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We quantified pair and trio interactions between Al adatoms on the Al�110� surface using first-principles,
density-functional theory, total-energy calculations. We find that the pair interaction is the strongest for the

nearest in-channel �11̄0� neighbor and is attractive due to the formation of direct chemical bonds between the
adatoms. Beyond the nearest neighbor, the pair interaction is repulsive and is mediated by elastic distortion of
the substrate atoms. The pair interaction is negligible for adatom separations beyond �8.00 Å. Interactions

between atoms in a collinear trio chain along the in-channel �11̄0� direction have both electronic and elastic
characters. All other trio interactions are elastic in origin. The long-ranged trio interaction is significant and
exhibits damped oscillations between attraction and repulsion. We find several trios that enhance cross-channel
�001� attraction. This trio attraction facilitates the formation of two-dimensional islands in Al�110� homoepit-
axy, which are not favored by repulsive cross-channel pair interactions. These observations demand a refined
approach to study thin-film growth, in which many-body interactions are taken into account.
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I. INTRODUCTION

Over a past few decades, self-organization at the nanom-
eter scale has attracted much attention due to its proposed
applications in nanotechnology. At present, however, the ca-
pability to induce and guide self-assembly at gas-solid inter-
faces remains elusive for most applications.1 Since growth
often occurs away from equilibrium, a knowledge of the ki-
netic processes governing the formation of thin-film mor-
phology is essential for describing growth and predicting the
structures that form. From a thermodynamic standpoint,
knowledge of the atomic-scale interactions that dictate vari-
ous assembled structures is also crucial. The elucidation of
these interactions for the growth of Al on Al�110� is the topic
of the present study.

Al/Al�110� homoepitaxy is an example of a system that
exhibits nanoscale self-assembly.2,3 At temperatures between
330 and 500 K and for a deposition rate of
�1 monolayer/min �ML/min�, “nanohuts” with smooth
�111� and �100� facets emerge after about 10 ML have been
deposited. Upon further deposition, these huts subsequently
grow and self-organize, reaching average heights of 50 nm
after 30 ML has been deposited. An understanding of the
fundamental interplay between interactions and kinetics in
this nonequilibrium system will yield insight into the mecha-
nisms of self-assembly. To this end, Zhu et al.3 used ab initio
calculations based on density-functional theory �DFT� to find
the diffusion barriers for some of the relevant kinetic pro-
cesses. They incorporated these processes into
�1+1�-dimensional kinetic Monte Carlo �KMC� simulations

of growth along the �11̄0� direction and were able to show
that huts arise due to low-energy barriers for adatoms to
ascend step edges and to climb up to the top of the faceted
islands. To move toward a three-dimensional description of
growth, in which we can understand and predict hut sizes
and shapes, as well as their spatial organization, it is of in-
terest to understand the atomic-scale interactions that are ex-
tant in this system and how these influence the rates of the

surface processes that lead to assembly. Below, we discuss
the results of a first-principles study employing DFT to
achieve the first of these objectives: elucidation of the inter-
actions between Al adatoms on Al�110�.

II. METHODS

To quantify adatom interactions, we utilized first-
principles, total-energy calculations based on DFT, as imple-
mented in the Vienna ab initio simulation package �VASP�.4–6

These calculations are based on ultrasoft Vanderbilt-type
pseudopotentials,7 as supplied by Kresse and Hafner,8 the
generalized gradient approximation �GGA� by Perdew and
Wang,9 and Fermi-Dirac smearing10 with a width of 0.2 eV.
An energy cutoff of 9.50 Ry �129.2 eV� is used for the
plane-wave basis set, which is enough for the desired accu-
racy. To sample the Brillouin zone, we used the Monkhorst-
Pack scheme.11 Using a converged �13�13�13� k-point
mesh, we obtained a value for the bulk lattice constant of
4.05 Å, which is the same as the experimental value.12

