanostructures
are formed that have �111� and �100� facets.15 Atoms can
climb onto these facets from the bottom �110� terrace or
move down onto them from the upper �110� terrace, by
crossing edges where the �110� and the �100�/�111� facets
merge �edge-crossing moves�. Similarly, adatoms can move
from the �100� to the �111� facet and vice versa via corner-
crossing moves. Atoms are also deposited directly onto the
�100� and �111� facets during growth. A net accumulation of
atoms on the facets, leading to facet growth, is strongly de-
pendent on their relative rates of arrival and departure on the
facets. To study the mechanisms and kinetics of the edge-
crossing moves, we constructed Al�110� slabs containing
multilayer islands with four- or five-atom-wide bases that
were infinite along the cross-channel direction for �100� fac-
ets and infinite along the in-channel direction for �111� fac-
ets, as shown in Figs. 9 and 10, respectively. To study corner-
crossing moves, we constructed a �6�4� Al�100� slab with a
three-layer-high island, which was five atoms wide and infi-
nitely long, as shown in Fig. 11, forming lower and upper
�100� terraces and �111� facets on the sides.

Stable binding sites on the �100� facet occur for islands
with two or more layers. Using the hopping mechanism m5

in Fig. 9�a�, an adatom can climb from the bottom �110�
terrace to the �100� facet. The place-exchange mechanism m6
in Fig. 9�b� leads to transport from the �100� facet to the top

FIG. 9. �Color online� Atomic configurations �view facing the
�100� facet� obtained in this work at the initial �left�, transition
�center�, and final �right� states for �a� hopping from the bottom
�110� terrace to the �100� facet; �b� exchange from the �100� facet to
the top �110� terrace; �c� exchange from the bottom to the top �110�
terrace for two-layer-high islands; and �d� exchange from the bot-
tom �110� terrace to the �100� facet on three layer and higher is-
lands. Initial adatoms are labeled by circles and atoms involved in
exchange mechanisms are labeled by squares.

FIG. 10. �Color online� Atomic configurations �top view� of the
initial �left�, transition �center�, and final �right� states for �a� hop-
ping from the bottom �110� terrace to the �111� facet and �b� ex-
change from the �111� facet to the top �110� terrace. Initial atoms
are labeled by circles and atoms involved in the exchange mecha-
nisms are labeled by squares.
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�110� terrace. On two-layer-high islands, an atom can move
directly from the bottom �110� terrace to the top �110� terrace
using the exchange mechanism m7 shown in Fig. 9�c�. On
three-layer and higher islands, adatoms can move from the
bottom �110� terrace to the �100� facet using a similar
mechanism m8 in Fig. 9�d�. The energy barriers that we ob-
tained for these mechanisms are shown in Table II, along
with those obtained by Zhu et al.,16 for comparison. Our
energy barriers for three-layer-high islands are in good
agreement with those reported by Zhu et al., who used a
vicinal surface equivalent to a six-layer-high island. How-
ever, they did not report the energy barrier for the hopping
mechanism m5 and they did not consider mechanism m7 for
two-layer-high islands. Because of their moderate energy
barriers, these two mechanisms are expected to increase the
frequency of �100�-facet-climbing moves, particularly in the
early stages of facet formation.

Proceeding to the �111� facet, we found that fcc sites
�binding site for the adatom at the final state in Fig. 10�a��
are the only stable binding sites next to the ascending edge.
The fcc sites are also more stable than the hcp sites on the
�111� facet next to the descending edge �binding site for the
adatom at the initial state in Fig. 10�b��, with a difference in
adsorption energy of 	0.01 eV. This is in contrast to the
�111� terrace, where the hcp site is preferred. Unlike the
�100� facets, stable binding sites are available on �111� facets
that are only one layer high. In Figs. 10�a� and 10�b�, we
show the dominant mechanisms for moves from the bottom
�110� terrace to an fcc site on the �111� facet �m9�, and a
move from an fcc site on the �111� facet to the top �110�
terrace �m10�. The energy barriers we obtained for these
mechanisms are reported in Table II. We found that the en-
ergy barrier for m9 on the one-layer-high island is signifi-
cantly lower than that for the higher islands. This, along with
the mechanism m7 on the �100� facet, would make it easier
for an adatom to ascend the facets during the initial stages of
nucleation, thus facilitating the formation of three-
dimensional structures. Similar variations in energy barriers
for islands with small heights have been reported in the
past.75–77

