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a b s t r a c t

We have parameterized the various interactions between Cu adatoms on Cu(1 1 0) using density-func-
tional theory based ab-initio calculations. Our results indicate that in addition to pair interactions, 3-ada-
tom and 4-adatom interactions of significant strengths are present in this system. This further stresses
the importance of multi-site interactions in constructing a complete lattice–gas picture. Even though
adding these multi-site interactions leads to good convergence in interaction energies, we find that some
multi-site interactions are very sensitive to adatom relaxations. This makes the application of a simple
lattice–gas picture inadequate for such surfaces. We also parameterize adatom interactions on this sur-
face using the recently developed connector model. The connector model parameterization is as efficient
as the parameterization using lattice–gas model. Further, we present diffusion barriers for nearest-neigh-
bor (NN) and next-nearest-neighbor (NNN) hops on this surface.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

A thorough understanding and characterization of surface ener-
getics is important for fabricating nanostructures with desired
morphological features. To this end, lattice–gas models have been
very successful in characterizing interactions between adatoms on
a surface [1–4]. The general idea being that a set of interactions is
sufficient to understand both equilibrium and dynamic surface
processes. With advances in computational power and the devel-
opment of density-functional theory (DFT) based software pack-
ages such as VASP (Vienna Ab-initio Simulation Package) [5–8],
these interactions can now be computed with reliable accuracy.

The basic assumptions that underlie lattice–gas models are: (i)
all atoms sit at high-symmetry positions and local relaxations pro-
duce the final structure, (ii) a finite set of effective interactions is
sufficient to understand all the surface processes and (iii) interac-
tions are not sensitive to local positions of the adatoms. In the sim-
plest scenario, only pair interactions between nearest neighbors
are considered. However, in certain cases, like the orientation
dependence of step stiffness and the equilibrium shape of islands,
long-range pair interactions and multi-site interactions are re-
quired for a complete description [9–17]. Multi-site interactions
often have a large elastic component; hence, a careful consider-

ation of surface relaxation effects is needed while computing
them.1 We have shown that multi-site interactions, trios in particu-
lar, are very sensitive to lateral relaxation of adatoms on Cu(1 0 0)
and Pt(1 1 1) and hence the application of a simple lattice–gas pic-
ture in those cases leads to erroneous results [16].

Experimental studies of Al(1 1 0) homoepitaxy have reported
the formation of regular pyramidal islands (nanohuts) under cer-
tain growth conditions [18]. Using DFT calculations, Zhu et al. com-
puted the relevant diffusion barriers for understanding the
mechanism behind the formation of such nanohuts [19]. Further,
mechanisms for upward self-diffusion of individual adatoms and
small adatom clusters have also been found to exist on Al(1 1 0)
and Cu(1 1 0) surfaces and the formation of nanohuts is predicted
on Cu(1 1 0) and other fcc metal (1 1 0) surfaces [20]. As a sub-
strate, Cu(1 1 0) finds application in the molecular self-assembly
of a large number of aromatic compounds; particularly in the case
of a benzoate molecule, the presence of Cu adatoms influences the
orientation of the molecular assembly [21]. Ever since high magne-
toresistance was found on Co/Cu [22] multilayers, Co thin-film
growth on Cu surfaces has generated much interest among surface
scientists due to potential applications in the field of spintronics.
All of these findings make the first-principles based study of sur-
face energetics and thin-film growth on Cu(1 1 0) technologically
important. Using VASP, we have characterized the interactions of
Cu adatoms on Cu(1 1 0) and computed the diffusion barriers for
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1 Surface relaxation effects are especially important for multi-site interactions
between closely spaced adatoms because of significant contributions from direct
interactions between them.
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NN (nearest-neighbor) and NNN (next-nearest-neighbor) for the
same system.

In contrast to adatom interactions on Al(1 1 0), we find that the
strongest pair and multi-site interactions are attractive. We also
find that certain trio and quarto interactions have strengths com-
parable to pair interactions. Thus, such interactions are important
in the lattice–gas picture. We discuss some of the problems associ-
ated with computing such interactions. These issues severely re-
duce the power of a lattice–gas based approach in studying
surface processes. We also characterized the adatom interactions
using the connector model [17], which was recently developed as
an alternative approach to deal with the presence of many sizable
multi-site interactions in a tractable way. We find the connector
model is as efficient as the traditional lattice–gas model in param-
eterizing adatom interactions on this surface. In the light of this
and similar results on Al [17], the connector model offers a feasible
alternative for characterizing adatom interactions on (1 1 0)
surfaces.