To represent the Al�110� surface, we constructed a super-
cell consisting of a multilayered atomic slab with a vacuum
spacing above the �110� surface and replicated it periodically
in the three orthonormal symmetry directions. For all the
total-energy calculations, the vacuum spacing is at least
equal to the slab thickness in order to avoid the interaction
between slabs normal to the surface. We obtained the opti-
mized geometries by relaxing the slabs �including adatoms�
until the forces on all unconstrained atoms are smaller than
0.04 eV/Å. We used two slabs having 5�3 and 3�5 sur-

face atoms along the �11̄0�� �001� directions, each with a
thickness of ten atomic layers. Atoms in the bottom five lay-
ers are fixed to their bulk locations calculated by using the
obtained lattice constant. To reduce the slab thickness neces-
sary for the desired accuracy, atoms are adsorbed only on
one side of the slab. For an aluminum surface and adatoms,
the emergence of an artificial electric field perpendicular to
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the slab due to asymmetry is expected to be small, so that the
total energy is practically unaffected.13 We verified that this
is true for the present case.

To show that a 10-layer slab is sufficient for the substrate
and adatoms to relax fully, we calculated the adsorption en-
ergy Eads of an Al atom using a 5�3 supercell by subtracting
the total energy of a bare slab �substrate� Es from the total
energy of the substrate plus one adatom Es+1, i.e.,

Eads = Es+1 − Es. �1�

There is a negligible interaction between the adatom and its
periodic images for this slab, as we will show below, so Eads
accurately represents the adsorption energy of an isolated
adatom. We obtained Eads for slabs with different thick-
nesses, in which atoms in the bottom half are constrained to
their bulk positions and atoms in the top half plus the adatom
are allowed to relax. A converged �see discussion below� 5
�6�1 k-point mesh was used for these calculations. In Fig.
1, we can see that the value of Eads converges for a slab
thickness of ten atomic layers. On increasing the slab thick-
ness to 12 layers, the change in Eads is just 0.17%.

We also obtained interlayer relaxations �i,i+1 for the slabs,
where �i,i+1 is the percentage change from the bulk interlayer
spacing between the i and i+1 layers and i=1 for the top
layer. In Fig. 2, we show �i,i+1 as a function of layer i for a
fully relaxed, bare 12-layer slab. A damped, oscillatory
contraction-expansion occurs for the interlayer spacing. The
value of �67 from our calculation is almost zero and the
displacement from the bulk locations for layers 5 and 6 are
0.003 and 0.0005 Å, respectively. Thus, these layers are al-
most at the bulk positions, even after relaxation. For the
12-layer slab with an adatom on the top, the maximum dis-
placements of atoms from the bulk positions in the fourth,
fifth, and sixth layers are 0.074, 0.016, and 0.013 Å, respec-
tively, while the average displacement of the sixth layer is
less than 0.003 Å. These observations suggest that relaxing
the top five layers of a 10-layer slab is sufficient to obtain the
desired accuracy.

A damped, oscillatory interlayer spacing has also been
reported experimentally14–18 and in other theoretical
studies.19–25 Table I shows the values of �12, �23, and �34
from our calculations and selected experimental and theoret-
ical results. The values of �12, �23, and �34 from our calcu-
lations match very closely with the experimental results ob-

tained using medium-energy ion scattering �MEIS� �Ref. 14�
and low-energy electron diffraction �LEED�,15 also shown in
Fig. 2, and fare better than previous theoretical results. A
major difference between our results and those from previous
DFT studies appears to be our use of the GGA and ultrasoft
pseudopotentials, in contrast to the GGA and full-potential
linearized augmented plane-wave method in Ref. 19, and the
local-density approximation �LDA� and norm-conserving
pseudopotentials applied in the other works.20–23 As ex-

TABLE I. Value of interlayer relaxation for Al�110� obtained in
our work, as well as in experimental and previous theoretical stud-
ies. A negative value of �i,i+1 represents contraction.

Method
Temp.

