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Ab initio electronic structure calculations are employed to study the stability and mobility of vacancy
clusters at or below the Cu�111� surface. The monovacancy formation energy decreases on going from bulk to
surface. The strong binding of a nearest-neighbor �NN� surface divacancy and the negligible binding of a NN
divacancy, consisting of a surface and subsurface vacancy, demonstrate the strong �weak� intraplane �inter-
plane� attractive interaction between vacancies. Similarly, NN surface trivacancies exhibit a wide range of
layer-dependent binding behavior. The underlying mechanism is the different elastic contribution �atomic
relaxation� of each layer, giving rise to a preferential two-dimensional clustering of vacancies on the surface.
The results reveal a migration mechanism for a NN surface divacancy involving a two-step counterclockwise
and clockwise rotation of the center of mass. The migration paths of the NN surface trivacancy include purely
translation, rotation, and mixed translation-rotation mechanisms with different energy barriers.
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I. INTRODUCTION

Point defects �adatoms and advacancies� are the main car-
riers in mass transport processes on metal surfaces1,2 and
play an important role in surface phenomena such as epitax-
ial growth,3 coarsening,4 surface electromigration,5–7 and
thermal annealing. In these phenomena the rate of mass
transport is determined by the formation and activation en-
ergies of the point defects. Small vacancy clusters serve as
embryos in the formation, growth, and mobility of larger
vacancy clusters or voids, which govern the macroscopic de-
formation and failure mechanisms in a variety of metals. For
example, the diffusion, clustering, and collapse of vacancies
that are generated randomly under irradiation lead to the for-
mation of prismatic dislocation loops,8 which are responsible
for the embrittlement of metals subjected to radiation in vari-
ous applications, including nuclear reactors.

Furthermore, surface electromigration which involves the
diffusion of atom and vacancy islands under the influence of
an electric field has important consequences for surface mor-
phology and is recognized as a key source of size limitation
and the primary failure mode in many microelectronic
devices.7,9–11 Failure occurs through the void evolution,
growth, and motion, which are driven primarily by surface
diffusion, electric field, and mechanical stresses. Recently,
the microelectronics industry has turned to Cu as the inter-
connect conductor due to its superior performance and reli-
ability compared to previously used Al interconnects, par-
ticularly in the context of its lower electrical resistivity and
lower propensity of failure against stress voiding and surface
electromigration. These properties combined with the re-
cently discovered ultrahigh strength of nanotwin copper
wires,12 offer a unique opportunity in producing freestanding
copper interconnects in very large-scale integration of circuit
devices.

X-ray diffraction experiments on Cu/Cu�100�,13

Ag/Ag�100�,14 and Ag�111� �Ref. 15� thin films grown at
temperatures between 110 to 300 K have provided evidence
for a surprisingly high vacancy concentration incorporated in
deposited thin films. Subsequent molecular-dynamics simu-

lations demonstrated16 kinetic channels that allow the forma-
tion of vacancies or voids in the growing film. Furthermore,
low concentration of extremely mobile surface vacancies as-
sist the self-diffusion �homoepitaxy� of Cu islands on
Cu�001� �Ref. 17� and the concerted diffusion of Pd �Ref. 18�
or In �Refs. 19–21� adatoms �heteroepitaxy� on the Cu�001�
surface.

In contrast to the vast body of electronic structure calcu-
lations aimed at determining the properties of vacancies in
bulk fcc metals,22–25 ab initio studies of the stability and
mobility of small vacancy clusters on metallic surfaces are
scarce.26 The purpose of this paper is to employ ab initio
electronic structure calculations to study the effect of the
surface on the nucleation and migration properties of small
vacancy clusters �monovacancy, divacancy, and trivacancy�
at or beneath the Cu�111� surface. The interaction of the
vacancy, a point defect, with a surface, a planar defect, is far
less well understood than vacancies in bulk, and many ques-
tions such as the nucleation, clustering, and diffusion char-
acteristics still remain open. We examine how the surface
local environment affects the binding, migration barriers, and
migration pathways. The results reveal a wide range of layer-
dependent binding and migration behavior, whose underlying
origin lies on the different elastic contribution �atomic relax-
ation� of each layer, giving rise to a preferential two-
dimensional �2D� clustering of vacancies on the surface.

