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We used the embedded-atom method potential to study the structures, adsorption energies, binding energies,
migration paths, and energy barriers of the Ir adatom and small clusters on fcc Ir~100!, ~110!, and ~111!
surfaces. We found that the barrier for single-adatom diffusion is lowest on the~111! surface, higher on the
~110! surface, and highest on the~100! surface. The exchange mechanisms of adatom diffusion on~100! and
~110! surfaces are energetically favored. On all three Ir surfaces, Ir2 dimers with nearest-neighbor spacing are
the most stable. On the~110! surface, the Ir2 dimer diffuses collectively along thê110& channel, while motion
perpendicular to the channel walls is achieved by successive one-atom and correlated jumps. On~111! surface,
the Ir2 dimer diffuses in a zigzag motion on hcp and fcc sites without breaking into two single atoms. On the
~100! surface, diffusion of the Ir2 dimer is achieved by successive one-atom exchange with the substrate atom
accompanying by a 90° rotation of the Ir2 dimer. This mechanism has a surprisingly low activation energy of
0.65 eV, which is 0.14 eV lower than the energy for single adatom exchange on the~100! surface. Trimers
were found to have a one-dimensional~1D! structure on~100! and ~110! surfaces, and a 2D structure on the
~111! surface. The observed abrupt drop of the diffusion barrier of tetramer,I g4

on the Ir ~111! surface was
confirmed theoretically.@S0163-1829~96!06647-7#

I. INTRODUCTION

A fundamental element of many surface phenomena,
nucleation and growth of crystals is adatom behavior on
solid surfaces.1 These atomic processes include surface dif-
fusion of single adatom and small clusters, interaction of
adatoms with the substrate, association of atoms into clus-
ters, dissociation of clusters, etc. The structures and diffusion
mechanisms of adatom clusters have been studied exten-
sively by field ion microscopy~FIM!.2,3 Although FIM is
limited to only a handful of metal surfaces: platinum,4,5

rhodium,3 nickel,6 tungsten,7–11 iridium,12–20 tantalum,21

molybedenum,22 and aluminum,23 which can sustain the high
field used for imaging, it does provide detailed real-space
images of the atom clusters, quantitative energies of the site
binding, and diffusion barriers. These systems were also the
subject of several theoretical studies.24–38The Ir surfaces are
the most studied system experimentally, but to our knowl-
edge no theoretical studies exist at the moment. Here we
present an extensive theoretical study of the detailed struc-
tures and diffusion behaviors of Ir adatoms on many Ir sur-
faces.

In terms of theoretical studies of adatoms on surfaces, the
choice of a reliable potential for a given metallic system is
essential. The traditional approach has been to use pairwise
potentials such as the well-known Morse potential and
Lennard-Jones potential because of their computational sim-
plicity. These types of pairwise potentials have been used
successfully to treat inert impurities, such as He in metals,39

but the method is not applicable to chemically active
impurities39,40 owing to the many-body effects of electronic
origin. There are two important failures of two-body interac-
tions: the unrelaxed vacancy formation energy is the same as

the cohesive energy, and the Cauchy pressure (C122C44) is
zero. Neither of these conditions holds in real solids. These
problems can be remedied by introducing a many-body term
in addition to a pairwise potential. Daw and Baskes devel-
oped an embedded-atom method~EAM! ~Refs. 40–44! po-
tential which separates the energy of the system into a pair-
wise term plus an ‘‘embedding’’ term for each atom. The
embedding term is a function of the local electron density
that an atom senses due to its nearby atoms. This additional
embedding term makes it possible to treat chemically active
as well as inert impurities in one unified theory. In essence,
the embedding energy provides a local ‘‘volume’’ or ‘‘den-
sity’’ term for each atom, so that large variations in local
density can be described accurately. The EAM has demon-
strated the ability to describe fcc transition metals with filled
or nearly filled d bands accurately~especially Ni and Cu
column elements!. Some deficiencies in treating bcc metals
were noted.36 Simulation results using these potentials show
dramatic improvement over pairwise potentials,22,32–35,43–57

with only twice the computational effort.
Recently, some interesting results were obtained regard-

ing self-diffusion and adatom diffusion on Ir surfaces as well
as other fcc metals22,32–35,44–48bcc metals,36,49 and hcp
metals.50 The Voter-Chen formalism for fitting the EAM
potentials44–46 was applied successfully to studies of fcc,
bcc, and hcp metals with or without impurities.46–50We used
the same style potential for Ir~Ref. 48! to study Ir clusters
and their diffusions on Ir surfaces, because many FIM results
are available to compare with the results. In particular, we
restrict our attention on structures and surface diffusions of
adatoms, since these phenomena involve many basic and im-
portant mechanisms. We will summarize previous experi-
mental and theoretical results in Sec. II. The relevant details
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of the EAM are outlined in Sec. III. The calculated results
and comparisons with experiments are presented in Sec. IV.
Conclusions are presented in Sec. V.