�K� �12 �23 �34

DFT �GGA�a 0 −8.61 +4.92 −2.52

DFT �GGA�b 0 −7.18 +3.87 −2.12

DFT �LDA�c 0 −10.0 +4.0 −3.0

DFT �LDA�d 0 −6.8 +3.5 −2.0

DFT �LDA�e 0 −5.35 +1.15 −3.04

eDFT �LDA�f 0 −7.4 +3.8 −2.5

EAMg 0 −10.47 +3.64 −2.93

EAMh 0 −10.4 +3.14 −2.75

Experimental MEISi 297 −8.5 +4.8 −3.9

Experimental LEEDj 100 −8.1 +5.5 −3.8

300 −11.2 +6.7 −4.0

aThis work.
bReference 19.
cReference 20.
dReference 21.
eReference 22.
fReference 23.
gReference 24.
hReference 25.
iReference 14.
jReference 15.
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FIG. 1. Convergence of Eads with increasing slab thickness.
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FIG. 2. �Color online� Oscillatory contraction-expansion for a
12-layer slab, in which the bottom six layers are constrained. �i,i+1

is the percentage change from the bulk interlayer spacing between
the i and i+1 layers, where i=1 is the top layer.
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pected, our results exhibit better agreement with experiment
than those based on the semiempirical embedded-atom
method �EAM�.24,25

We tested the convergence of the k-point mesh for both
the 5�3 and 3�5 supercells by calculating the value of Eads
�cf., Eq. �1�� with increasing k-point density. The results of
these tests are reported in Table II. Here, we can see that Eads
is absolutely converged for the k-point sampling of 5�6
�1 and 8�3�1 for the 5�3 and 3�5 supercells, respec-
tively. Differences in the value of Eads for the two slabs are
due to the interaction of the adatom with its periodic images
for the 3�5 slab, as we will discuss below.

We quantified various pair and three-body �trio� interac-
tions that can occur between adatoms on Al�110�. Pair and
trio interactions of interest are shown in Figs. 3 and 4, re-
spectively. Pairs that are n sites apart along the in-channel

�11̄0� direction are denoted as In, while pairs that are m sites
apart along the cross-channel �001� direction are denoted as
Cm. The interaction energies associated with in- and cross-
channel pairs are denoted as EIn

and ECm
, respectively. Diag-

onal pairs, for which adatoms are placed n sites apart in the
in-channel and m sites apart in the cross-channel directions,
are denoted as InCm and their interaction energies are de-
noted as EInCm

. The longest pair separation �d12� considered
is for pair I3C1, with a distance before relaxation of d12
=9.49 Å. As we will show below, the pair interaction be-
comes negligible for separations even shorter than this value.

Trios are characterized by the trio perimeter d123, which is
given by the sum of the three involved edges before relax-

ation, i.e., d123=d12+d23+d13, where dij is the separation be-
tween the ith and jth trio adatoms. The interaction energy for
trio n �Tn� with perimeter d123�Tn� is denoted by ETn

and trios
are named in the order of increasing d123 �d123�T1�
�d123�T2�¯ �. The maximum value of d123 for the trios that
we considered in this study is 20.55 Å �T14�. We considered
all possible trios having d123 less than this value.

To quantify the interaction energies between the desired
pairs and trios, we constructed 23 distinct 5�3 and 3�5
supercells having different arrangements of adatoms over the
substrate. All the desired pairs and trios are present at least
once in either one of the main supercells or a combination of
the main supercell and the periodic images. The 23 configu-
rations are shown in Fig. 5, along with the one we used to
obtain the adsorption energy �Fig. 5�a��. The rectangular re-
gion in the upper left corner of each configuration in Fig. 5
shows the main supercell and the three other regions show
all or part of the relevant periodic replicas. The total interac-
tion energy �E between the adatoms is represented by a sum
of all the pair Epair and trio Etrio interactions between the
adatoms in the main cell, as well as between atoms in the
main cell and their periodic images, i.e.,

�E = � Epair + � Etrio. �2�

Higher-order interactions �e.g., four body, five body, etc.� can
also be significant on this surface26,27 and we have tried to
minimize their influence by limiting the adsorbate densities
in the supercells shown in Fig. 5. Our initial analysis of
four-body interactions27 suggests that we do not have signifi-
cant higher-order interactions in any of the supercells used
for the present calculations. The total interaction energy is
obtained in the DFT calculations using

TABLE II. k-point convergence test for 5�3 and 3�5
supercells.