The paper is organized as follows. In Sec. II we briefly
summarize our methodology, and in Sec. III we present the
results for vacancy formation energies, binding energies, and
migration paths and energies. We also discuss the ionic re-
laxation surrounding the vacancy and the effect of vacancies
on bonding and charge-density distributions. Finally, a brief
summary is given in Sec. IV.

II. METHODOLOGY

We used first-principles density-functional theory �DFT�
calculations with the generalized gradient approximation
�GGA� of Perdew and Wang.27 Electron-ion interactions
were treated within the projected augmented wave �PAW�
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approach,28 as implemented in the Vienna ab initio simula-
tion package �VASP�.29,30 An energy cutoff of 380 eV was
used for the plane-wave expansion of the wave functions.

For the bulk calculations, we employed a 32-atom super-
cell and a 6�6�6 k-point mesh according to the
Monkhorst-Pack scheme,31 which yields sufficiently accurate
and converged results. The Cu�111� surface was modeled
employing the slab supercell approach, where the slab con-
sists of five copper �111� layers, with ABCAB stacking and
with 25 atoms per layer. The vacuum thickness separating
the periodic slabs was set to 10.5 Å to avoid interactions
between the images. Convergence tests employing 6�6�1
and 3�3�1 �-centered mesh along the reciprocal-lattice
directions show that the total energy is converged to less than
1 meV/atom. Thus, all calculations have been carried out
using the 3�3�1 �-centered mesh.

The calculations have been performed allowing atomic
relaxation of the top three copper layers with the bottom two
constrained at the bulk geometry. The calculated equilibrium
lattice constant of a0=3.64 Å is in very good agreement
with the experimental value of 3.62 Å. For the configuration
where the monovacancy was placed on the third layer below
the surface, only the bottom layer of the slab was fixed to its
bulk value. The atomic geometries were optimized using the
conjugate gradient algorithm, with the criterion that the
forces in all unconstrained atoms are smaller than
0.03 eV /Å. The nudged elastic band �NEB� method,32,33 as
implemented in VASP, was used for the transition-state search
to determine the vacancy diffusion pathways and migration
energies.

III. RESULTS

A. Energetics of vacancy clusters

The formation energy of an nv-vacancy cluster was calcu-
lated from23,25,26,34

Env

f = E�N − nv� − Eref�N� + nvEcoh. �1�

Here, E�N−nv� is the total energy of the supercell containing
N−nv atoms and a cluster of nv vacancies, Eref�N� is the total
energy of the reference supercell containing N Cu atoms with
no vacancy, and Ecoh is the cohesive energy of Cu, evaluated
as the energy per Cu atom in bulk. The binding energy of the
nv-vacancy cluster is defined as,

Env

b = �
i=1

nv

E1v,i
f − Env

f , �2�

where, E1v,i
f , is the formation energy of the ith monovacancy

in the nv-vacancy cluster. Note, that in the slab supercell the
monovacancy formation energy, E1v,i

f , depends on the site i
�surface or subsurface�, where the vacancy is placed.

Values of the vacancy formation energy Env

f , binding en-
ergy Env

b , and vacancy migration energy Env

m , for monova-
cancy and nearest-neighbor �NN� divacancy clusters in bulk
Cu are listed in Table I. These values are in good agreement
with the experimental values and those of previous DFT and
empirical calculations,23,24,35 also listed in Table I.

In Table II we list the values of the formation energy and
binding energy, for the monovacancy, divacancy, and triva-
cancy clusters with different configurations at or beneath
Cu�111� surface. We consider only NN divacancies and triva-
cancies. The letters B, A, and C refer to the surface, subsur-
face, and third layer below the �111� surface, respectively.
Also we list in Table II the number of broken bonds required
to form the nv-vacancy cluster.