II. SUMMARY OF PREVIOUS EXPERIMENTAL
AND THEORETICAL RESULTS

It has been proposed and shown that adatoms on fcc~111!
surface diffuse faster than on either~110! or ~100!
surfaces.12–20,24–27,57Based on the hard-sphere model of the
surface, an adatom is expected to jump along the surface
direction of the least corrugation. In fact, most experimental
data are consistent with this assumption, except when atomic
exchange occurs. As far as we know, there are two excep-
tions. First, on the fcc~100! surface of some metals, surface
diffusion may occur by an exchange mechanism. Second, on
the ~110! surface of some fcc metals, an adatom can jump
either along the surface channel direction or through the sur-
face channel by the exchange mechanism. The adatom tends
to hop on~100! and ~110! surfaces of Ni~Ref. 6! and Rh,3

and on the~111! surface for most fcc metals, but it ex-
changes on Ir~Refs. 12 and 17–19! and Pt~Refs. 5 and 30!
~110! and ~100! surfaces. Feibelman29 and Liu et al.25

showed theoretically that Al, Pt, and Au might have an ex-
change mechanism on a~100! surface but not for other fcc
metals. Roelofs and Martir58 also concluded that, on the
Au~110! surface, the exchange mechanism needs less energy
than is required to hop cross channel. An effective-medium
theory calculation gives a similar conclusion for diffusion of
an Al adatom on Al~100! and ~110! surfaces.59 Many re-
searchers observed the diffusion motion by cross-channel ex-
change on Ir~110!,12,18,19and on the Ir~100! surface.17,18 For
Ir2 dimers, FIM experiments showed that Ir2 dimers on the
Ir~110! surface can diffuse across surface channels as well as
along these channels.20 On the~111! surface, Ir2 dimer dif-
fusion between fcc sites and hcp sites was also reported.15 To
our knowledge, no experimental results exist for Ir2 dimers
on the Ir~100! surface.

FIM studies of Ir clusters14–19 on Ir ~111!, ~110!, and
~100! surfaces indicate that the favored trimers orN-mers
~with N greater than 2! configurations may be one-
dimensional~1D! ~linear! or two-dimensional~2D! struc-
tures. For example, the 1D structure of the Ir trimer is more
stable on the Ir~100! surface, while the 2D structure of the Ir
trimer is more stable on the Ir~111! surface. The repulsions
of two adatoms at a second-nearest-neighbor distance have
also been proposed to explain the 1D structure and the~135!
reconstruction of the Ir~100! surface at high temperature.12

For small clusters on the Ir~111! surface, FIM experiments
found that the activation energy increases sharply from the
single adatom to the dimer and from the dimer to the trimer,
drops for the tetramer, and then rises again.15 Dimers and
otherN-mers may diffuse together or individually. To our
knowledge, no theoretical results exist for Ir. We have used
an Ir EAM potential to study Ir adatoms on many Ir surfaces,
and check our results against available FIM results.

III. COMPUTATIONAL METHOD

Embedded-atom methods44–50 are based on density-
functional theory, in which the electron density uniquely

specifies the potential, and thus the energy is a functional of
the density. Since each atom can be viewed as an impurity
embedded in a host comprising all the other atoms, and the
energy of an impurity is a functional of the electron density
of the host, thus the total energy of anN-particle system is
written as

Etot5
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i

n

F@r i #. ~1!

Herer i j is the scalar distance between atomsi and j , f is a
pairwise potential which accounts for the classical electro-
static interaction, andri is the density at atomic sitei due to
all its neighbors,

r i5(
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n

r~r i j !. ~2!

The embedding energyF[r i ] can be interpreted as the en-
ergy arising from embedding atomi in an electron gas of
densityri . In the Voter-Chen formalism,

44 the pairwise term
f(r ) is taken to be a Morse potential,

f~r !5DM$12exp@2aM~r2RM !#%22DM . ~3!

The three parametersDM , RM , andaM define the depth, the
distance to the minimum, and a measure of the curvature
near the minimum, respectively. The density functionr(r ) is
taken as

r~r !5r 6@e2br1512e22br #, ~4!

whereb is an adjustable parameter. These adjustable param-
eters are specified in the fitting procedure, and their values
will be given below. The embedding functionalF@r# is
specified by requiring that the energy of the fcc crystal be-
haves properly as the lattice constant is varied.44 Rose
et al.60 showed that the cohesive energy of most metals can
be scaled to a simple universal function, which is approxi-
mately

EU~a* !52E0~11a* !e2a* , ~5!

wherea* is a reduced distance variable, andE0 is the depth
of the function at the minimum~a*50!. The appropriate
scaling is obtained by takingE0 as the equilibrium cohesive
energy of the solid~Ecoh!, and defininga* by

a*5

S aae21D
S Ecoh

9BV D 1/2, ~6!

wherea is the lattice constant,ae is the equilibrium lattice
constant,B is the bulk modulus, andV is the equilibrium
atomic volume. Thus, knowingEcoh, ae , andB, the embed-
ding function is defined by requiring that the crystal energy
from Eq. ~1! match the energy from Eq.~5! for all values of
a* . By fitting F@r# in this way, the potential should behave
properly over a wide range of densities.

To be suitable for use in atomistic simulations, the inter-
atomic potential, and its first derivatives with respect to
nuclear coordinates, should be continuous at all geometries
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of the system. This is accomplished by forcingf(r ), f8(r ),
r(r ), andr8(r ) to go smoothly to zero atr5r cut by defining

f smooth~r !5 f ~r !2 f ~r cut!1S r cutm D F12S r

r cut
DmG S d fdr D

r5r cut

,

~7!

where f (r ) denotesf(r ) or r(r ) andm520, with r cut opti-
mized in the fitting procedure. After the potential has been
determined, the force on thei th atomFi is obtained from the
derivatives of the potential@Eq. ~1!#. In the energy minimi-
zation mode, the atoms were moved in the direction of the
force by an amount proportional to the force. This is repeated
until the maximum force is less than a specified tolerance
limit ~1023 eV/Å in this case!.

