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Diffusion of Large Surface Clusters: Direct Observations on Ir(111)
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To probe if cluster diffusion is possible without evaporation and condensation of atoms, observat
with atomic resolution have been made on clusters on Ir(111) containing from 18 to 39 Ir atom
For clusters which cannot assume a hexagonal structure, diffusion atT $ 550 K takes place by
atoms moving along the edges, changing the cluster shape. For Ir19, with a compact hexagonal
arrangement of atoms, no shape changes are observed. Nevertheless, diffusion occurs withou
of atoms, with the cluster frequently moving over distances larger than a nearest-neighbor spa
[S0031-9007(97)04629-2]

PACS numbers: 68.35.Fx, 05.40.+ j, 66.30.Fq, 81.10.Aj
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That two-dimensional clusters of more than 50 met
atoms can diffuse over low-index planes of a metal h
been known for some time from the work of Fink [1]
What has not been clear are the atomic mechanisms to
count for this phenomenon, which is of interest in its ow
right as well as for its possible contributions to crysta
and thin film growth. Over the years, various process
have been proposed that might be involved in the m
tion of large clusters, among them interface gliding [2
4], movement of dislocations [4–9], diffusion along the
cluster edges [10–12], as well as atom evaporation a
condensation [11,13–15]. Recently, however, it has be
recognized that the dependence of cluster diffusivity upo
size can reveal the atomic processes important in the m
gration of clusters [11,14–19]. From observations of A
clusters containing more than 100 atoms on the Ag(10
plane at room temperature, Wenet al. [11] inferred that
cluster movement depends upon the evaporation and c
densation of adatoms at the periphery of the cluster.
experiments on clusters made up of vacancies as w
as of Ag atoms on Ag(111) surfaces, Morgensternet al.
[15,20] came to a similar conclusion, based on quite d
tailed tests of the size dependence of the diffusivity.

Is atom evaporation and condensation the usual mec
nism by which large clusters diffuse on metals, or are the
other processes which take place at lower temperatu
to facilitate cluster motion? To test if diffusion of large
clusters is possible in the absence of adatoms, andwithout
any evaporation, we have made direct observations
individual Ir clusters of a fixed size on Ir(111). For
this purpose we have used a low-temperature field i
microscope [21] to reveal the cluster periphery with atom
resolution.

On an fcc(111) plane such as Ir(111), it is useful t
distinguish two different categories of clusters, dependin
on the number of atoms in the cluster. If this number ca
be written as

nc  1 1 3xsx 2 1d, x  2, 3, . . . , (1)
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then very stable clusters of hexagonal shape will b
formed at equilibrium, with edges made up ofx atoms.
As an example, the hexagonal cluster assembled fro
19 Ir atoms in Fig. 1 retains its hexagonal shape, wit
three atoms per edge, until it disappears at temperatur
T . 700 K.

Clusters in which the number of atoms does not equa
nc must assume a less compact shape and exist in differe
forms. Iridium clusters made up of 18 atoms, which
we examine first, exist in four energetically different
forms, illustrated in Fig. 2; in all four forms the cluster
atoms have the same number of nearest neighbors. I18

is significantly less stable than its larger neighbor, Ir19.
On heating toT . 600 K the cluster dissociates, and the
freed adatom disappears from the surrounding terrac
However, when Ir18 is warmed repeatedly for 5 sec in an
ordinary thermal environment but at a lower temperature
T , 550 K, it is clear from Fig. 3 that the cluster moves
over the surface.