2. Computational details

To compute the interactions between Cu adatoms on Cu(1 1 0),
we used density-functional theory [23,24] based VASP along with
ultrasoft pseudopotentials and the Perdew-Wang ’91 generalized
gradient approximation (GGA)2 [25]. We used an energy cut-off of
17.2 Ry for the plane-wave basis set and, to speed up the calcula-
tions, a Methfessel-Paxton [26] width of 0.2 eV. We used a lattice
parameter of 3.64 Å determined from a bulk calculation with a
(1 � 1 � 1) supercell sampled with an (11 � 11 � 11) k-point mesh.
To check for consistency in the computed energy values, we com-
puted the energies using two supercells with different lateral dimen-
sions – (4 � 4 � 16) and (5 � 4 � 16) along ([1 �1 0] � [0 0 1] � z)
sampled by (4 � 3 � 2) and (3 � 3 � 2) k-point meshes, respectively.
Our slab was six atomic layers thick, and the rest of the supercell was
filled with vacuum. In Table 1, we list the changes in interlayer sep-
arations for a plain slab (without any adatoms), computed using a
(4 � 3 � 16) supercell sampled by a (4 � 4 � 2) k-point mesh, as a
percentage of their bulk separations. The values are in good agree-
ment with previous experimental measurements and theoretical cal-
culations [27]. Since the change in interlayer separation between the
third and fourth layers is very small (less than 1%, approximately
0.01 Å), we allowed only the top three layers to relax. We put ada-
toms on only one side of the slab to avoid adatom interactions
through the slab because the interlayer spacing for layers on a
(1 1 0) surface is smaller than on (1 0 0) or (1 1 1) surfaces. Placing
adatoms on only side facilitates the usage of slabs of computation-
ally feasible thickness for surface energy calculations. Since charge
transfer effects are not expected to be significant for this case, this
asymmetry should not have any significant effect. All atoms were al-
lowed to relax till the forces on them were less than 0.01 eV/Å.

We used the leave-nv-out cross-validation method [28] to fit the
computed energies to the interaction parameters. This method is
expected to perform better than the commonly used leave-1-out
cross-validation scheme [28]. The interaction strengths were cal-
culated in the following way: for a particular supercell, total ener-
gies were computed for, say, n different configurations of adatoms.
In addition to that, we posit the number of significant interactions
(ni). We then use ni (out of n) equations to solve for the interaction
energies. These interactions are then used to predict the energies of
the remaining nv (nv = n � ni) equations. The prediction error per

adatom for a particular configuration j (1 6 j 6 nv) is calculated
using the following equation

DEj ¼ EpredðjÞ � EVASPðjÞ
aj

ð1Þ

where aj denotes the number of adatoms in that configuration. The
root mean squared (rms) value of those errors

DErms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
nm

Xnm
j¼1

ðDEjÞ2
vuut ð2Þ

is then calculated. This procedure is repeated for different partitions
of (n, ni), and sets of interactions from only those partitions whose
DErms values are lower than a certain threshold value (10 meV/ada-
tom) are considered for the final averaging of interaction values.
The number of significant interactions is varied, and the one with
the best convergence (ni = 9 for lattice–gas model and ni = 10 for
connector model) is found. This procedure is repeated for both
supercells. To test for consistency, we also present cross-validation
(CV) scores (rms value of per adatom prediction errors) obtained
when interaction energies computed for a particular supercell, say
(4 � 4 � 16), are used to predict energies of adatom clusters in
(5 � 4 � 16) supercell.

