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Surface Diffusion of Compact and Other Clusters: Ir, on Ir(111)
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Quantitative measurements have been made of the diffuslvitgf larger Ir clusters on Ir(111)
to explore the mechanisms of motion. For noncompagt nigration occurs by changes in overall
shape as atoms diffuse along cluster edges; in an Arrhenius plot, the prefacter~1073 cnm?/s,
comparable to that for single atom motion. Fop land Ir, clusters which exist as compact closed
shells, diffusion by changes in overall shape is shown to be unlikely. Migration occurs by an entirely
different mechanism, with prefactoi3, being 3 or more orders of magnitude higher than fqg.Ir
[S0031-9007(98)07759-X]

PACS numbers: 68.35.Fx, 05.40.+j, 66.30.Fq, 81.10.Aj

During the past few years the important role played byas in the diffusion of single Ir atoms on Ir(111) [19],
clusters in the growth of films on crystals has becomeshown in Fig. 2(b). The activation enerdy, for the mi-
generally apparent; as one consequence, much attentignation of Irg is, of course, much highet,63 = 0.07 eV
has been focused on the mobility of clusters on metatompared witl0.290 = 0.003 eV for Ir adatoms, but that
surfaces [1-8]. The dependence of diffusivity uponis expected: in moving along the cluster edge, an atom is
cluster size has been extensively studied [1-3,9—14] iin much stronger interactions with its environment than
attempts to explore the atomic mechanisms by whictan adatom on a bare (111) surface. There is little that is
large clusters move over surfaces, but recently it has beestriking about the diffusion of |g, except for the high
realized that this approach may not yield unequivocatemperature at which it occurs.
information [3,4]. However, direct observations of single Clusters of 19 Ir atoms on Ir(111) behave quite differ-
clusters in the field ion microscope (FIM) have establishedntly. As is evident from the image in Fig. 1(c);dlis a
that, for other than compact Ir clusters on Ir(111), motioncompact hexagonal cluster, with three atoms at each edge.
occurs exclusively by atoms diffusing along cluster edgedhe overall shape of the cluster before and after diffusion
[15]. Nevertheless, quantitative information about theis the same and does not appear to ever change. How
diffusion of larger clusters is still quite limited; hardly then does this compact cluster move over the surface? To
anything is known about the kinetics of motion—for fcc explore this question, we have measured the distribution
metals, such information is so far available only for smallof the displacements [20] made by the cluster center dur-
clusters of five atoms or less [16]. Here we present théng 10 s diffusion intervals at 690 K. Since the cluster
first quantitative studies of the diffusion parameters ofdoes not change its shape, the center of mass is readily
larger clusters, which demonstrate the unique behavior dbund once the location of the corner atoms is established.
compact, closed-shell structures. The displacements from the origin, mapped into the two

When a noncompact cluster such as,lrillustrated upper quadrants of the (111) plane, are shown in Fig. 3,
in Fig. 1(a), is heated briefly to 550 K on an Ir(111)
surface and then imaged again in a FIM [17], the shape
of the cluster is seen to have changed as four atoms have
moved along the edge of the cluster. By measuring the
displacementAx; of each of then atoms in the cluster,
the displacementx,. of the center of mass is obtained
as usual from\x. = >, Ax;/n. The diffusivity of the
cluster center is derived by repeating this heating and
measuring cycle roughly 100 times to obtain an estimate
of the mean-square displacement, just as in diffusion
studies of individual adatoms [18]. Figure 2(a) shows
the diffusivity of Irg derived in this way at different ]
temperatures, plotted according to the Arrhenius equatioh!G. 1. Movement of Ir clusters over Ir(111). (a) Field ion

_ _ ; image of lgg, a noncompact cluster, before (top) and after
t[()) 585&6‘)([]( Ep/kT) at temperatures ranging from 520 (bottom) 10 s heating at 550 K. (b) Schematic gf kluster in