Finally, we obtained energy barriers for corner-crossing
moves between the �100� and �111� facets. We found that
place exchange is the most feasible mechanism for an ada-
tom to move diagonally between site a on the �100� facet to
site b on the �111� facet, shown in Fig. 11. Figure 11 also
shows the MEP for this mechanism, indicating a negligible
barrier to move from site b to site a. Although our calcula-
tions show that site b is stable, the MEP suggests that it is a
shallow minimum and effectively unstable. Thus, we con-
ducted a separate CI-NEB calculation for hopping between
site b and site c �same as e� in Fig. 11. The MEP for this
move is appended to the MEP for the previous move �a
→b�. Again, we found that site c �or e� is a shallow mini-
mum and is also effectively unstable. Further away from the
�100�-�111� edge, we found that site d �or f� is stable, and the
MEP for hopping between sites c and d �e and f� is appended
in Fig. 11. Hence, two closest sites on Al�111� next to the
�100�-�111� edge are effectively unstable, and the net corner-
crossing move proceeds from site a to d�a→b→c→d� or a
to f�a→b→e→ f� with an energy barrier of 0.49 eV and
0.05 eV for the reverse move. Our barriers for corner-
crossing moves are in good agreement with those reported by
Zhu et al.16

D. Effect of neighboring atoms on energy barriers

Neighboring atoms can modify the energy barriers for the
atomic diffusion moves discussed above. For a diffusion

FIG. 11. �Color online� The minimum-energy pathways for dif-
ferent moves relevant for atomic diffusion between the �100� and
�111� facets. Images denoted by a− f �large markers� are the fixed
local minima, and the intermediate images �small markers� were
obtained from CI-NEB calculations using neighboring local minima
as the initial and final states. The relevant binding sites are shown
on a slab with a three-layer-high island on Al�100� �view facing the
�111� facets�.

TABLE II. The energy barriers �in eV� for the upward �Eup� and
downward �Edown� transport of adatoms using the mechanisms
shown in Figs. 9–11 on islands with different numbers of atomic
layers N. Where possible, the values obtained by Zhu et al. �Ref.
16� are shown for comparison.

Mechanism N Eup Edown

�100� facet

m5 2 0.69 0.31

3 0.67 0.32

m6 2 0.13 0.26

3 0.13 0.26

6a 0.13 0.33

m7 2 0.55 0.29

m8 3 0.65 0.28

6a 0.69 0.18

�111� facet

m9 1 0.65 0.07

2 0.72 0.07

3 0.71 0.05

4a 0.70 0.03

m10 1 0.07 0.69

2 0.07 0.69

3 0.08 0.68

4a 0.04 0.69

�100�-�111� facet

m11 3 0.05��111�→ �100�� 0.49��100�→ �111��
not knowna 0.08��111�→ �100�� 0.53��100�→ �111��

aReference 16.
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mechanism i, the energy barrier Ei in the presence of neigh-
boring atoms can be represented in terms of the energy bar-
rier Eo

i for an isolated adatom and the atomic interactions
from the neighbors at the initial �EI and the transition �ET

i

states, i.e., Ei=Eo
i +�ET

i −�EI. �EI can be estimated using
the lattice-gas model or the connector model,32 which we
developed recently to efficiently capture many-body atomic
interactions on surfaces. We performed extensive calcula-
tions of atomic interactions between Al adatoms on Al�110�
�Refs. 31 and 32� and Al�100� �Ref. 32� in previous work. It
is a common practice to neglect �ET

i and estimate the un-
known energy barriers as Ei=Eo

i −�EI. We refer to this as the
bond-breaking model.78–80 Fichthorn and Scheffler81 ap-
proximated �ET

i by averaging atomic interactions at the ini-
tial and final states, and obtained the unknown barrier as Ei

=Eo
i + ��EI+�EF� /2−�EI. We refer to this as the interpola-

tion model.
Limiting our study to the effect of one neighboring atom,

we first considered diffusion on the �110� terrace and ob-
tained the transition-state interactions for the exchange
mechanisms with an adatom in each of the positions in Fig.
12. We performed CI-NEB calculations to obtain the total
energy of the transition state ET

i for mechanism i. The atomic
interactions at the transition state are given by �ET

i =ET
i

−ETo
i −Eads, where ETo

i is the energy of the transition state for
an isolated atom undergoing mechanism i and Eads is the
adsorption energy of an isolated adatom at the site occupied
by the neighbor �e.g., the fourfold site on the Al�110� ter-
race�.

Table III shows the values of �ET for the different sites
shown in Fig. 12. The magnitudes of �ET are significant,
especially for sites 1 and 2 in Fig. 12�a� and sites 3 and 5 in
Fig. 12�b�. These indicate the error in using the bond-
breaking model, which ignores transition-state interactions.