3. Results and discussion

The lattice–gas interactions of adatoms calculated using two
different supercells are listed in Table 2. We considered six pair
interactions with a maximum range of 7.28 Å (twice the lattice
spacing), four trio interactions and three quarto interactions. Ex-
cept fifth-neighbor and sixth-neighbor interactions, all interactions
that were considered are shown in Fig. 1. The pair interactions E5
and E6 were found to be very weak (around 5 meV) and including
them worsened the CV scores. Three of the multi-site interactions,
ET2, EQ2 and EQ3, were not found to be significant. This makes the
presence of sizable five-adatom quinto interactions on this surface
improbable; accordingly, we exclude them. Since EQ3 is small, pres-
ence of a strong collinear quinto is unlikely. Also the two quintos
that can be formed by adding an adatom either along the in-chan-
nel or along the cross-channel direction to the only sizable quarto
interaction, EQ1, can be reasonably neglected due to the smallness
of EQ2 and EC2 interactions.

The interaction energies computed using the two supercells are
in very good agreement with each other. The CV scores are very
low (at most 9 meV/adatom) and the maximum CV error for any
case is only 23 meV/adatom (approximately 1kBT at room temper-
ature). As expected, the first-neighbor attraction is the strongest
interaction on the surface. Surprisingly, the next strongest interac-
tion is the collinear trio interaction, EC1. The strong attractive nat-
ure of both interactions explain the formation of long 1D islands at
low temperatures (T < 220 K) along the in-channel direction as

Table 1
Change in the interlayer separation between i and i + 1 layers expressed as a
percentage of the corresponding bulk value. The values were calculated using a
(3 � 4 � 16) supercell with a slab that is 10 atomic layers thick. Only the top five
layers were allowed to relax; the rest of the layers were fixed at their bulk positions.
The error bars inside the parentheses give the range of variation of these values for
different supercells and different number of relaxing layers.

(i, i + 1) Ddi,i+1 (%)

(1, 2) �9.7 (±0.6)
(2, 3) +4.0 (±0.8)
(3, 4) �1.9 (±0.3)
(4, 5) +0.4 (±0.4)
(5, 6) +0.08

2 Our tactic here is to employ the best available purely-theoretical method, which
in turn is now routinely used to fit parameterized potentials. We do not address the
question of whether a purely-theoretical approach describes actual potential surfaces
more accurately than a sophisticated many-parameter semiempirical (i.e. fit to
experimental data rather than theoretical data) approach.
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seen by Mottet et al. in their kinetic Monte Carlo simulations [29].
Also, the computed values of E1 and E2 are in good agreement with
their values. The other pair interactions, E3 and E4, are small and
repulsive. Remarkably, of the five strongest interactions, three
are multi-site interactions. Recently, such multi-site interactions
have been found on a variety of metallic surfaces [9–17]. Thus,
multi-site interactions become vital for constructing a complete

lattice–gas picture [30]. However, there are certain difficulties in-
volved in computing such multi-site interactions accurately. Such
issues are discussed in Section 3.1. Also there is a discrepancy in
the value of E4 computed between the two supercells. This raises
an interesting issue and is dealt with in detail in Section 3.2. Re-
sults from parameterizing adatom interactions using the connector
model are given in Section 3.3, and diffusion barriers for hopping to
neighbor sites are given in Section 3.4.

3.1. Adatom relaxations and multi-site interactions

When adatoms were allowed to relax along all directions, the
displacements were found to be primarily along the z-direction.
The percentage changes in atomic separations along the three
directions due to relaxations are listed in Table 3. It is evident that
the reductions (both percentage and absolute) in adatom separa-
tions along the z-direction are much greater than the correspond-
ing values for the two lateral directions. To assess the effect of
relaxation on the interaction energies, we computed interaction
strengths with two different relaxation schemes – (i) z-relaxation:
atoms are allowed to relax only in the vertical direction and lateral
relaxations are suppressed and (ii) no-relaxation: atoms are frozen
in their bulk positions; atomic relaxations along all directions are
suppressed. The interaction energies for the cases of z- and no-
relaxations are also given in Table 2.

Comparing the energy values computed using total and z-relax-
ation schemes helps to identify the effects of lateral relaxations on
lattice–gas energies. When adatom interactions are computed
using the z-relaxation scheme, almost all interaction energies, ex-
cept E3 and EQ1, are close to the corresponding values obtained
with total relaxation. This could be attributed to the point men-
tioned above about the relative magnitudes of relaxations along
the three directions. It is surprising that among the pair interac-
tions, only E3 changes due to the suppression of lateral relaxations.
Since both the interaction and the corresponding change have
small magnitudes, we cannot tell whether the change is due to
elastic interactions or some unaccounted-for long-range interac-
tion. On the other hand, the decrease in the magnitude of the rect-
angular quarto interaction, EQ1, is readily explained: EQ1 arises from
the suppression of lateral relaxations of the trios, ET1, when such

Table 2
Lattice–gas energies of Cu adatoms on Cu(1 1 0) computed using (4 � 4 � 16) and (5 � 4 � 16) supercells with total, z- and no-relaxation schemes. All energies are given in meV
and the CV values are given in meV/adatom. The numbers inside the parentheses indicate the absolute value of maximum CV error.