5�3 supercell 3�5 supercell

k points Eads �eV� k points Eads �eV�

3�2�1 −3.590 5�2�1 −3.549

5�6�1 −3.566 8�3�1 −3.551

6�7�1 −3.566 11�5�1 −3.552

I3

C1
C2

I1C2

I1C1

I2I1

I2C1

I3C1

FIG. 3. �Color online� All the pair interactions quantified in this
work.

FIG. 4. �Color online� All the trio interactions quantified in this
work.
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�E = Es+n − Es − nEads, �3�

where Es is the energy of the bare slab, Es+n is the energy of
the substrate with n adatoms, and Eads is the adsorption en-
ergy of a single adatom �cf., Eq. �1��. Equating Eqs. �2� and
�3� gives the lattice-gas equation

Es+n − Es − nEads = �Epair + �Etrio. �4�

For the sample configuration shown in Fig. 6, the lattice-gas
equation can be constructed as

Es+3 − Es − 3Eads = �EI1
+ EC1

+ EI1C1
+ EC2

+ EI1C2
�

+ �ET2
+ ET11

� . �5�

Thus, we obtain 23 equations from the 23 unique supercell
configurations. We find the values of the 23 interaction ener-
gies between 9 pairs and 14 trios by solving these equations.

Interactions between adatoms on surfaces can be either
direct or indirect �substrate mediated� and the substrate-
mediated interactions can have both electronic and elastic
components.28–42 In an attempt to distinguish the electronic
and elastic contributions to the indirect interactions, we used
an approach adopted in previous studies,43–45 which em-
ployed two different relaxation schemes. In the first scheme,
we place the adatoms on a prerelaxed and fixed substrate and
then only the adatoms are allowed to optimize their posi-
tions. By fixing the substrate, we suppress its relaxation with
respect to the adatoms and we eliminate the elastic contribu-
tion to the indirect interaction so we can quantify the elec-
tronic component. In the second scheme, we allow both the
adatoms and the top five layers of the substrate to simulta-
neously relax to the optimized geometry. This yields the total
interaction energy, consisting of both electronic and elastic
components. The elastic component of the interaction can be
estimated by subtracting the electronic component �from the

first relaxation scheme� from the total interaction energy
�from the second relaxation scheme�. We note that these
schemes do not perfectly delineate electronic and elastic in-
teractions because the two may be coupled. Also, this dis-
tinction does not adequately quantify short-ranged, direct in-
teractions associated with chemical bonds. Nevertheless, it
does provide a means to estimate these two different effects.

III. RESULTS

The values obtained for the total, electronic, and elastic
interaction energies for the pairs and trios shown in Figs. 3
and 4 are summarized in Table III. To confirm the conver-
gence of the lattice-gas model, we compared its predictions
for two additional supercells with new adatom configurations
�shown in Fig. 7� to values obtained in additional ab initio
calculations. The results of this comparison are shown in
Table IV, where we see that interaction energies from the
lattice-gas model match closely with the ab initio results.
The maximum discrepancy between the two is 0.003 eV.
This validates the lattice-gas model and indicates that our
results are accurate.

FIG. 5. �Color online� Supercell configurations used to formulate lattice-gas equations to quantify the pair and trio interactions of interest.
The rectangular region at the top left corner of each configuration shows the main supercell and the three other regions show all or part of
the relevant periodic replicas.

FIG. 6. �Color online� Interaction energies involved in supercell
8 shown in Fig. 5, for which a sample lattice-gas equation is shown
in Eq. �5�.
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Figure 8 shows the pair interaction as a function of sepa-
ration d12. Here, we see that the magnitude of the pair inter-
action decreases with increasing separation. Beyond the
nearest, in-channel neighbor �I1�, which has attraction, the
pair interaction is repulsive or negligible. The strong, short-
range attraction for I1 results from the formation of direct,
chemical bonds between the two neighboring adatoms. This
can be seen in a plot of the charge density associated with I1,

shown in Fig. 9. Atoms relevant for our discussion are num-
bered in the top-down view in Fig. 9�a�. Evidence for a di-
rect, electronic interaction can be seen for I1 from the charge
buildup between adatoms 1 and 2 in Fig. 9�b�. These two
adatoms are closer than the bulk spacing by 0.07 Å, and they
reside further above the surface than an isolated adatom. In
comparing the charge density of an isolated adatom �shown
in Fig. 10�b�� with the adatom pair I1 �Fig. 9�b��, the charge
distribution between the adatom and the substrate atoms is
different for the pair �and the difference is more prominent
toward the center of the pair� than that for an isolated ada-
tom. These observations support the rebonding theory.46,47

We observed a relatively weaker charge buildup between
adatoms in the pair C1, explaining a much smaller value of
the electronic component of this interaction energy
�−0.008 eV�, and we did not observe charge buildup for the
pair I2, marking the end of the direct, electronic interaction.