fcc~100! surface diffusion barriers through an exchange
mechanism alonĝ112& are roughly linearly related toC44
for many fcc metals~Ni, Cu, Al, Ag, Au, Pd, Pt, and Pb!,
while the barriers over the bridge site along^111& are also
linearly related toC11, as shown in Fig. 1. The calculated
results are taken from present calculation and Ref. 25. This
type of correlation to elastic constants is easily imagined in

the dynamical theory of atom diffusions, as discussed in Ref.
61. This correlation indicates that only certain normal modes
of shear motions related toC44 are relevant to the exchange
mechanism of fcc~100! surface diffusion. This correlation of
smallC44 to a small diffusion barrier also seems to fit with
the observation that fcc metals, which reconstruct on~110!,
tend to favor the exchange mechanism for adatom
diffusions.14,62 In this paper, we modified the original Ir po-
tential, which is successful in treating surface reconstruction
and grain boundary fracture problems but gives an unrealis-
tically high energy for the Ir exchange diffusion barrier~2.80
eV! on the~100! surface,48 to fit the diffusion barrier of the
~100! self-diffusion barrier of 0.84 eV. In doing this we have
allowed the elastic constant ofCi j fluctuate to satisfy the fit
to the diffusion energy. The resulting surface Ir potential is
suitable for describing the surface diffusion and reconstruc-
tions. The resulting calculated~experimented! lattice con-
stant is 3.84~3.84! Å, the cohesive energy is 6.94~6.94!
eV/atom, the bulk modulus is 3.70~3.70!, C11 is 4.245
~5.995!, C12 is 3.428~2.558!, andC44 is 1.054~2.688!31012

dyn/cm2. The parameters of the Ir surface potential are as
follows:DM50.777 939 eV,RM52.520 03 Å,aM52.169 85
Å21, b53.899 27 Å21, and r cut55.3548 Å. The 132~110!
surface energy is lower than the 131 surface energy of 1897
mJ/m2 by 86 mJ/m2, which is consistent with observed 132
reconstructions on the Ir~110! surface. The surface phonons
are;30% ~;20%! softer than the original Ir potential~ex-
periment!, but we must compromise to obtain reasonable dif-
fusion energies. This Ir surface potential is therefore capable
of describing the surface reconstruction and diffusion on the
Ir surface reasonably well, as demonstrated here and in the
results described below. The calculations are done on at least
4ae by 4ae cell sizes, with free surfaces in thez direction
and periodic boundary conditions in thex andy directions.

IV. RESULTS AND DISCUSSION

In this section, we report the simulation results in two
major parts: cluster structures in Sec. IV A and surface dif-
fusion in Sec. IV B. The adsorption sites and adsorption en-
ergies of single adatoms on Ir~100!, ~110!, and~111! surfaces
are discussed in Sec. IV A 1. Section IV A 2 describes the
stable Ir2 structures and binding energies on all three faces.
The stable 1D or 2D configurations for trimers are reported
in Sec. IV A 3. The diffusion mechanisms and activation en-
ergies of single adatoms and dimers on all three surfaces are
given in Secs. IV B 1 and IV B 2, respectively. The diffusion
barriers of small clusters containing up to five adatoms on
the Ir~111! surface are discussed in Sec. IV B 3.

The surface relaxation plays an important role in the
atomic exchange diffusion mechanisms, but not so important
a role for the hopping mechanisms. For example, the energy
barriers of a single adatom diffusing on a~100! surface with
~without! surface relaxation are 0.79~2.46! eV ~atomic ex-
change!, 1.58 ~1.61! eV ~hop across bridge site! and 2.66
~2.83! eV ~hop over atop site!. The energies discuss in the
following sections are all full-relaxation cases.

A. Structure and stability

1. Single adatom

To find the adsorption site and adsorption energy of a
single adatom on surfaces in the simulations, we put an ada-

FIG. 1. The relation between the elastic constantCi j and the
self-diffusion barrier on the fcc~100! face. ~a! The relation ofC11
and the energy barrier over the^111& bridge.~b! The relation ofC44
and the diffusion barrier along thê112& direction ~exchange
mechanism!.
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tom above the top surface layer with a spacing less thanr cut
~5.3548 Å!, then allow the whole system to relax to the
minimum-energy geometry~with maximum forces on any
atom less than 1023 eV/Å!. The adsorption energyEad is
defined as the energy difference between the state of an ada-
tom sitting at the adsorption site and the state of an adatom
above the surface with a distance larger thanr cut.

On the Ir~100! surface, the Ir adatom most likely sits at
the fourfold hollow site, and has four nearest neighbors on
the top layer. For the Ir~110! surface, the Ir adatom generally
sits at the surface channel site. At this site, the adatom has
four nearest neighbors on the channel walls, and one nearest
neighbor right below the channel. The situation on the
Ir~111! surface is more complicated. There are two distinct
sites, namely, the hcp site~surface site! and fcc site~bulk
site!. Wang and Ehrlich15 suggested that the hcp site is more
stable than the fcc site, with an energy difference of 0.016
eV. Both the fcc and hcp sites have three nearest neighbors
on the surface layer. In our calculations, the energy differ-
ence is extremely small~0.0001 eV!; therefore, we expect
that the Ir adatom has only a slight preference for sitting at a
hcp site on the~111! face in our potential model.