Interactions Total relaxation z-relaxation No-relaxation

(4 � 4 � 16) (5 � 4 � 16) (4 � 4 � 16) (5 � 4 � 16) (4 � 4 � 16) (5 � 4 � 16)

E0 �3536 �3534 �3535 �3529 �3520 �3513
E1 �223 �235 �209 �215 �230 �246
E2 �31 �29 �35 �36 �33 �30
E3 +5 +5 �19 �5 �7 +5
E4 +13 0 +21 0 +19 0
EC1 �60 �45 �68 �57 �71 �54
EC2 �5 �10 �3 �7 �2 �6
ET1 +16 +17 +20 +16 +7 +3
EQ �30 �19 �16 �6 +24 +32
CV (4 � 4 � 16) 4 (14) 9 (23) 2 (3) 9 (19) 2 (4) 9 (19)
CV (5 � 4 � 16) 3 (6) 2 (4) 5 (13) 2 (4) 6 (13) 2 (4)

Fig. 1. Lattice–gas interactions used to characterize Cu adatom interactions on
Cu(1 1 0). In all the figures, lighter mustard circles represent adatoms and darker
orange circles represent atoms in the substrate layer. Multi-site interactions, ET2,
EQ2 and EQ3, were found to be insignificant. Table 2 gives the values of these
interaction energies for different relaxation schemes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 3
Percentage reduction in the distance between adatoms from the bulk value due to
adatom relaxation. To get absolute reduction, the values should be scaled by
2a:2

p
2a:a where a = 3.64 Å is the lattice spacing.

Supercells Dd½1 �10� (%) Dd[0 0 1] (%) Dz%

(4 � 3 � 16) �3.1 �1.3 �11.3
(4 � 4 � 16) �3.0 �0.4 �11.0
(5 � 4 � 16) �3.0 �0.3 �11.5
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trios are found in the 2D-bulk layer of adatoms rather than near is-
land edges. The same issue for Cu(1 0 0) is discussed in detail in our
previous paper [16]. Since lateral relaxations are suppressed in the
z-relaxation scheme, there is no difference in the values between
the ET1 trios near the island edges and the ones in the 2D-bulk
layer. Hence, the magnitude of EQ1 decreases significantly in the
case of z-relaxation. The CV scores for z-relaxation are as low as
the ones obtained in the case of total relaxation.

Most of the interaction energies computed using the no-relaxa-
tion scheme do not differ considerably from the ones computed
using z-relaxation. The only interactions whose values change
remarkably are ET1 and EQ1. Compared with the corresponding val-
ues in the case of z-relaxation, ET1 decreases by more than half;
from a moderately strong repulsion, it becomes vanishingly small.
The change is even more drastic for values of EQ1. From a strong
attractive interaction (comparable in magnitude to E2) in total
relaxation scheme, EQ1 changes to a weak attraction when lateral
relaxations are suppressed and, in turn, becomes a strong repulsive
interaction in the case of no-relaxation. The difference between the
z- and no-relaxation schemes is that in the latter, adatoms cannot
optimize the lengths of their bonds with underlying substrate
atoms. Therefore, it is reasonable that the corresponding changes
in interaction values are drastic for those interactions (ET1 and
EQ1) that share a common substrate atom.3 The cases of ET1 and
EQ1 stress the importance of relaxation effects while computing the
strengths of multi-site interactions.