Overall, the formation energy increases as the number of
bonds required to be broken increases. We find that the for-
mation energy of a monovacancy at the surface �subsurface�
is 0.79 eV �0.87 eV�, both smaller than the corresponding
value of 1.18 eV at the third layer below the surface, which
is about the bulk value. Thus, the presence of the surface
assists the nucleation of vacancies due to the smaller coordi-
nation number at the surface. Note that even though the num-
ber of broken bonds �12� is the same when the monovacancy
is on the second layer �A� and the third layer �C�, the forma-
tion energy is lower in the former case. This stems from the
different elastic �atomic relaxation� contribution of different
layers.26 Namely, in the case of the subsurface vacancy, at-
oms on the surface have the freedom to relax downward into
the vacancy, thus lowering the energy substantially. On the
other hand, for the vacancy in the third layer, atoms sur-

TABLE I. Vacancy formation energy Env

f , binding energy, Env

b ,
and vacancy migration energy Env

m , all in eV, for monovacancy and
NN divacancy in bulk Cu. For comparison, we also list the corre-
sponding values from previous DFT and empirical �Ref. 35� calcu-
lations and experiment.

Present work Previous calc. Expt.

E1v
f 1.07 0.9823 1.03,24,361.1737

E2v
f 2.03 1.923 1.94,241.8336

E2v
b 0.11 0.0623 0.12,240.2336

E1v
m 0.74 0.72,230.8235 1.06,241.0236

E2v
m 0.43 0.47,230.5535 0.6424,36

TABLE II. Vacancy formation energy, Env

f , binding energy, and
Env

b , in eV, for monovacancy, divacancy, and trivacancy clusters on
the Cu�111� surface. We also list the number of broken bonds for
each vacancy cluster configuration. The letters B, A, and C denote
atoms on the surface, subsurface, and third layer below the surface.

nv Vacancy configuration Env

f Env

b No. of bonds

B 0.79 9

1 A 0.87 12

C 1.18 12

BB 1.34 0.24 16

2 AB 1.65 0.01 19

AA 1.72 0.02 23

BBB 1.62 0.75 21

3 ABB 2.21 0.23 24

AAB 2.57 −0.06 27

AAA 2.04 0.54 33
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rounding the vacancy have less freedom to move into the
vacancy because they are bonded to other atoms on either
side and hence they need to stretch these bonds which in turn
increases the energy. Even though in the present work we
have not considered the effect of the internal surface associ-
ated with the vacancy,25 we have estimated that the errors
introduced for the formation and migration energies for a
surface vacancy are about 0.02 eV, and hence we do not
change the relative stability and mobility of single and mul-
tivacancies.

For the NN �110� surface divacancy �BB configuration�
we find that the binding energy is positive and hence the two
vacancies attract. Furthermore, the fact that EBB

b =0.24 eV is
larger than the corresponding value of 0.11 eV in bulk �Table
I�, suggests that the influence of the surface enhances the
binding of the divacancy. In sharp contrast, the AB configu-
ration, where one vacancy is on the surface and the other on
the subsurface, is marginally stable with a very small binding
energy of 0.01 eV, and hence the divacancy can barely bind.
These results indicate that the coalescence of two monova-
cancies on the surface is due to their strong attractive intra-
planar surface interaction, while the negligible binding of
two monovacancies on the surface and subsurface is due the
weak interplanar interaction.

This dramatic different layer-dependent binding behavior
arises solely from the different elastic contribution �atomic
relaxation� of each layer, giving rise to a preferential two-
dimensional clustering of vacancies on the surface. Interest-
ingly, the large inward relaxation of surface atoms when va-
cancies nucleate in the second layer enhances the elastic
contribution to the formation and binding energy, rendering
also the AA divacancy configuration barely favorable with
negligible binding energy of 0.02 eV. Thus, our results reveal
a dramatic different intraplanar divacancy interaction: a
strong attractive divacancy surface interaction while a negli-
gible subsurface interaction. The marginal stability of the AB
and AA divacancy configurations has important conse-
quences on the growth character of larger vacancy clusters
on surfaces.

In order to elucidate the underlying atomic and electronic
mechanisms responsible for the dramatic different stability
of the BB and the barely stable AB configurations, we dis-
play in the left panels of Figs. 1�a� and 1�c� the relaxed
positions of the surface and subsurface atoms for the AB and
BB configurations, respectively. The surface and subsurface
atoms and vacancies are denoted by the large yellow �light
gray�, small green �dark gray�, and black circles, respec-
tively. The arrows indicate the in-plane atomic displace-
ments. One can see a symmetric �asymmetric� relaxation for
the BB �AB� configuration.