The calculated results of adsorption energies of the ada-
tom on Ir surfaces are listed in Table I. The adsorption en-
ergy is the lowest~4.95 eV! on the Ir~111! surface, higher
~5.89 eV! on the~100! surface, and the highest~6.49 eV! on
the ~110! surface. All these energies are lower than the bulk
cohesive energy of 6.94 eV.48 The binding energy on the
~100! surface of 5.89 eV is slightly lower than the value
inferred from the FIM results of 6.3860.20 eV.17 The rela-
tive magnitudes of the binding energies on these surfaces
may be understood easily from the environment of the ad-
sorbed site, as discussed above. On the close-packed~111!
surface, the adsorbed adatom formed only three bonds with
the top surface layer atoms, while on the loosely packed
~100! surface there are four bonds between the adatom and
the top layer surface atoms, and on the channeled~110! sur-
face there are five nearest-neighbor bonds~four with the top
layer atoms and one with the second layer atom right below
the adatom!. These bond counting trends are consistent with
our calculations of the adsorption energies.

2. Dimers

For Ir dimers, we focus our attention on the equilibrium
energies of total system with two adatoms sitting at nearest,
second-nearest, and the third-nearest-neighbor distances~see
Fig. 2!. When two adatoms sit at the third-nearest-neighbor
distance, the distance between these two adatoms is 5.44 A,
which is slightly larger than the valuer cut55.3845 A used in
the calculation. We found that the interaction between these
two adatoms is very weak, and these two atoms can be

viewed as nearly isolated. Therefore, we can approximate the
energy difference between two adatoms sitting at nearest-
neighbor and third-nearest-neighbor distances as binding en-
ergies of the dimer,Eb . The energy difference between the
second-nearest and third-nearest neighbors are also calcu-
lated. The calculated results of the binding energies and the
dimer length of Ir2 on Ir surfaces are given in Table II.

From these results we found that, on all three Ir surfaces,
Ir2 dimers with the nearest-neighbor distance are the most
stable. Similar to a single adatom on the Ir~111! surface, the
Ir2 dimer also has two adsorption sites: hcp and fcc sites. In
the calculation, the energy difference of these two types of
sites is again very small, and the dimer might sit either on a
hcp or fcc site. It is interesting to note that the difference is
unfavorable ~10.17 eV! when the two adatoms are at
second-nearest-neighbor distance occupying sites of different
types ~i.e., one at a fcc site and the other at a hcp site!, as
illustrated in Fig. 2. Thus we conclude that the Ir2 dimer
must remain at the same kind of sites, i.e., both on hcp sites
or on fcc sites at the same time. This understanding is very
helpful in studying the diffusion mechanism of an Ir2 dimer
on the Ir~111! surface, which we will discuss below.

The dimer binding energies of Ir2 at the nearest-neighbor
distance are 0.79, 0.64, and 1.10 eV, corresponding to~100!,
~110!, and ~111! surfaces, respectively. These calculations
show that dimers are stable on all three surfaces which are
consistent with the experiments.14,15Agreement within a fac-
tor of 2 was obtained for an Ir~110! surface of 1.1060.11
eV.17 The binding energy is highest on the Ir~111! surface,

TABLE I. Adsorption energiesEad of an Ir single adatom on Ir
surfaces.

Surface Calculation~eV! Experiment~eV!

~100! 5.89 6.3860.20 ~Ref. 17!
~110! 6.49
~111! 4.95

FIG. 2. Two adatoms sit with various distances on various sur-
faces. The nearest neighbors~black circles!, second-nearest neigh-
bors ~gray circles!, and third-nearest neighbors~dashed circles! for
the ~100! surface~a!, the ~110! surface~b!, and the~111! surface
~c!. The light gray circles of~c! show the forbidden state for two
adatoms, with one at the fcc site and the other one at the hcp site.
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lower on the Ir~100! surface, and the lowest on the Ir~110!
surface. Because the binding energy in the EAM comes from
the embedding energy, which depends on the local electron
density,32 these results are reasonable since the~111! surface
is the most densely packed, the~110! surface is less densely
packed, and the~100! surface is the most loosely packed. We
also found that, on the~100! and ~110! surfaces, the third-
nearest-neighbor configurations are more stable than the
second-nearest-neighbor configurations~Table II!; this is due
to the net repulsive interactions between the two adatoms
sitting at the second-nearest-neighbor distance~due to the
interactions of strain fields of adatoms!. This repulsion,
which has been confirmed in our calculation, at the second-
nearest-neighbor distance for~100! and ~110! surfaces has
been proposed to explain the FIM results of a 1D structure in
trimers.15

3. Trimers

A small cluster with three or more atoms might have ei-
ther a one- or two-dimensional structure. Since three-atom
clusters ~trimers! are the smallest clusters which can still
have 1D or 2D structure, here we report a study of structures
of Ir trimers on all three Ir surfaces. For trimers, the structure
may have a linear form or a triangular form, as shown in Fig.
3 for all three surfaces. We have found that trimers on both
~100! and ~110! surfaces are energy favored in 1D linear
forms, while a 2D close-packed triangular form is favored on
the~111! surface, which are in agreement with FIM results.15

The energy differences between 1D and 2D structures,
DE1D22D, are found to be 0.64, 0.04, and20.95 eV for
~110!, ~100!, and ~111! surfaces, respectively. The corre-
sponding experimental energies for~100! and ~111! are
0.348 eV and20.098, respectively. The magnitudes of these
experimental energies are not in good agreement, but the
signs are consistent with our present calculations. Unfortu-
nately, no experimental results for~110! exist. The cause of
the stable 1D structures on~100! and~110! surfaces and the

2D structure on the~111! surface can be explained by repul-
sions at the second-nearest neighbors, which was reported in
Sec. IV A 2. From Fig. 3, it is easily seen that, on the Ir~111!
surface, the three atoms of 2D structure trimers all sit at the
nearest-neighbor distance from each other, and form three
nearest-neighbor bonds; however, for a linear trimer there

TABLE II. Binding energies and dimer length of Ir dimers on Ir surfaces.