On the other hand, the other twomulti-site interactions, EC1 and
EC2, seem insensitive to relaxation effects. Their values do not un-
dergo any significant change under different relaxation schemes.
Previously [16] we gave the following argument for the higher sen-
sitivity of multi-site interactions compared to pair interactions: in
pair interactions, owing to symmetry, lateral relaxations must occur
along the bond direction. Since stretching or squeezing a bond is ener-
getically expensive, the relative position of those adatoms does not
change much, thereby making pair interactions less sensitive to relax-
ations. By the same reasoning, the adatoms in EC1 and EC2 interac-
tions, due to symmetry, are forced to relax either along the close-
packed [1 1 0] or the [0 0 1] directions, the two primary bond
directions on (1 1 0). As a result, the strengths of EC1 and EC2 inter-
actions are unaffected by adatom relaxations. Also, among the pair
interactions, only the E3 adatom pair is not bound by symmetry to
relax along any bond directions. This could explain its fluctuations
with respect to relaxation schemes.

In summary, in the lattice–gas approach to overlayer systems,
certain multi-site interactions, and probably pair interactions, are
found to be very sensitive to adatom relaxations. The multi-site
interactions that are very sensitive to adatom relaxations, ET1 and
hence EQ1, are the ones necessary to describe energies of adatoms
near island edges. These are the interactions relevant for comput-
ing experimentally verifiable physical quantities like step stiffness
and island shapes. Hence, a careful consideration of relaxation ef-
fects is important while computing the values of such interactions.
Accounting for relaxation effects in surface energies calculations
requires either the introduction of higher order multi-site interac-
tions or the use of large supercells (to minimize frustrated relax-
ations). In addition to increasing the computational cost
associated with the problem, such ad hoc approaches also severely
undermine the fundamental soundness of lattice–gas models.

3.2. Multi-site interactions as corrections to pair interactions –
discrepancy in E4 values

In all relaxation schemes, there is a difference between E4 val-
ues calculated using (4 � 4 � 16) and (5 � 4 � 16) supercells. The
interaction E4 is mildly repulsive in (4 � 4 � 16) supercells,
whereas it is negligible in (5 � 4 � 16) supercells. This discrepancy
can be understood if we consider E4 values along with EC1 values in
these two supercells. In the case of total relaxation, the difference
in E4 values is 13 meV with the (4 � 4 � 16) value being higher. At
the same time, their EC1 values differ4 by �15 meV. The discrepancy
between these two values is not surprising because the collinear trio
interaction (EC1) is, in fact, a correction term to fourth-neighbor (E4)
interaction due to the presence of an adatom between the atoms that
make up the pair. Also in (5 � 4 � 16) supercells, the numbers of E4
interactions in all of our adatom configurations are either equal or
very close to the corresponding numbers of EC1 interactions. Thus,
the difference in E4 is compensated by EC1 values such that the sums
of those two interactions, calculated using the two supercells, are
very close to each other. The difference3 between EC1 + E4 values is
�2 meV for total relaxation and 10 meV and 2 meV in the cases of
z- and no-relaxations. Such discrepancies might arise when multi-
site interactions are used as corrections to pair interactions and also
when multi-site interactions that form a non-compact cluster5 of
adatoms are used to parameterize adatom interactions. However, it
does not pose a serious problem to the accuracy of the interaction
energies in this case can be seen from the low CV scores.

3.3. Connector energies

In the connector model [17], each adatom in a cluster is mapped
onto a particular connector that has the same number of each type
of (first-, second-, and if necessary, third-) neighbor bonds.6 The

Fig. 2. Connectors [17] used to characterize Cu adatom interactions on Cu(1 1 0).
Table 3 gives the values of these interactions for different relaxation schemes.

3 In the z- relaxation scheme, among all the atoms in the substrate layer, the atom
shared by the EQ1 quarto adatoms, due to the highest value of its coordination
number, gets closest to the adatom layer. It is followed by the substrate atom shared
by the ET1 trio due to the same reason. The change in the interlayer separation
(measured along the z-direction) between the EQ1 quarto and the shared substrate
atom is �14.7% and the corresponding change for ET1 trio and the shared substrate
atom is �13.4%. In comparison, the change in the interlayer separation of a lone
adatom and its nearest-neighbor substrate atom is �11.4%.

4 The energy difference (DE) is calculated as the energy value computed using
(5 � 4 � 16) supercells subtracted from the corresponding energy value computed
using (4 � 4 � 16) supercells.

5 The quarto interaction, EQ2, is a compact cluster but the same arrangement
without the middle atom in the bottom row (middle atom in the collinear trio) is a
non-compact or an open cluster.