Table III summarizes the in-plane and out-of-plane dis-
placements of the atoms bordering the AB divacancy. Note,
that those surface atoms �labeled 5 and 6� and subsurface
atoms �labeled 2 and 3� which are NN to both the B and A
monovacancies, have the largest in-plane and out-of-plane
��z� displacements. The in-plane displacement of these sur-
face atoms is inward �toward the surface vacancy� in contrast
to all other surface atoms which move outward. On the other
hand, all in-plane atomic displacements of the subsurface
atoms are inward. Furthermore, �z�0 for the subsurface �2

and 3� atoms and �z�0 for the surface �5 and 6� atoms. This
is due to the fact that these NN atoms to both vacancies are
relaxing so as to fill the empty space produced by the diva-
cancy. Note that the surface and subsurface atoms surround-
ing the subsurface �surface� vacancy, in Figs. 1�a� and 1�b�,
move inward �outward�, leading to contraction �expansion�
of the atomic cage surrounding each vacancy, which has im-
portant consequences in their charge redistribution to be dis-
cussed below.

The in-plane and out-of-plane atomic relaxations for the
BB configuration are listed in Table IV. The subsurface �sur-

(c)

(a)

[1 1 1]

[1 1 2]
- -

[1 1 0]
-

(d)
vacancy

[
1
1
1]

[
1
1
1]

[1 1 0]
-

[1 2 1]
-

>2.06
1.06

-1.04

-3.14

<-5.24

>2.06
1.06

-1.04

-3.14

<-5.24

vacancy

(b)

FIG. 1. �Color online� Left �a� and �c� panels display the in-
plane relaxation of the �111� surface and subsurface atoms for the
AB and BB divacancy configurations, respectively, with the longest
arrows corresponding to displacements of 0.1 Å. Surface and sub-
surface atoms and vacancies are denoted by the large yellow �light
gray�, small green �dark gray�, and black circles, respectively. Pan-
els �b� and �d� show contour plots of charge-density redistribution,

with and without the divacancy on the �1̄01� and �1̄1̄2� planes,
respectively, for the AB and BB configurations. Red solid �blue
dotted� contours correspond to accumulation �depletion� of elec-
tronic charge density in e /Å3. Note the formation of the 3D cage of
charge accumulation surrounding both BB divacancies in panel �d�,
in contrast to the cage surrounding only the A monovacancy in
panel �b�.

TABLE III. Atomic displacements �in Å� of the surface and
subsurface atoms bordering the AB divacancy configuration. The
atoms are labeled according to the notation employed in Fig. 1�a�.

Atom label

Surface Subsurface

In plane �z In plane �z

1 +0.023 −0.041 −0.020 −0.021

2 +0.015 −0.045 −0.074 +0.047

3 +0.015 −0.045 −0.074 +0.047

4 +0.023 −0.041 −0.020 −0.021

5 −0.041 −0.119 −0.031 −0.027

6 −0.041 −0.119 −0.031 −0.027

CRUCIAL ROLE OF SURFACE IN STABILITY AND… PHYSICAL REVIEW B 79, 195404 �2009�

195404-3



face� atoms bordering the vacancy have inward �outward�
in-plane displacements and move toward �away� the surface,
which results in the reduction in the atomic cage surrounding
both vacancies �Fig. 1�c��. This relaxation in turn induces
strong charge accumulation between the atoms surrounding
the divacancy and hence enhances its binding.

Figure 1�b� shows the difference in charge density, ��=

−�slab+�slab+2v, on the �1̄01� plane with and without the AB
divacancy.25 The corresponding difference in charge density

for the BB divacancy on the �1̄1̄2� plane is displayed in Fig.
1�d�. The BB divacancy induces an accumulation of charge
�solid contours� between the NN surface and subsurface at-
oms around the divacancy. This in turn gives rise to a three-
dimensional �3D� cage of charge accumulation surrounding
both surface vacancies, leading to stronger bonding and
hence higher binding energy. In sharp contrast, the AB con-
figuration induces a charge accumulation between the sur-
face and subsurface atoms surrounding only the subsurface
�A� vacancy, thus leading to a barely stable configuration
with a vanishing binding energy.