Surface Binding length
Calculated

binding energies~eV!
Experimental

binding energies~eV!

~100! nearest neighbor
2.72 Å

0.79

second nearest neighbor
3.84 Å

20.03

third nearest neighbor
5.44 Å

0.0

~110! nearest neighbor
2.72 Å

0.64 1.1060.11 ~Ref. 17!

second nearest neighbor
3.84 Å

20.03

third nearest neighbor
5.44 Å

0.0

~111! nearest neighbor
2.72 Å

1.10

second nearest neighbor
4.72 Å

0.02

third nearest neighbor
5.44 Å

0.0

FIG. 3. 1D and 2D structures on three surfaces:~a! for ~100!, ~b!
for ~110!, and~c! for ~111! surfaces.
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are only two nearest-neighbor bonds, so the 2D structure is
more stable on the~111! surface. For~100! and ~110! sur-
faces, both the 1D and 2D structures have two nearest-
neighbor bonds, but the 2D trimers on both surfaces have
one additional repulsive bond, and cause the 1D structures to
be more favorable than the 2D structures.

B. Surface diffusion

1. Single adatom

In this subsection, we report our study of self-diffusion of
iridium adatoms on iridium~100!, ~110!, and~111! surfaces.
The energy barrier in the diffusion process is calculated ac-
cording to

Em5Es2Ea , ~8!

whereEm is the barrier height which needs to be overcome
for the self-diffusion, i.e., the migration energy;Es is the
energy with the adatom located at the saddle point along the
diffusion path; andEa is the energy with the adatom located
at the adsorbed lattice site. The calculated results for migra-
tion energies and diffusion characteristics for various planes
of the iridium are summarized in Table III. We found that
the diffusion barrier for an Ir adatom on Ir~111! with the
mechanism of hopping across a bridge site~the black circle
of Fig. 4! is 0.11 eV, which is in fair agreement with FIM
result of 0.2760.004 ~Ref. 15! and 0.2260.04 eV.17 The
barrier for the unfavorable mechanism of hopping over an
atop site~the gray circle of Fig. 4! is 1.43 eV, which is
consistent with the fact that this mechanism was not ob-
served in experiments.

On the Ir~110! surface, we found that the barrier height of
diffusion along thê110& channel due to the hopping mecha-
nism @the black circle of Fig. 5~b!# is 0.70 eV, while the
exchange mechanism along the^112& or ^001& directions
~Fig. 6! has the same energy barrier of 0.81 eV. The experi-

mental results are 0.8060.04 and 0.7160.02 eV, corre-
sponding to hopping along thê110& channel and the ex-
change mechanism alonĝ112& or ^001& directions,
respectively. We also calculated other two mechanisms
which did not occur in experiment, and the barriers are ex-
pected to be quite large. When adatom hopping across the
bridge site along thê001& direction ~the gray circle of Fig.
5~b!, the barrier is 2.50 eV, while when hopping over an atop
site along thê112& direction@dashed circle of Fig. 5~b!#, it is
3.65 eV. The calculated results are again consistent with
experiments.18

For the~100! surface, the barrier for the exchange mecha-
nism along thê100& direction~Fig. 7! is 0.79 eV which was

TABLE III. Diffusion path and barriers of an Ir single adatom
on Ir surfaces.

Surface Diffusion path
Calculated
Em ~eV!

Experimental
Em ~eV!

~100! hopping over
atop site

2.66 ---

hopping across
bridge site

1.58 .1.02 ~Ref. 17!

exchange 0.79 0.8460.05 ~Ref. 17!
~110! hopping over

atop site
3.65

hopping across
bridge site

2.50

cross-channel
exchange

0.81 0.7160.02 ~Ref. 17!
0.74 ~Ref. 14!

hopping along
channel

0.70 0.8060.04 ~Ref. 17!

~111! hopping over
atop site

1.43

hopping across
bridge site

0.11 0.2260.04 ~Ref. 17!
0.2760.004~Ref. 15!

FIG. 4. Single-adatom diffusion by hopping across the bridge
site ~black circle!, and hopping atop the site~gray circle! on the
~111! surface.

FIG. 5. Along-channel hopping~black circle!, cross-channel
motion by a hopping bridge site~gray circle!, and cross-channel
motion by a hopping atop site~dashed circle! of a single adatom on
the ~110! surface.

17 088 54C. M. CHANG, C. M. WEI, AND S. P. CHEN



fitted to experimental results of 0.8460.05 eV by adjusting
theC44 shear modulus, as mentioned in Sec. II. The resulting
energy barrier for diffusion by hopping over an atop site in
the ^100& direction@the black circle of Fig. 8~b!# is 2.66 eV.
No experimental data exist for this mechanism, but it was
believed to be very high.17 The energy barrier for hopping
across the bridge site along the^110& direction @the gray
circle of Fig. 8~b!# is 1.58 eV which is smaller than the top
site hopping, but still quite large when compared with the
exchange mechanism along the^100& direction, and is not
observed in experiments.

From these results, we found that the Ir adatom diffuses
most easily on the~111! surface~Em50.11 eV!, less easily
on the~110! surface~Em50.70 eV!, and the least easily on
the ~100! surface~Em50.79 eV!. Since the~111! surface is
the smoothest and the~100! is the roughest of the three sur-
faces we studied, a simple rule emerges:Self-diffusion over
atomically smooth surfaces is easier than over rough sur-
faces. We also found that there is no exchange mechanism
on the~111! surface. This is due to its densely close-packed
structure. Because the corrugation of the dense fcc~111! sur-
face is small and does not allow the adatom to penetrate into

FIG. 7. ~a!→~b!→~c! is the path of the exchange mechanism for
single-adatom diffusion on a~100! surface.