6 A more accurate model should also take into account the orientations of these
bonds. However, doing so would increase the total number of connectors needed to
parameterize the interactions, thereby reducing the efficacy of the model.
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energy of the cluster is then written as the sum of the connector
energies. One of the main features of this model is that the type of
connector contains information about the local geometry of the ada-
tom; hence relaxation effects are expected to be built into the model.
We used 10 connectors (shown in Fig. 2) to characterize adatom
interactions on Cu(1 1 0). Since E3 is weak, an adatom was mapped
to the connector with the same number of first-neighbor and sec-
ond-neighbor bonds.7

Connector energies for all three relaxation schemes are listed in
Table 4. The CV scores are as good as those obtained using the lat-
tice–gas approach. This success is not surprising because each of
the connector energies can be expressed as a linear combination of
lattice–gas energies. For example, the connector C6 can bewritten as

C6 ¼ E0 þ E1

2
þ E2

2
þ E3

2
þ ET1

3
þ EQ1

4
: ð3Þ

The sensitivity of multi-site interactions is not apparent from
the connector energy values due to the following reasons – (i) each
connector has contributions from adsorption energy (E0 or C1) and
other pairwise interactions that dominate over contributions from
multi-site interactions and (ii) also the contribution from a partic-
ular multi-site interaction is divided by the number of participat-
ing adatoms (see Eq. (3)), further making the sensitivity of
connector energies to adatom relaxations less apparent. However,
this model incorporates such relaxation effects as can be seen from
the uniformly low CV scores for all relaxation schemes.

The connector model works well in the case of Cu(1 1 0),
Al(1 1 0) and Al(1 0 0). It remains to be seen whether the connector
model provides an adequate solution, without the need for any ad
hoc patches, to the overlayer problem. Relaxation effects become
prominent during energy calculations of adatoms near step edges;
it is in such calculations the simple lattice–gas model runs into
problems [16]. At the same time, accommodating the relaxation ef-
fects encountered in such calculations within the connector model
might require the usage of connectors that account for the orienta-
tions of neighbor bonds, resulting in an undesirably large number
of connectors in the model. A DFT-based study that compares these
two models on a surface like Pt(1 1 1), where such lateral relaxa-
tion effects are known to complicate surface energy calculations,
would shed some light on that matter.

3.4. Diffusion barriers and formation of 2D islands

Diffusion barriers for Cu adatoms on Cu(1 1 0) have been calcu-
lated using a variety of methods in the past [29,31,32] but, to our

knowledge, not with a DFT-based method.8 To this end, we calcu-
lated the diffusion barriers for the most common hops on a (1 1 0)
surface (cf. Fig. 3) using the nudged elastic band (NEB) method
[33,34]. We did not compute the barriers for long jumps and corre-
lated exchange processes that are expected to occur on this surface
at high temperatures (T > 450 K) [35] since these processes are tan-
gential to the goals of this paper. The anisotropic bond-breaking
model describes the diffusion barriers on (1 1 0) surfaces accurately;
Mottet et al. computed the barriers on Cu(1 1 0) using Rosato, Guil-
lopé and Legrand (RGL) potentials,9 and their results showed that the
barriers computed using the anisotropic bond-breaking model
approximation are very close (within 25 meV) to the directly com-
puted barriers [29]. Hence, the diffusion barriers for the most com-
mon hops are sufficient to model growth in the low temperature
(T < 300 K) range. Also, diffusion through metastable walk [37] and
leapfrog mechanisms [38,39] are not relevant on this surface be-
cause Cu(1 1 0) does not reconstruct. We used a (4 � 3 � 16) super-
cell sampled with a (4 � 4 � 2) k-point mesh. The in-channel and

Table 4
Connector energies of Cu adatoms on Cu(1 1 0) computed using (4 � 4 � 16) and (5 � 4 � 16) supercells with total, z- and no-relaxation schemes. All energies are given in meV,
and the CV values are given in meV/adatom. The numbers inside the parentheses indicate the absolute value of maximum CV error.