. (a), with arrows indicating atoms that have moved. (c) View of
Noteworthy is the value of the prefactol)) =  compact Iy, cluster before (top) and after (bottom) 5 s heating
7.8(X4.551) X 107* cn?/s. It is of the same magnitude at 700 K has moved cluster to left.
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T T(K) tion, we also have to invoke double jumps, such as from
P 12 2 (0,0)to(—2,2), at a rateB, as well as direct transitions
Fa” o= o EF o ] from (0,0) to (1,3), at a ratey. The best least-squares
a5ty 10 emys ] L3804y x10% em?/s 1o fit (in outline numerals) to the observed distribution of
ol b R displacements is obtained fGAx?) = 0.14, 8/a = 0.2,
EEE L SRENRA) andy/a = 0.23.
N he = Transitions to other than nearest-neighbor fcc sites
N\ 310-1 obviously play a significant role, contributing60% to
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the diffusivity of the compact |p cluster at 690 K [22].
1102 This seems to eliminate the possibility that such compact
clusters migrate by a Frenkel-Kontorova mechanism, as
suggested by Hamilton [7]: This mechanism would not
, move the cluster through the distances observed.

104 —_ 1 SEEEEREEE 104 The Ing clusters are always found in the same compact,

17 L 80 w0 100 MO hexagonal shape; nevertheless there is a possibility that
1000/T(K™) 1000/T (K™ motion might still occur as a result of atoms diffusing

FIG. 2. Temperature dependence of diffusivities on Ir(111)@long the cluster edges to change the shape. We need
derived from mean-square displacements. (a) Noncompgct Ironly postulate that the intermediate shapes formed in
cluster. (b) Single Ir adatom. this way are of much higher energy than the compact
hexagonal arrangement of atoms actually observed, so

compared with distributions obtained from kinetic Monte that the intermediates exist just briefly b_ef‘”e_ “?‘{er“”g
to the compact format. Of course, there is a limit: such

Carlo simulations [21] of different random walks of the . . .
ntermediate structures cannot have an energy so high

center. lItis clear that, if the center makes only transition hat atoms detach from cluster edaes during. diffusion
between adjacent fcc sites at a ratethen the simulated | tion has b b d ttg ¢ 9 ; 656
distribution, listed under the heading “single” in Fig. 3, is r197(r)nool|<on Aash een observed a (Ier_npera uresl romd
not in satisfactory agreement with the experiments, giveréo. KAt t.delzsez'é?mpe;atlures,lgfns hot stable anf
in bold numerals. To better represent the actual distribu-'SSOC'ates rapi _y[ . 1. The loss of even one atom from
an edge during diffusion of the compactlcluster would
lead to the loss of the cluster rather than to diffusion.

To probe the possibility of changes in overall shape
Best Fit as the mechanism underlying the mobility ofylr we
have examined the stability of intermediate structures
that arise when adatoms move around the edges. These
intermediates cannot be created by heating Iinstead,
they have been made up in a two-step process. An
Ir;g cluster is first produced by partial field evaporation
of the outermost (111) plane followed by annealing at
~550 K to create one of four different allowed forms.
A single Ir atom is then deposited on the surrounding
terrace, which is held at100 K until the atom joins up
with the central Irg cluster to form the metastable;dr
clusters shown in Fig. 4. After heating at temperatures
in the range of 675—700 K at which diffusion occurs,
these intermediates either convert into the stable compact
form or else disappear from the (111) plane entirely. The
probability of these two events varies from one structure
to another, as indicated in Fig. 4, but for all of the
metastables tested there is a finite probability of the cluster
disappearing during heating, rather than continuing to
diffuse. Changes in overall shape as atoms diffuse around
FIG. 3. Distribution of center-of-mass displacements for com-the cluster periphery therefore dot appear likely as the
pact Ir, cluster during 10 s heating at 690 K. Types of jumpsmeans by which migration of compaciditakes place.