FIG. 8. The diffusion path of a hopping atop site~black circle!
and a hopping bridge site~gray circle! for a single adatom on the
~100! surface.

FIG. 6. The cross-channel motion of a single adatom by an
exchange mechanism on the~110! face.~a!→~b!→~c! in the ^112&
direction @and in the^001& direction if the replaced atom move to
left instead of right from~b! to ~c!#.
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the structure, the adatom can only stay on top of the surface
and diffuse over the surface. On the looser~100! surface,
there are large and deep spaces that constitute the fourfold
surface equilibrium sites for the adatom, and these make the
exchange mechanism more likely to occur by a concerted
motion where the adatom moves into an adjacent substrate
atom and squeezes the substrate atom up to an adjacent four-
fold hollow site. For the channeled~110! surface, there are
larger space between two adjacent channel walls than the
distance between adjacent atoms on the channel wall. Under
this condition, the atom on the channel wall can be easily
pushed off to an adjacent channel, while the adatom replaces
the wall atom to accomplish the exchange mechanism, as
observed.12

2. Dimers

The diffusion characteristics and energy barriers for Ir2
dimers on all three Ir surfaces are summarized in Table IV.
For the Ir~111! surface, as mentioned in Sec. IV A 2, the
energies of dimers on both hcp and fcc sites are almost the
same, so the dimers can diffuse between hcp and fcc sites
with only a slight difference in the barrier height. Three dif-
ferent mechanisms listed in Table IV and illustrated in Figs.
9~a!–9~c! are the most likely diffusion paths for dimers on
the ~111! surface. For calculating the zigzag motion as illus-

trated in Fig. 9~a!, we push one adatom by constraining only
one coordinate to move across the bridge in the direction
perpendicular to the orientation of the dimers to an adjacent
site. We found that the ‘‘pushed’’ atom will move to the
adjacent, different type of site~e.g., from the hcp site to the
fcc site! without breaking the bond of the dimer, and form a
metastable state. The barrier height in this step is 0.17 eV,
which is only slightly higher than the single atom motion of
0.11 eV. The remaining step to finish the diffusion is to drag
the other atom of the dimer into the right orientation to form
a stable dimer, and the barrier height is a tiny 0.02 eV. Since
the barrier for the second step is much smaller, the diffusion
time for this step will be very short, and the whole process
can be viewed as a one-step process~i.e., once one of the
dimer atom jumps to an adjacent site, the other atom will
follow spontaneously to form a stable dimer!. If we initially
push two adatoms to cross the bridge together in the perpen-
dicular direction, as shown in Fig. 9~b!, the energy barrier is
0.30 eV. Clearly, this process is not favored. The other case
of the chain reaction as illustrated in Fig. 9~c! is by pushing
one of the adatoms to move to an adjacent site in the direc-
tion diagonal to the dimer orientation, and we found that the
other adatom will move with the pushed atom to the adjacent
site automatically with a barrier of 0.24 eV. For the unstable
state, in which two adatoms sit at different~hcp and fcc!

TABLE IV. Diffusion path and barriers of Ir2 dimers on Ir surfaces.

Surface Diffusion mechanism
Calc.

Em ~eV!
Expt.

Em ~eV!

~111! hopping across bridge site with zigzag motion
@Fig. 9~a!#

0.17

hopping across bridge site with two atoms motion
@Fig. 9~b!#

0.30

hopping across bridge site with chain reaction
@Fig. 9~c!#

0.24

~110! hopping along channel with two atoms motion
@Fig. 10~a!#

1.25 1.0560.14 ~Ref. 17!

dissociation and one atom hopping along channel
@Fig. 10~b!#

1.31 1.1060.11 ~Ref. 17!

exchange with chain reaction
~Fig. 11!

1.52 1.1860.12 ~Ref. 17!

exchange wih two atoms motion
~Fig. 12!

1.94

~100! one atom hopping across bridge site
@Fig. 13~a!#

1.63

dissociation and one atom hopping across bridge
@Fig. 13~b!#

2.65

hopping across bridge site with two atoms motion
in the perpendicular direction
@Fig. 13~c!#

1.69

hopping across bridge site with two atoms motion
in the parallel direction
@Fig. 13~d!#

2.60

exchange and dissociation
~Fig. 14!

1.52

exchange with one atom motion
~Fig. 15!

0.65

exchange with two atoms motion
~Fig. 16!

1.16
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types of sites at the second-nearest-neighbor spacing, diffu-
sion by dissociation and coupled with a single adatom jump
to the adjacent site, as depicted in Fig. 9~d!, is not possible
because of the high-energy barrier~see Sec. IV A 2!. There-
fore, if one of the dimer atoms jumps to the adjacent site in
the diagonal direction, the other atom must be dragged along.
From these results we found that the local translation is
likely to be accomplished by a zigzag motion@Fig. 9~a!#
which can be also accomplished by two local 30° rotations.
The intercell translation is accomplished by the chain reac-
tion @Fig. 9~c!#.