The NN trivacancy BBB configuration formed from three
monovacancies on the surface has the lowest �highest� for-
mation energy �binding energy� compared to the correspond-
ing values of all other trivacancy configurations, indicating
the preferential 2D clustering of vacancies on the surface.
Furthermore, we find that the ABB trivacancy configuration
is attractive, but with a smaller binding energy of 0.23 eV
compared to the BBB configuration. Interestingly, the AAB
vacancy configuration �EAAB

b =−0.06 eV� is repulsive, while
the AAA configuration, with all three NN monovacancies
nucleated on the subsurface, is attractive, surprisingly with a
rather large binding energy of 0.54 eV. This is due to the
large downward relaxation of the surface atom enclosed by
the vacancy cluster ��0.7 Å� and those surface atoms sur-
rounding the cluster ��0.1 Å�, leading to a decrease in the
formation energy of the AAA configuration.

In order to understand the trend of E3v
b , we have also

calculated the configuration-dependent binding �CDB�
energy,38 Ẽ3v

b , which is the energy released during the coa-

lescence of a divacancy and a monovacancy. Ẽ3v
b provides

complementary information of the clustering behavior, be-

cause it clarifies whether different configurations of trivacan-
cies prefer to condense rather than split into a divacancy and
a monovacancy. For example, the two CDB energies for the
ABB configuration are,

ẼABB
b = EAB

f + EB
f − EABB

f if ABB → AB + B,

ẼABB
b = EBB

f + EA
f − EABB

f if ABB → BB + A. �3�

Values of CDB energies for the different trivacancy configu-

rations are listed in Table V. The Ẽ3v
b for the ABB→BB

+A and ABB→AB+B reactions are 0.0 and 0.23 eV, re-
spectively, indicating that the NN surface divacancy �BB
configuration� does not bind with a distant subsurface A
monovacancy. On the other hand, the marginally stable NN
AB divacancy, attracts another surface monovacancy to form
the stable ABB trivacancy embryo. Thus, the condensation of
the ABB vacancy cluster is solely due to the strong intrapla-
nar attraction of two surface �BB� monovacancies, which
have the same binding energy of 0.24 eV as the ABB cluster.
Interestingly, the AAB trivacancy cluster, comprising two
subsurface and one surface vacancies, does not form. Fur-

thermore, Ẽ3v
b for the AAB→AA+B and AAB→AB+A,

are −0.06 and −0.05 eV, respectively, indicating that the
AAB trivacancy cannot be formed due to the fact that both
the AA and AB divacancy can barely bind. In sharp contrast,
we find even though the NN subsurface divacancy �AA� does
not bind, there is a strong attractive interaction between the
NN subsurface AA divacancy and an isolated subsurface
monovacancy due to the large elastic contribution to the for-
mation energy discussed above.

B. Migration of vacancy clusters

In addition to the nucleation, growth, and stability of va-
cancy clusters on the surface, their diffusion properties and
hence their mobility, in the presence or absence of an applied
electric field, depend critically on the preferred migration
paths and the associated activation energy barriers. For ex-
ample, in the vacancy-mediated impurity diffusion mecha-
nism, vacancies migrate on the surface in a random-walk
fashion.21 Furthermore, recent experiments have reported a
one-dimensional fast migration of nanometer-sized clusters
of vacancies.39 This raises several interesting questions: �1�
whether the mobility changes as the cluster size increases

TABLE IV. Atomic displacements �in Å� of the surface and
subsurface atoms bordering the BB divacancy configuration. The
atoms are labeled according to the notation employed in Fig. 1�c�.

Atom label

Surface Subsurface

In plane �z In plane �z

1 +0.026 −0.044 −0.036 +0.043

2 +0.018 −0.041 0.0 +0.083

3 +0.024 −0.046 −0.036 +0.043

4 +0.082 −0.071 −0.017 −0.008

5 +0.024 −0.046 −0.028 +0.035

6 +0.018 −0.041

7 +0.026 −0.044

8 +0.107 −0.066

TABLE V. CDB energy Ẽ3v
b �in eV�, for various trivacancy clus-

ter configurations.

Formation mechanism Ẽ3v
b

BBB→BB+B 0.51

ABB→AB+B 0.23

ABB→BB+A 0.0

AAB→AB+A −0.05

AAB→AA+B −0.06

AAA→AA+A 0.54
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and �2� whether these small vacancy cluster embryos migrate
coherently as one entity or via a series of steps involving
single-vacancy hopping, which may in turn lead in a rota-
tional and/or translational 2D or 3D diffusion of the cluster.