To ascertain how this cluster moves, its shape has be
analyzed in detail after each heating interval, and th
location of the atoms is plotted in Fig. 4. It should be
noted that inall the clusters examined here, the atoms
appear in fcc sites, as previously found for Ir7 [22]. In
going from frame 1 to 2, form I transforms to III as two
atoms have moved from the left edge of the cluster to th
long edge on the bottom. This move is indicated by th

FIG. 1. Hexagonal Ir19 cluster on Ir(111) plane. Field ion
image, taken atT , 20 K, is at the left, a schematic of the
cluster is at the right. The cluster retains its shape until i
disappears after heating atT . 700 K. In this and subsequent
images, thef211 g direction points to the right.
© 1997 The American Physical Society
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FIG. 2. Four nonequivalent forms of Ir18 cluster on Ir(111),
observed after equilibration atT , 550 K. Field ion images of
the cluster are at the top, schematics of the atomic arrangem
below. Only one configuration is shown for each form, but II
and IV can exist in six equivalent configurations.

arrow in frame 1; subsequent changes in atom positio
are highlighted in a similar fashion. The arrows are no
intended to show actual atomic jumps—rather they ma
whereoverall changes have occurred: the heating interva
are too long to isolate individual jumps. In all but six of
the heating intervals the cluster undergoes changes. Th
always seem to involve the transfer of at least two atom
from one place on the cluster periphery to another, s
the total number of nearest neighbors remains the sa
throughout this sequence.

As a result of these rearrangements, Ir18 passes through
the various forms in Fig. 2 and the center of the cluste
moves over the substrate. That this is not just a
oscillatory motion, as atoms circle around the periphe
of an otherwise stationary core, but a repeatable lon
distance displacement, is apparent by examining t
cluster in frames 11 and 68 of Fig. 4: Compared to it
location in frame 11, the center of the cluster in frame 6
is displaced byDx 

p
3 ,y2 andDy  23,y2, where

is the distance between neighboring atoms. As expect
for random motion, the mean displacement per diffusio
interval evaluated from the overall sequence in Fig.
differs from zero by less than a standard deviation. Th
mean-square displacementkDR2l amounts tos0.097 6

0.015d,2, which gives a diffusivityD  s3.6 6 0.6d 3

1022 Å2ysec. Migration over the surface has occurre
without loss of any atoms from the cluster, merely by
shape changes as atoms move along the cluster periph

FIG. 3. Movement of Ir18 over Ir(111) after heating atT ,
550 K without any electric fields applied. Field ion images
record changes after four, five, and one heating intervals
5 sec duration each. In this series, the cluster center has mo
up and to the right.
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The same general events also appear to participate
the motion of larger Ir clusters over the (111) plane.
Fig. 5 are mapped the configurations of an Ir36 cluster
after 5 sec heating intervals atT , 650 K. There is one
difference from the behavior of the smaller cluster: I
contrast to the movement of Ir18, shape changes now
always involve the transfer of three edge atoms, as
necessary in order to maintain the number of near
neighbors constant. It is worth noting that Ir36 starts to
evaporate atT . 680 K, but movement over the surface
already takes place at significantly lower temperature
without any loss of atoms from the cluster, merel
by repeated rearrangement of the shape as atoms
repositioned at the periphery of the cluster.

How do Ir clusters with the correct number of atom
nc to form a compact structure behave on Ir(111)? On
in a hexagonal form, these clusters donot change their
shape at temperatures below that at which they disapp
Nevertheless, movement over the surfacedoestake place.
In Fig. 6, a compact cluster of 19 atoms has been brou
to 690 K for 10 sec; after heating, the cluster has mov

FIG. 4. Map of Ir18 cluster on Ir(111), derived from field
ion images taken after 5 sec diffusion intervals atT , 550 K.
Arrows indicate how the cluster shape will change in the ne
frame. Tail of arrow points to atoms that will move; hea
shows where atoms will appear in next frame.
4235
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FIG. 5. Position of atoms in Ir36 cluster on Ir(111), observed
after 5 sec heating interval atT , 650 K. Arrows point to
location where atoms will appear after the next diffusio
interval. Cluster has moved from upper right in frame 6 t
lower left in frame 24.

over the surface. That it has done so without loss of ato
is clear. Movement continues at 690 K, a temperatu
at which a cluster with less than 19 atoms would lon
have evaporated. Dissociation followed by recombinati
with an adatom from the surrounding terrace is not
possibility. Ir atoms on an Ir(111) surface have bee
observed to incorporate into descending lattice steps
a time scale of seconds even at temperatures below 20
[23]. When other than compact clusters, for example, I39

or Ir18, are dissociated, the freed atoms disappear fro
the surrounding terrace, and only the diminished clus
remains behind.