For the ~110! surface, we calculated four possible diffu-
sion mechanisms illustrated in Figs. 10–12. Figure 10~a!
shows the mechanism of hopping along the surface^110&
channel by two-atom motion, and the energy barrier is 1.25
eV, which is comparable to the FIM result of 1.05 eV.17 The
calculated result of 1.25 eV is larger than the single-adatom
hopping of 0.70 eV, but is smaller than twice the barrier
energy of 1.40 eV. This reduction of energy is due to the
attractive interactions between two Ir adatoms. The Ir2 dimer
presumably can dissociate into two individual atoms and dif-
fuse as a single adatom, as shown in Fig. 10~b!. The barrier
height for this process is 1.31 eV, which is higher than the
two-atom motion@Fig. 10~a!#, and is about the value of the
single-adatom hopping of 0.70 eV plus the binding energy of
0.64 eV ~Table II!. The experimental value for this mecha-
nism is 1.10 eV. Figure 11 illustrates the exchange mecha-
nism of Ir2 dimers, and the process is done by successive
one-atom and correlated jumps. The diffusion barrier for this
chain reaction is 1.52 eV. The experimental value for this
process is 1.18 eV. For the case of exchange with two-atom
motion as illustrated in Fig. 12, the energy barrier is 1.94 eV.
From these results, we therefore believe that Ir2 dimers on
the Ir~110! surface tend to diffuse along the surface channel

with a concerted motion as shown in Fig. 10~a!.
For the ~100! surface we calculated seven possible pro-

cesses, four with the hopping across the bridge site, and three
with exchange mechanisms~Figs. 13–16!. Figure 13~a!
shows one-adatom hopping across the bridge site in a direc-
tion perpendicular to the dimer orientation, and the barrier
height is 1.63 eV, which is about the value of a single-
adatom hopping across the bridge site~1.58 eV!. It seems
that in this mechanism the interaction between two adatoms
has a very small influence on the barrier energy in the diffu-
sion process, and causes the jump in the same way as single-
adatom diffusion. Shown in Fig. 13~b! is the process by
which a dimer is dissociated, and one atom jumps across the
bridge site in a direction parallel to the orientation of the

FIG. 9. ~a! Dimers diffuse with a zigzag motion on the~111!
surface. The large arrow suggests the first jump, the small arrow the
second. There are two possible directions for the second jump: a
jump to the left to complete the local translation, or a jump to the
lower right to complete the rotational motion.~b! Local translation.
~c! Intercell translation.~d! Forbidden path for dimer diffusion on
the ~111! plane.

FIG. 10. The diffusion path of dimers on the~110! surface~a!
by hopping along a channel with two-atom motion, and~b! by
dissociation and one-atom~indicated by arrow! hopping along a
channel.

FIG. 11. The chain reaction path of exchange mechanism for
dimers on the~110! surface.~a!→~b!→~c!→~d!.
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dimer. The activation energy for this process is 2.65 eV. This
high value is just a little bit higher than the value of single-
adatom hopping, 1.58 eV, plus the binding energy of 0.79
eV. For two adatom hopping across bridge sites together in a
perpendicular direction, as illustrated in Fig. 13~c!, the dif-
fusion energy is 1.69 eV, which is significantly lower than
twice the energy of single-adatom hopping. If the cross-
bridge hopping of the two-atom motion is in the parallel
direction, as indicated in Fig. 13~d!, the barrier height is 2.60
eV. Figure 14 shows the dissociation and exchange mecha-
nism with a barrier height of 1.52 eV, which is roughly the
sum of the binding energy~0.79 eV! and the energy of
single-adatom exchange~0.79 eV!. The mechanism of ex-
change without dissociation, as shown in Fig. 15, has an
interestingly low-energy barrier of 0.65 eV, which is even
lower than the barrier of a single-adatom exchange. This is
not unreasonable since, in the exchange process, the two ada-
toms and the surface atom which is to be substituted remain
at close attractive interaction distances and reduce the barrier
height. Figure 16 shows the exchange mechanism with the
two-atom motion, with a barrier height of 1.16 eV, which is
also higher than the single-adatom exchange and lower than
twice the single-adatom exchange barrier. Unfortunately, no
experimental results exist for Ir2 dimer diffusion on the

FIG. 13. Diffusion path of dimers on the~100! surface.~a! One-
atom ~indicated by arrow! hopping bridge to the second-nearest
neighbor.~b! Dissociation and one-atom~indicated by arrow! hop-
ping bridge to the third-nearest neighbor.~c! Hopping bridge, where
two atoms move together in a direction perpendicular to the orien-
tation of the dimers.~d! Hopping bridge, where two atoms move
together in a direction parallel to the orientation of the dimers.

FIG. 14. The path of dimer diffusion~a!→~b!→~c! by dissocia-
tion and one-atom~indicated by arrow! exchange, with the surface
atom on the~100! surface.

FIG. 12. The path of two atoms moving together by an ex-
change mechanism on the~110! surface.~a!→~b!→~c!.
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Ir~100! surface. It will be very interesting for experimental-
ists to check out whether the low diffusion barrier predicted
here for Ir2 dimers on the Ir~100! surface actually occurs.