1. Monovacancy

We first examine the migration of a surface monovacancy
�B�, where the vacancy can hop in any of the six equivalent
NN surface sites by exchanging position with a surface atom
along the minimum energy path �MEP�. We find that the
migration barrier for a surface monovacancy is 0.66 eV in
excellent agreement with the experimental value of 0.62
eV.40 This value is lower than the corresponding value of
0.74 eV in bulk Cu �Table I�, indicating that vacancies are
more mobile on the surface.

2. Divacancy

The surface migration of the NN BB surface divacancy
turns out to be quite intriguing. Even though in the initial
NEB steps the divacancy migrated as a single unit, after
several steps the migration pathway proceeded via a two-step
zigzag mechanism involving successive single NN vacancy
jumps. This is illustrated in panels �a�–�c� of Fig. 2, corre-
sponding to the initial, intermediate, and final migration con-
figurations, respectively. The large �red�, mid-size �open�,

and small �filled� circles denote atoms on the �111� surface,
subsurface, and third layers, respectively, while the large
closed black circles denote the BB divacancy. The migration
energy landscape corresponding to the pathways in Fig. 2 is
shown in Fig. 3.

Initially, the migration proceeds �Fig. 2�a�� with a one-
step NN hopping of one vacancy via the diffusion of the
surface atom labeled 8 �NN to both vacancies� along the
dashed pathway over the bridge site, with a migration energy
barrier of 0.74 eV. This leads to the intermediate configura-
tion in Fig. 2�b�, where the center of mass �CM� of the NN
divacancy has rotated counterclockwise by 60°. The migra-
tion process proceeds via a successive one-step motion of the
second monovacancy �Fig. 2�b��, where the surface atom la-
beled 7 �NN to both vacancies� diffuses along the dashed
pathway over the hcp hollow site �atom in the third layer�,
with a lower-energy barrier of 0.57 eV. Thus, the migration
process is completed via a second step 60° clockwise rota-
tion of the CM. Therefore the calculations reveal a different
diffusion mechanism, where the CM of the NN surface diva-
cancy migrates in a zigzag fashion with asymmetric activa-
tion barriers.

The result of negligible binding energy of the AB diva-
cancy raises the question whether the energy barrier for in-
terlayer diffusion between the �111� surface and subsurface
layers is lower than that for the intralayer one. For example,
previous ab initio calculations on diffusion of a lithium ada-
tom on copper surfaces via the vacancy-assisted mechanism,
have shown that lithium can migrate between different �111�
copper planes with a small energy barrier of 0.04 eV.41 In
Fig. 4 we show the energy landscape for interlayer migration
between the BB and AB divacancy configurations. Interest-
ingly, we find that diffusion pathway involving the hopping
of a surface Cu atom which is NN to the surface vacancy

[1 1 1]

[1 1 2]
- -

[1 1 0]
-

(c)

(b)

8
7

(a)

B

A

C

8 7

8 7

FIG. 2. �Color online� Schematic representation of migration
pathways for a NN surface divacancy �BB� denoted by the large
closed circles. Surface �b�, second �a�, and third �c� layer atoms are
denoted by large �orange�, midsize open, and small closed circles,
respectively, and dashed green curves denote diffusion paths. The
numbering of atoms is the same as in Fig. 1�c�. Panels �a�–�c�
correspond to initial, intermediate, and final configurations. The dif-
fusion of surface atom, labeled 8, over the bridge site in panel �a�
results in a counterclockwise rotation of the divacancy. This is
followed by the diffusion of number 7 surface atom over the hcp
hollow site in panel �b�, resulting in a second clockwise rotation of
the divacancy.