Connectors Total relaxation z-relaxation No-relaxation

(4 � 4 � 16) (5 � 4 � 16) (4 � 4 � 16) (5 � 4 � 16) (4 � 4 � 16) (5 � 4 � 16)

C1 �3540 �3533 �3538 �3530 �3522 �3512
C2 �3647 �3651 �3641 �3639 �3635 �3638
C3 �3561 �3549 �3559 �3547 �3537 �3528
C4 �3795 �3815 �3796 �3809 �3810 �3822
C5 �3555 �3555 �3553 �3553 �3535 �3535
C6 �3649 �3655 �3647 �3646 �3642 �3643
C7 �3800 �3791 �3794 �3791 �3800 �3795
C8 �3669 �3661 �3665 �3661 �3656 �3651
C9 �3795 �3791 �3804 �3798 �3797 �3794
C10 �3532 �3538 �3521 �3535 �3508 �3519
CV (4 � 4 � 16) 3 (7) 9 (25) 3 (8) 8 (21) 2 (5) 7 (17)
CV (5 � 4 � 16) 6 (13) 1 (3) 6 (12) 2 (7) 6 (11) 2 (5)

Fig. 3. Adatom hops along high-symmetry directions on a (1 1 0) surface. The
corresponding barriers are given in Table 5.

7 Adatoms with only a second-neighbor bond are mapped to C3, while those with a
second-neighbor bond along with one or more third-neighbor bonds are mapped to
C10.

8 Stepanyuk et al. [32] employed VASP (PW91-GGA) to compute a few diffusion
barriers for Co adatoms on Cu(110) but the barriers for diffusion of Cu adatoms were
computed using molecular static (MS) calculations based on the second-moment
approximation but fitted to ab-initio calculations rather than to experimental data.

9 The attractive part of the potential is derived using the second-moment
approximation to the tight-binding model and the repulsive part of the potential is
assumed to be of a Born-Mayer type [36].
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cross-channel hopping barriers in the case of other two bigger super-
cells, computed by placing an adatom at the respective bridge sites,
were found to be very close to the ones obtained using the
(4 � 3 � 16) supercell. Seven images were used to sample the poten-
tial energy surface.

The obtained barriers (cf. Table 5) are in good agreement with
previous theoretical calculations [29,31,32]. From the computed
diffusion barriers, we can say that the in-channel hopping and
the exchange are the dominant mechanisms responsible for intra-
layer diffusion. Our in-channel hopping and exchange barriers
computed using VASP (PW91-GGA) are higher than the corre-
sponding values from second-moment methods [29,31,32]. Our
in-channel diffusion barrier is 0.12 eV higher than the value com-
puted using RGL potentials [29,31] and by about 0.06 eV higher
than the value from MS calculation [32]. Similarly, the exchange
barrier is about 0.05–0.1 eV higher than the values from RGL
potentials and MS calculations. The reason behind the higher value
of diffusion barriers in the case of VASP (PW91-GGA) is not clear.
However, it should be noted that the diffusion barriers for Co on
Cu(1 1 0) computed using VASP (PW91-GGA) are also higher than
the corresponding values from MS calculations [32]. Even though
some cross-channel interactions like E3 and ET1 are repulsive, the
attractive nature of E1, E2 and EC1 and the small barrier for ex-
change hopping lead us to expect the formation of compact 2D is-
lands. In their kinetic Monte Carlo simulations, Mottet et al. [29]
did show such formation over a suitable temperature range.

4. Conclusion

Using both the lattice–gas model and the connector model, we
have quantified the interactions between Cu adatoms on Cu(1 1 0).
In the case of lattice–gas model, we find strong multi-site interac-
tions on this surface. As expected, some of these multi-site interac-
tions are extremely sensitive to atomic relaxations. This study
emphasizes the importance of multi-site interactions and the role
of adatom relaxations in lattice–gas modeling of overlayer sys-
tems. Even though introducing higher-order multi-site interactions
can evidently account for relaxation effects in the lattice–gas mod-
el, we look forward to the development of alternate models that
can deal with adatom relaxations efficiently. The connector model
provides a good alternative for the lattice–gas model on this sur-
face and holds some promise as a possible alternative for charac-
terizing adatom interactions. However, conclusive evidence has
not yet been presented to show that the connector model is im-
mune to surface relaxation effects. We invite studies in this
direction.
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Hop Barrier (eV)

In-channel 0.322
Cross-channel 1.049
Exchange 0.351
Atop 1.448
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