are indicated in the inset at top. The number of observed The mechanism by which compact clusters such as
displacements is shown in bold numerals, best fit to the ex;

periments in outline numerals just below and to the left. TheIrl9 diffuse is clearly dlffe_renf[ from that operating for
fit assuming only nearest-neighbor transitions given in normanoncompact structures; th!S dlfference should also reveal
numerals is at bottom right{ = nearest-neighbor distance. itself in the kinetics of diffusion. We have therefore

Diffusivity D (107"%cm?/s)
3
N

=.290+.003 eV

<Ax%> =14
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or possibly just a consequence of the high temperatures,
higher than in any other direct observation of single par-
ticle diffusion?

To check out the different possibilities, we have also
examined the diffusion of §; the next smaller compact
cluster, with only two atoms per side. As appears from
the plot of the temperature dependence [in Fig. 5(b)]
the activation energy for diffusion of Ar Ep = 1.49 =
0.03 eV, is quite close to that for the diffusion of
the noncompact {g. However, the prefactorD, =
1.4(x2.47") c?/s is more than 3 orders of magnitude

% < %% larger—despite the_fact that the temperature range_for the
020288 ;5:3: 3 Ir, measurements is-100 K below that for Irg. It is
‘p;,b' 0,0°0 99:9- clear that an unusually high prefactor is characteristic of
£ *®¢ - 35 320000 the motion of compact clusters; it it connected with

- . the high temperatures of the measurements.
FIG. 4. Stability of metastable iy clusters on Ir(111). Field . . TR
ion images of metastable forms are shown in the center, with To learn more about the diffusion ofIrthe distribution

schematics of their structure below. After heating for 5 s atof cluster displacements has also been measured,=at
temperatures from 675—700 K, either a compagtforms (top 450 K. From the comparisons of observed and simulated
left) or else the cluster disappears from Ir(111) (top right). Indistributions in Fig. 6, it appears that the contribution
the lscl:her.natki]cs fOf m?.tastafble Str“Ctuiesl' t?e .””r?]ber OftttrLa'ﬁ‘om the two types of long jumps is small, each amounting
Irgf?,uég]ngnp;grfedetootrrr:aac:liosgp?p:afgrzggaact tchgsrigrhtl.s shown at &, _onIy 4% of_ the ratea of jumps _between nearest-
neighbor fcc sites. Evidently the high prefactor found
for both compact clusters, lr and Ir, is not intimately
measured diffusivities of |5 at temperatures ranging tied to the participation of long jumps in diffusion. It
from 650 to 700 K. The results in Fig. 5(a) are surpris-is rather a characteristic of the unique mechanism by
ing indeed. The prefactom), = 13(X2.6"') cm?/s, is  which compact clusters migrate over the (111) plane. The
4 orders of magnitude greater than foggjrthe diffusion  high prefactor is certainly not consistent with diffusion
barrier Ep = 2.54 = 0.06 eV is 1.5 times that found for by dislocation motion—for this mechanism, molecular
Iris. What a difference one atom makes. Is this typedynamics simulations suggest a prefactor similar to that
of behavior characteristic of the diffusion of compact,for single atom motion [7].
closed-shell clusters? Could this unusually high prefac- How then do compact clusters migrate over the Ir(111)
tor be associated in some way with the occurrence of lon@glane? One remaining possibility is that, in diffusion,
jumps, which characterizes the diffusion of¢® Is this the atoms in a cluster move over bridge sites on the
perhaps some artifact of the temperature measurementg,11) plane at much the same time, preserving the
overall shape as the cluster glides over the surface
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FIG. 5. Temperature dependence of diffusivities for compact

Ir clusters on Ir(111) [(a) ky and (b) Ir]. Prefactors are more FIG. 6. Distribution of displacements in diffusion of compact
than 3 orders of magnitude higher than for noncompagtitr ~ Ir; during 5 s heating intervals at 450 K. Conventions are as
Fig. 2. in Fig. 3. The contributions oB andy are small.
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