E
ne
rg
y
(e
V
)

Reaction coordinate (Å)

(a) (b) (c)

FIG. 3. Energy landscape for a NN surface divacancy along the
migration pathways displayed in Figs. 2�a�–2�c�. The middle energy
minimum corresponds to the intermediate configuration in Fig. 2�b�.
The first �second� saddle-point energy barrier corresponds to the
configuration where the surface atom labeled by 8 �7� is over the
bridge �hcp hollow� site in panel �a� ��b�� in Fig. 2. The NN surface
divacancy migration between two equivalent sites proceeds with
two successive 60° counterclockwise and clockwise rotations,
respectively.
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along the direction connecting the A and B sites, has a low
energy barrier of 0.15 eV. This clearly indicates that the NN
AB divacancy can transform relatively easy into the stable
BB configuration. Thus, subsurface vacancies can easily mi-
grate into the surface and subsequently continue their diffu-
sion on the surface.

In order to address the interesting effect of Cu adatoms on
the migration behavior of the vacancy pair on the Cu �111�
surface, we have carried out atomistic simulations using the
embedded atom method �EAM� and the drag method. The
EAM calculations, based on the Mishin et al.42 potential for
Cu are more expedient than electronic structure calculations
based on density-functional theory, and can provide a quali-
tative, and in some cases quantitative information of the
adatom-vacancy pair interaction and its consequences on the
vacancy cluster mobility. We find that the energy barrier for
the diffusion of an adatom into a surface NN divacancy is
about 0.25 eV. This small energy barrier, compared to the
energy barrier of 0.74 eV for the diffusion for a NN diva-
cancy, is due to the strong binding of the adatom with the
surface vacancy and the resultant annihilation of the
vacancy.17,43

3. Trivacancy

For the diffusion pathways of the NN surface trivacancy
�BBB� we have considered three possible diffusion paths,
shown in Fig. 5, where large �yellow�, mid-size �light green�,
and small �orange� circles represent atoms on the surface,
subsurface, and third layer, respectively, while the vacancies
are indicated by large black circles. The first path, �a�
→ �b�→ �c�, corresponds to the migration between two in-
equivalent equilateral triangle configurations in �a� down-
ward triangle and �c� upward triangle, with an intermediate
configuration in �b� isosceles triangle. The binding energy of
the configuration in �a� is higher by 21 meV than that in �c�
because the latter encloses an hcp hollow site �atom in the
third layer�. This migration pathway involves first the hop-
ping of one of the vacancies over the hcp hollow site �light
green dashed curve in �a�� followed by a second hop of the
second vacancy over the bridge site �red dashed line in �b��.
The energy landscape for this migration path, shown in Fig.

5�i�, has two energy barriers of 0.69 and 0.47 eV, respec-
tively, corresponding to the two single-vacancy diffusion
steps described above. Thus, this diffusion path proceeds via
an accordionlike compression-stretch mechanism involving
both the rotation and translation of the CM of the cluster.

The second diffusion path in Fig. 5, �a�→ �d�→ �e�→ �f�,
involves the translation, but not the rotation of the CM of the
cluster. In contrast to the previous mechanism, this pathway
proceeds first with the dissociation of the NN trivacancy into
a monovacancy �B� and a NN divacancy �BB� via the diffu-
sion of atom 2 in �a� over the bridge site �light blue dashed
line� with an energy barrier of 0.72 eV. Note that the energy
of the intermediate configuration �d� has a higher energy than
that of �b� due to the fact that the former involves the disso-
ciation of the strongly bound NN surface trivacancy, render-
ing this path less favorable. This proceeds with the diffusion
of atom 3 in �d� over the bridge site �light blue dashed line�
and is completed with the hopping of atom 2 in �e� over the
bridge site �light blue dashed line�. Note that all saddle-point
configurations involve diffusion only over bridge sites. The
energy landscape for this migration path, shown in Fig. 5�j�,
has two identical energy barriers of 0.72 and a third barrier
of 0.49 eV, respectively, corresponding to the three single-
vacancy diffusion steps described above.