3. N-mers (N>3)

In this subsection, we focus our attention on the diffu-
sional behavior of small Ir clusters~trimers, tetramers, and
pentamers! on the Ir~111! surface~Table V and Figs. 17–21!.
Since the most stable structure on the~111! surface for small
clusters is the two-dimensional close-packed structures, we
only studied the diffusion of three clusters with 2D struc-
tures. For the diffusion of Ir trimers, we found that the trimer
tends to diffuse together. There are two possible paths which
still retain a triangular form after diffusion, as indicated in
Figs. 17~a! and 17~b! ~Table V!. The energy barriers for
these two diffusion mechanisms are 0.56 and 0.54 eV, re-
spectively, and are in good agreement with FIM results of
0.63 eV.15 The mechanism shown in Fig. 17~a! has a higher
barrier than that of Fig. 17~b!. The reason for this is that
atom 1 in Fig. 17~a! has to drag atoms 2 and 3 at the same
time for the trimer to move, while for the mechanism shown
in Fig. 17~b! there are no such difficulties. The trimer dif-
fuses in the following sequence: atom 1 drags atom 2, then
atom 2 pushes atom 3 and forces all three atoms to move
together. In other words, atoms 2 and 3 in Fig. 17~a! diffuse
as in the case of local translation, with a two-atom motion
for the dimer and thus a higher barrier. The long-range in-
tercell translations for trimers are achieved by successive dif-
fusions in Figs. 17~a! and 17~b!.

The tetramer also tends to diffuse together in our simula-
tions. We found that once we push one of the tetramer atoms
the whole cluster will move together. The most favorable
diffusion path for tetramers is illustrated in Fig. 18 with a
barrier of 0.54 eV, which is surprisingly low and in reason-
able agreement with experimental data of 0.46 eV.15 We do
not find any rotational mechanisms for tetramers and trimers
on the~111! surface.

FIG. 15. The most favorable path of dimer diffusion on the
~100! surface~a!→~b!→~c! by one-atom exchange with the surface
atom, and a rotation of the orientation of the dimers.

FIG. 16. Dimer diffusion path on the~100! face by two-atom
exchange with surface atoms together.~a!→~b!→~c!.

TABLE V. Diffusion path and barriers of small Ir clusters on an
Ir~111! surface.

Number of
adatoms

Diffusion
mechanism

Calculated
Em ~eV!

ExperimentalEm

~eV! ~Ref. 15!

Single adatom hopping bridge 0.11 0.2760.004
0.2260.04 ~Ref.17!

Dimer rotation 0.17 0.4360.013
translation 0.24

Trimer translation 0.54 0.6360.017
0.56

Tetramer translation 0.54 0.4660.013
Pentamer rotation 0.83 0.6660.013

translation 0.92
1.18
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For pentamers, we found that the rotation mechanism, as
indicated in Fig. 19, is the most favorable diffusion path. The
diffusion barrier for this rotational motion is 0.83 eV, while
for the translational motions shown in Figs. 20~a! and 20~b!
the barriers are 0.92 and 1.18 eV, respectively. For the
mechanism shown in Fig. 20~a!, we only push atom 1, and
the rest of the clusters follow the lead atom~atom 1! auto-
matically. In Fig. 20~b!, we force atoms 1 and 2 to move
together, and then the other three adatoms will move with the
two lead atoms~atoms 1 and 2!.

From the results shown in Table V and Fig. 21, we indeed
found the qualitative trend that has been observed in FIM
experiments:14,15 the migration energy increases sharply
from adatom to dimers, and from dimers to trimers, then
drops for tetramers, and then rises again for pentamers. Even
though the qualitative trends ofEm as a function ofN is the
same as in the experiment, the diffusion mechanisms derived
from our collective motion of atoms are different from the
single-atom jumps proposed in Ref. 15.

FIG. 19. Rotation of pentamers on the~111! surface
~a!→~b!→~c!.

FIG. 20. Translation path of pentamers on the~111! surface.~a!
Push atom 1 and others will move with it.~b! Push atoms 1 and 2,
and then the others will move together.

FIG. 17. Diffusion path for trimers on the~111! surface.~a!
Atom 1 drags atoms 2 and 3, and then the three atoms move to-
gether.~b! Atom 1 drags atom 2, then atom 2 pushes atom 3, and
the three atoms move together.

FIG. 18. The most favorable diffusion path for tetramers on the
~111! surface.
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V. CONCLUSIONS

As already mentioned, cluster structure and surface diffu-
sion plays an important role in understanding many surface
phenomena. The goal of this paper is to study how small
iridium clusters adsorb and migrate on various iridium sur-
faces using EAM potentials. For single-adatom diffusion, the
mobility is much higher on the~111! surface than on the
rougher~100! and ~110! surfaces, because the migration en-
ergies increase with the surface roughness. The exchange
mechanism on the~100! surface is indeed favored over the
hopping mechanism, while, for the~110! surface, both
atomic motions along and across the atomic channel are pos-
sible because these two mechanisms have similar activation

energies~0.70 vs 0.81 eV!. For two adatoms, the Ir2 dimer
with the nearest-neighbor spacing is the most stable structure
on all three faces. The dimer retains9 1D structure on a~100!
surface, and~110!, and a 2D structure on a~111! surface.
Dimers tend to diffuse in concerted motion instead of indi-
vidual atom motion on~110! and~111! surfaces, while indi-
vidual atomic exchange is favored on the~100! surface. Ir
dimer favors hopping along the channel on the~110! surface,
while for the ~111! surface an interesting zigzag swaying
motion on fcc and hcp sites is favored. The anomalous low
activation energy for a dimer on the~100! plane indicates
that the migration energy does not always increase from the
adatom to the dimer, but this should be checked by experi-
ments. For small clusters that can have either 1D or 2D con-
figurations, we found that, on the looser~100! and ~110!
faces, the adatoms tend to line along the packed atomic row,
while on the dense~111! surface they tend to form a close-
packed 2D structure. The small clusters on the~111! surface
tend to translate together, but, for larger clusters, pentamers
for example, the rotation mechanism is more favorable. The
unusual and interesting activation energy drops~or stays flat!
from trimers to tetramers is indeed confirmed by our calcu-
lations.
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