With the exception of I1, the electronic component of the
pair interaction is negligible and the long-range contribution
to the total interaction energy is dominated by the elastic
component due to the perturbation of the substrate atoms
around the adatoms. These results contrast those for the
Ag�111� and Cu�111� surfaces, which possess Shockley sur-
face states that can be characterized as a nearly free electron
gas. Through first-principles calculations based on DFT,
Fichthorn and Scheffler43 and Luo and Fichthorn44 deter-
mined that the interaction is primarily electronic in origin for
Ag�111�. Bogicevic et al.,45 Stepanyuk et al.,48 as well as
Stasevich et al.49 came to similar conclusions for pair inter-
actions on Cu�111�. In DFT studies of the pair interaction on
Al�111� and Cu�001�, which do not possess a Shockley sur-

TABLE III. Values of the total, electronic, and elastic compo-
nents of interaction energies of the pairs and trios shown in Figs. 3
and 4. A negative value of the interaction energy denotes attraction.

Pair/trio d12/d123

Interaction energy
�eV�

Total Electronic Elastic

I1 2.86 −0.104 −0.237 0.133

C1 4.05 0.038 −0.008 0.046

I1C1 4.96 0.033 0.008 0.026

I2 5.72 0.029 0.003 0.026

I2C1 7.01 0.036 −0.001 0.037

C2 8.09 −0.002 −0.002 0.000

I1C2 8.58 −0.005 −0.004 −0.001

I3 8.59 0.015 −0.002 0.017

I3C1 9.49 −0.004 0.003 −0.007

T1 11.45 −0.006 0.054 −0.060

T2 11.87 −0.060 −0.006 −0.054

T3 14.83 −0.044 −0.003 −0.041

T4 15.64 −0.021 −0.002 −0.019

T5 16.19 0.032 0.007 0.025

T6 16.78 −0.019 −0.001 −0.018

T7 17.17 −0.025 −0.004 −0.020

T8 17.59 0.011 0.002 0.008

T9 18.00 0.019 0.002 0.017

T10 19.36 −0.005 0.000 −0.006

T11 19.54 0.015 0.003 0.012

T12 19.83 0.004 0.002 0.003

T13 20.17 0.017 0.000 0.017

T14 20.55 −0.017 0.000 −0.017

TABLE IV. Comparison between interaction energies from ab
initio calculations and the lattice-gas model for the additional su-
percells shown in Fig. 7.

Configuration

Ab initio Lattice-gas model

Total Electronic Total Electronic

a 0.073 −0.012 0.070 −0.012

b 0.172 0.017 0.175 0.016

FIG. 7. �Color online� Additional configurations used to validate
the lattice gas model.
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face state, the conclusion was still that the pair interaction is
primarily electronic in origin.45,49

To further investigate the range of pairwise elastic inter-
actions, an adatom is adsorbed over a �larger� slab having ten
layers with 8�5 atoms per layer. This large slab is used to
completely eliminate the interaction of the adatom with its
periodic images. The perturbations of the surface atoms nor-
mal to and along the surface plane after being relaxed using

a 2�2�1 k-point mesh are shown in Fig. 11. In Fig. 11�a�,
we can see that the four base atoms in contact with the ada-
tom move up �+0.06 Å� and the in-channel neighbors of
these four atoms move down �−0.02 Å� relative to atoms in
the bare surface. The four base atoms in direct contact with
the adatom are also the most displaced from their initial po-
sitions in the surface plane compared to the other surface
atoms, as seen from Fig. 11�b�. Thus, an adatom creates a
perturbation zone extending up to its second in-channel and
first cross-channel neighbor site. This perturbation can in-
duce a substrate stress and change the adsorption energy of
another adatom in this zone, leading to an effective
adsorbate-adsorbate interaction. The maximum range of elas-
tic interactions can be approximated as two times the size of
this zone: i.e., if the perturbation zones of two adatoms do
not overlap, then they behave like isolated adatoms. This
limit is reached for I4 in the in-channel direction �11.45 Å�
and C2 in the cross-channel direction �8.09 Å�. From Fig. 8,
we can see that the pair interaction becomes negligible for
separations greater than �8.0 Å, supporting the analysis.