Observations have been made after each of more th
a thousand heating intervals in order to probe how Ir19

migrates over the surface. The displacements of t
cluster center have been mapped out, yielding a me
square displacementkDR2l  s0.28 6 0.02d,2. That the
movement of the center cannot be described as a sim
random walk between nearest-neighbor fcc sites on
(111) plane becomes clear on closer examination.

FIG. 6. Compact hexagonal Ir19 cluster moving over Ir(111)
after heating atT , 690 K. Field ion images on top, schemat-
ics of cluster below. Changes are shown after 6, 14, a
10 heating intervals of 10 sec duration each. As the clus
moves away from the center, there are changes in the im
intensity, but not in the number of cluster atoms.
4236
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For a random walk [24], the mean-square displacem
kDR2l is given as

kDR2l  NL2  4Dt , (2)

where N is the mean number of jumps during th
diffusion interval t, and L is the root-mean-square jump
distance. If transitions of Ir19 always take place between
adjacent fcc sites, at a distancefrom each other, then the
mean number of jumpsN during the intervalt, estimated
from Eq. (2), is just 0.28. For uncorrelated jump
the actual number during any given heating interval
governed by a Poisson distribution. WithN as estimated
here, the likelihood of more than a single jump occurrin
is small, less than1y30; should jumps be longer, this
probability would be smaller still.

A plot of the displacements actually observed, such
the one for a run of 140 observations shown in Fig.
is therefore to a reasonable approximation a plot of t
distances covered in single jumps. If we compare the
displacements with distances between fcc sites on
(111) plane, shown in the inset of Fig. 7, it is immediate
clear that the cluster center doesnotexecute a random walk
just between nearest-neighbor fcc sites. There are m
heating intervals in which no displacements are observ
at all; when a displacement is eventually observed, it
frequently longer than a nearest-neighbor distance. The
distribution of nonzero displacements derived from a
the observations is shown in Fig. 8. Long displaceme
are common; more than13 exceed the distancebetween
adjacent fcc sites on Ir(111), which is the most probable
the displacements.

Although the mechanism by which these movemen
occur is not immediately obvious, diffusion of Ir19 is best
described as an occasional displacement over a signific
distance, large by comparison with the separation betwe

FIG. 7. Movement of Ir19 over the Ir(111) plane. Absolute
value of the displacement of the cluster center after 10 s
intervals at 690 K is plotted in units of the spacing` between
nearest-neighbor fcc sites. Inset shows relevant distances
the same units) on an fcc(111) plane.
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FIG. 8. Frequency of nonzero displacements of Ir19 cluster ob-
served after 10 sec heating intervals at 690 K. Displacemen
longer than the distancè between nearest-neighbor fcc sites
make up 35% of the jumps.

adjacent fcc and hcp sites on the (111) plane. We no
that this picture is at variance with what is expected fo
motion of compact clusters by a dislocation mechanism
As a dislocation passes through a cluster, the atoms mo
between adjacent sites on the surface [7], certainly n
through distances long by comparison withwhich are
observed.

What the present studies have shown is that on t
close-packed Ir(111) plane, clusters made up of 18
more Ir atoms are able to diffuse in the absence of a
adatoms on the surface, and without evaporation of atom
from the clusters. For clusters in which the number o
atoms does not permit a compact shape, diffusion over t
surface takes place by cluster atoms migrating along t
edges to change the shape of the cluster. For compa
hexagonal clusters, diffusion is possible even thoug
changes in the shape of the cluster are not observ
The mechanism of this motion is not yet establishe
However, for Ir19, the example studied quantitatively,
dislocation motion does not appear likely, and neithe
diffusion of atoms around the edges of the cluster n
atom evaporation and condensation are observed.
possibility that remains is that diffusion occurs by cluster
as a whole gliding over the surface.

This study has been carried out with support from th
Department of Energy under Grant No. DEFG02-96ER
45439. We have received much help from R. T. Gladi
and W. I. Lawrence, and have enjoyed discussions wi
S. J. Koh and U. Kürpick.
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