In the third diffusion path, �a�→ �b�→ �g�→ �h�, the ini-
tial �a� and final �h� configurations are identical and involves
the rotation of the CM of the cluster but not its translation.
This pathway involves a three-step counterclockwise rotation
of two vacancies always diffusing over hcp hollow sites,
with the third vacancy being pinned. More specifically, the
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FIG. 4. Migration energy landscape �in eV� between AB NN
divacancy and BB NN divacancy vs reaction coordinates �in Å�.
The low barrier energy indicates the ease of interlayer transforma-
tion of the AB divacancy to BB divacancy.
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FIG. 5. �Color online� Schematic representation of migration
pathways for a NN surface trivacancy �BBB� denoted by the large
closed circles. Surface �b�, second �a�, and third �c� layer atoms are
denoted by large �yellow�, midsize �green�, and small �red� closed
circles, respectively. The large black closed circles indicate the va-
cancies and the dashed light green curve, red, and light blue lines
denote diffusion paths of surface atoms. The three diffusion path-
ways are: �1� �a�→ �b�→ �c�, �2� �a�→ �d�→ �e�→ �f�, and �3� �a�
→ �b�→ �g�→ �h�. The energy landscape in panels �i� and �j� corre-
spond to the first and second diffusion pathways. The energy barri-
ers correspond to diffusing surface atoms over bridge or hollow hcp
sites.
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first step involves the hopping of one vacancy over the hcp
hollow site �light green dashed curve in �a�� �as in the case of
the first diffusion pathway�. However, the second step in-
volves the hopping of the second vacancy via the diffusion of
the surface atom labeled 1 over the hcp site �light green
dashed curve in �b��, resulting in the isosceles triangle con-
figuration in �g� which is the mirror reflection counterpart of
that in �b�. The migration process is completed via the diffu-
sion of atom 1 in �g� over the hcp hollow site �light green
dashed curve�. The energy landscape of this pathway is simi-
lar to that of the second diffusion pathway.

IV. CONCLUSION

In conclusion, we have employed ab initio electronic
structure calculations to study the effect of the surface on the
stability and migration properties of small vacancy clusters
nucleated at or beneath the Cu�111� surface. An important
focus of this work was to examine the effect of the layer
�surface, subsurface, etc.� on the formation and binding en-
ergies and on the migration pathways and energy barriers.

We find that the formation energy of a monovacancy in-
creases on going from the surface to bulk. Two monovacan-
cies on the surface coalesce �with binding energy larger than
in bulk� due to the strong attractive intraplanar interaction. In
sharp contrast, two monovacancies on the surface and sub-
surface barely bind, indicating that the interplanar vacancy-
vacancy interaction is weak. The strong �negligible� binding
in the former �latter� case arises from a 3D cage of charge
accumulation surrounding both �only the subsurface� vacan-
cies.

The NN trivacancy configurations nucleated on the sur-
face and subsurface bind very strongly �with the latter having
lower binding energy�, while those consisting of two NN
surface vacancies and a NN monovacancy on the subsurface
do not bind. This overall dramatic different layer-dependent
binding behavior arises solely from the different elastic con-
tribution �atomic relaxation� of each layer, giving rise to a

preferential two-dimensional clustering of vacancies on the
surface. The calculations reveal the unique nature of subsur-
face vacancies, which allow large downward atomic relax-
ation of surface atoms into the empty space on the subsur-
face, thus reducing the formation energy substantially.

We find an interesting migration mechanism for a NN
surface divacancy which involves a two-step monovacancy
diffusion over the bridge and hcp hollow sites, with energy
barriers of 0.74 and 0.54 eV, respectively. This gives rise to a
counterclockwise and clockwise rotation of the center of
mass and hence a zigzag diffusion of the NN surface diva-
cancy. The NN divacancy comprising of a surface and sub-
surface atom has a low-energy barrier of 0.15 eV to undergo
a transition into a NN surface divacancy, indicating that sub-
surface vacancies can easily migrate into the surface.

For the NN surface trivacancy we have considered three
surface migration paths. The first, is an accordionlike
compression-stretch mechanism involving both the rotation
and translation of the CM of the vacancy cluster. It proceeds
via a two-step single vacancy diffusion path over an hcp
hollow and bridge sites with energy barriers of 0.69 and 0.47
eV, respectively. The second is purely translational, involv-
ing the dissociation of the trivacancy into a NN divacancy
and a monovacancy and single-vacancy diffusion only over
bridge sites. Finally, the third is purely rotational, proceeding
via a three-step counterclockwise rotation of two vacancies
always diffusing over hcp hollow sites, with the third va-
cancy being pinned. Future work will be aimed to study the
effect of alloying �Sn� on the stability and mobility of surface
vacancy clusters, including the possibility of impurity-
induced hindering of the binding of the vacancies.
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