Investigating the classical elastic distortion of an isotropic
substrate using a continuum model, Lau and Kohn33 pre-
dicted that the long-range, elastic interaction between two
identical adatoms is always repulsive and decays with the
separation d12 as d12

−3. Although we find that the elastic pair
interaction is repulsive �or negligible� here, we do not ob-
serve the d12

−3 decay predicted by Lau and Kohn. We note that
Stoneham,50 Lau and Kohn,34 and Kappus51 showed that for
an anisotropic surface, the elastic interaction between identi-
cal adatoms can also be attractive if the anisotropic forces
due to one adatom dilate the regions compressed by the other
one. Attractive elastic interactions have been found in a num-
ber of previous studies.34,52–55 Recent studies employing
discrete-lattice dynamics predict a nonmonotonic decay of
the elastic pair interaction with separation, even along a fixed
crystallographic direction.52,53,56–58 Our results provide an-
other example of a deviation of the elastic pair interaction
from the d12

−3 decay predicted by the original work of Lau and
Kohn.33

A final important point regarding the pair interaction is
that there is a strong attraction between the nearest in-

A-A: d12=2.79 (-0.07)

A-S: d13=d25=d16=d28=2.76 (+0.03)
d14=d24=d17=d27=2.78 (+0.05)

S-S: d34=d45=d67=d78=2.92 (-0.13)
d36=d58=3.90 (+0.06)
d47=4.02 (+0.18)
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FIG. 9. �Color online� Atom relaxation and charge distribution
for the pair I1. In �a�, the top-down view indicates relevant �num-
bered� atoms in the pair interaction. The separations �in Å� between
adatom-adatom �A-A�, adatom-substrate atom �A-S�, and substrate
atom-substrate atom �S-S� pairs are reported for selected pairs.
Quantities in brackets indicate the difference �in Å� from the bulk
value for A-A and difference from an isolated adatom for A-S and
S-S. In �b�, the charge density �in e /Å3� is shown in a plane that
cuts approximately through the centers of atoms 1–5.

A-S: d12=d13=d14=d15=2.73

S-S: d23=d45=3.05
d24=d35=3.841

2 3

4 5

(b)

1

2 3

(a)

FIG. 10. �Color online� Atom relaxation and charge distribution
for an isolated adatom. In �a�, the top-down view indicates relevant
�numbered� atoms for an isolated adatom. The separations �in Å�
between adatom-substrate atom �A-S� and substrate atom-substrate
atom �S-S� pairs are reported for selected pairs. In �b�, the charge
density �in e /Å3� is shown in a plane that cuts approximately
through the centers of atoms 1–3.

FIG. 11. �Color online� Relaxations of surface atoms induced by
the presence of an adatom: �a� Displacements normal to the surface
plane: the cross in the center shows the position of the adatom and
the heights �in Å� of the surrounding surface atoms relative to those
of the bare surface are indicated on the scale. �b� Displacements in
the surface plane: the positions of the atoms in a bare substrate are
indicated by circles and the relaxed positions in the presence of an
adatom are indicated by crosses.
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channel neighbors, but all the cross-channel and diagonal
interactions are repulsive or negligible. Thus, these pair in-
teractions do not support the formation of nanohuts observed
experimentally in Al�110� homoepitaxy,2,3 as adatoms have
no attraction to help them stick and form islands with a sig-
nificant extent in the cross-channel direction. This anomaly
can be explained by the presence of many-body interactions.