We note that the interpolation model is not well defined for
the configurations shown in Fig. 12�a� because there are dif-
ferent initial and final states that correspond to the same
transition-state configurations, which erroneously yield dif-
ferent values for the transition-state interactions.

To study short-range, transition-state interactions on �100�
and �111� steps and facets, we considered the mechanisms
and positions of neighboring atoms shown in Figs. 13 and
14, respectively. The values of �ET for these cases, along
with the diffusion-energy barriers for these moves are re-
ported in Table IV. For most cases in Figs. 13 and 14, a
neighboring atom induces attraction at the transition states.
The actual energy barriers for upward and downward trans-
port depend on the combined effects of interactions at both
the initial and transition states. In some configurations, at-
tractive interactions at the transition states decrease the en-
ergy barriers significantly, even when there are negligible
interactions at the initial states. This occurs for the down-
ward moves in Figs. 13�e� and 13�g�, as well as for the up-
ward moves in Fig. 13�f� and Figs. 14�a�, 14�c�, and 14�g�,
where the reduction in the energy barrier is equal to �ET.
Interestingly, for some configurations the energy barriers are
dominated by transition-state interactions and are lowered
even when the interactions at the initial states are strongly
attractive. This occurs for upward moves in Figs. 14�e� and
14�f�, where we see a significant reduction in the energy
barriers for �111�-facet climbing moves. Also for the �100�
facet, the energy barrier for the facet-climbing mechanism
m5 is significantly reduced in Figs. 14�a� and 14�c�. These
results indicate that facet-climbing moves are easier for a
dimer than for a single atom. Previous theoretical studies

FIG. 12. �Color online� The binding sites for a neighboring atom
�shown by small circles in a top view� for which we obtained �ET

for: �a� diffusion mechanisms in Figs. 3�a�–3�c� and 3�b� diffusion
mechanism in Fig. 3�d�. Binding sites that have equivalent transi-
tion states have the same number.

TABLE III. Interaction energies at the transition states �ET �in eV� for the configurations and adsorption
sites shown in Fig. 12.

Figure

�ET

Site 1 Site 2 Site 3 Site 4 Site 5

12�a� 0.05 −0.04 0.00

12�b� 0.00 0.02 0.04 0.01 0.03

FIG. 13. �Color online� Atomic configurations �top view� ob-
tained at the transition states for different mechanisms �in Figs. 5
and 6� for interlayer transport of adatoms on the �100� step ��a�–�c��
and the �111� step ��d�–�g�� on Al�110�, in the presence of a neigh-
boring atom �labeled by a circle�. Arrows indicate the initial and
final positions of the diffusing atoms.
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have shown that a dimer can also diffuse easily on the �111�
�Refs. 66 and 82� and �100� �Ref. 82� surfaces of Al.

IV. CONCLUSIONS

Using CI-NEB method based on DFT, as implemented in
VASP, we obtained diffusion-energy barriers adatoms on the
flat �110�, �100�, and �111� surfaces of Al, the �100� and �111�
steps on Al�110�, and between the Al�100�, Al�111�, and
Al�110� facets. We found that atoms prefer to move diago-
nally on Al�110� using an exchange mechanism between the
adatom and a substrate atom. Adatom diffusion is isotropic
via this mechanism, in agreement with experimental studies
of diffusion on fcc�110� surfaces.51–54 Similarly, we found
that diagonal exchange involving three atoms is the domi-
nant mechanism for interlayer transport on the �100� and
�111� steps on Al�110�. We find that the origin of ES barrier
to descend the �100� step is hindered diffusion to the step
edge while for the �111� step, the ES barrier originates from
the large energy barrier to descend the step edge. For �100�
steps, it is easier for an adatom to join the step than to move
away. In contrast, for �111� steps, it is easier to move away
from the step than to join it. This kinetic anisotropy can have
a significant influence on the aspect ratios of self-assembled

structures during homoepitaxial growth on Al�110�. The hop-
ping and exchange mechanisms are approximately equally
feasible for atoms to ascend the �100� facet from the �110�
surface. For two-layer-high islands, an additional channel is
available for atoms to ascend from the lower to the upper
�110� terrace in a single move via the �100� facet, which
promotes the formation of three-dimensional nanostructures.
The energy barriers for atoms to ascend/descend small �100�
and �111� facets depend on the height of the facet. We stud-
ied how a neighboring adatom influences the energy barrier
for various types of diffusion moves. A significant finding is
that it is easier for a dimer to climb from a �110� terrace to
the �100� and �111� facets than it is for an isolated adatom.
Taken together, the energy barriers obtained in this work
indicate trends that lead to the formation of faceted, three-
dimensional nanohuts in homoepitaxial growth on Al�110�.
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