Figure 12 shows the trio interaction as a function of the
trio perimeter d123. The trio interaction has an oscillatory
decay with increasing d123. With the exception of ET1

, the
trios have negligible electronic components and are elastic in
origin. We see that the trio interaction is small at the longest
separations studied, but it is still not negligible. To ensure a
negligible trio interaction, the three trio atoms should be
separated by distances greater than those dictated by the per-
turbation zone shown in Fig. 11. Although such distances are
too long to be considered in our study, we note that several
of the trios are negligible at shorter separations.

Our finding of an elastic trio interaction contrasts results
from DFT studies of the �111� surfaces of Ag and Cu, where
trios were found to be primarily electronic in origin.44,49 The
total interaction energy of the collinear trio T1 is mildly at-
tractive in spite of having the maximum independent contri-
butions of the electronic and elastic interactions. This
matches qualitatively with the DFT results for collinear trios
on the Cu�100� and Cu�111� surfaces49 which were found to
be attractive, being of moderate to small magnitudes.

The oscillations in the elastic interaction between attrac-
tion and repulsion might be due to the net surface stress
induced by the trios. If the net effect relaxes the stress, then
trios can have a negative interaction energy. Recently, Longo
et al.55 found that the stress induced by Fe clusters on
Cu�111� substrates matches with the oscillations in the inter-
action energy. The mesoscopic mismatch between islands
and substrate leading to a strong inhomogeneous stress and
strain distribution has also been proposed for homoepitaxy
on Cu�111�.59,60 The net perturbation of substrate atoms can
also change the direct interactions between the adatoms.
Thus, trio interaction can be attributed to a combination of
these effects. Interestingly, we see that the repulsive cross-
channel and diagonal interactions that we found for pairs are

mitigated by attractive trios containing these bonds �e.g., T2,
T3, T4, T6, and T14�. This indicates that trio interactions can
play a crucial role in the nucleation of two-dimensional is-
lands in Al/Al�110� homoepitaxy.

For various systems, previous experimental work using
field-ion microscopy �FIM� and calculations based on semi-
empirical EAM potentials revealed a transition from linear
chains to islands as the cluster size increases.61–66 Experi-
mentally �with FIM�, the structure of Pt clusters on Pt�100�
was observed to oscillate between chain and island configu-
rations as the number of Pt adatoms increased from 3 to 6.63

In EAM studies of Pt and Pd clusters on Pt�100�,63,64 this
transition was attributed to four-body interactions. Stable Ir
and Re trimers were also experimentally observed on
W�110� with FIM,61,62,65 in spite of repulsive pairs. In this
system, the chain-island transition of the Ir clusters was in-
terpreted in terms of three-body interactions. In recent EAM
studies, which probed the chain to island transition on sev-
eral different fcc�110� surfaces using the genetic algorithm,
this transition was interpreted in terms of pair interactions.
Our work shows that three-body �and possibly
higher-order27� interactions can play a crucial role in this
transition for Al/Al�110�. KMC simulations of growth al-
most always consider only pair interactions and it is apparent
that pair models are not satisfactory for the growth of such
systems.

IV. CONCLUSIONS

We quantified pair and trio interactions between Al ada-
toms on the Al�110� surface using DFT total-energy calcula-
tions. We find that the pair interaction is the strongest for the

nearest in-channel �11̄0� neighbor and is attractive, primarily
due to a direct electronic interaction. Beyond the nearest
neighbor, the pair interaction is elastic in origin and it is
repulsive. The pair interaction becomes negligible for ada-
tom separations beyond �8.00 Å. With the exception of the

collinear trio chain along the in-channel �11̄0� direction, the
trio interaction is elastic in origin. The long-ranged trio in-
teraction is significant and exhibits damped oscillations be-
tween attraction and repulsion. Interestingly, several key at-
tractive trios are associated with the formation of cross-
channel �001� bonds. This trio attraction is apparently
important for the formation of two-dimensional structures in
Al�110� homoepitaxy, as the cross-channel pair interaction is
repulsive. These observations demand a refined approach to
study thin-film epitaxial growth, in which many-body contri-
butions are taken into account when simulating adatom dif-
fusion. Future work along this line can help us gain more
insight into the atomic-scale mechanisms of self-assembly.
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