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We present Monte Carlo simulations for the size and temperature dependence of the diffus
coefficient of adatom islands on the Cu(100) surface. We show that the scaling exponent for t
size dependence is not a constant but a decreasing function of the island size and approaches unit
very large islands. This is due to a crossover from periphery dominated mass transport to a reg
where vacancies diffuse inside the island. The effective scaling exponents are in good agreement w
theory and experiments. [S0031-9007(99)08824-9]

PACS numbers: 68.35.Fx, 02.70.Lq, 36.40.Sx, 68.55.–a
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Theoretical studies on island diffusion over the past tw
decades have led to expectations that even large isla
may have substantial mobilities [1,2]. A seminal study o
diffusion of large islands on metallic surfaces was don
by Voter [2], where he was able to show that the diffusio
coefficient D of islands with more thans ø 10 atoms
followed a simple scaling law with a constant scalin
exponenta

D ~ e2bEL s2a , (1)

whereb  1yskBT d andEL is an effective energy barrier
for island diffusion.

Since then similar scaling law for large islands, with th
scaling exponenta now depending on the diffusion mecha
nism, has been found in several simulation studies [3–
However, the experimental confirmation of the early the
retical predictions had to wait for the development of a
vanced scanning tunneling microscope (STM) techniqu
Only recently the experiments have unequivocally co
firmed that on metal surfaces even large islands of siz
up to 1000 atoms undergo diffusion and that the diffusio
coefficient obeys Eq. (1) witha indeed depending on the
diffusion mechanism [6,7]. Although the experiments an
simulations have given strong support to the scaling la
in Eq. (1), at least in a restricted region of sizes, the exa
role of the various microscopic mechanisms in determi
ing the value ofa is still an open question.

On the theoretical side, Khareet al. [8,9] have ex-
plained island diffusion in terms of the shape fluctuation
of the outer boundary, which makes it possible to rela
the macroscopic motion of islands to the atomistic pr
cesses occurring on the boundary. The three basic mec
nisms considered are as follows: particle diffusion alon
the periphery (PD); terrace diffusion (TD), where a pa
ticle can detach from and attach to the edge; and evapo
tion and condensation limited diffusion mechanism (EC
The effective exponentasRd ; 2≠ lnsDdy≠ lnsRd can be
expressed as [8,9]
0031-9007y99y82(13)y2733(4)$15.00
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2a  2 1
1

1 1 sRyRstd sRsuyRstd

2
2 1 sRyRstd sRsuyRstd

1 1 sRyRstd sRsuyRstd 1 sRyRstd2 , (2)

where R 
p

syp. The parametersRst and Rsu are
related to periphery and terrace diffusion coefficient
respectively. Allowing only one of the mass transpo
mechanisms EC, TD, or PD at a time for large enoug
islands, the exponents 1y2, 1, and 3y2 are obtained,
respectively (see Fig. 3 in Ref. [9]). When both the T
and the PD mechanisms are present, clear depende
of a on s should be observed, and finally one shou
always finda  1 for s ! `. However, the crossover
regime towards this limit occupies a rather narrow regio
in the parameter space, and it has been assumed to
experimentally unaccessible [9,10].

In contrast, most simulations of island diffusion o
metallic fcc surfaces indicate values1.75 , a , 2.1
[2,4,11] that cannot be obtained from the theory o
Khare et al. [8,9]. However, their approach is strongly
supported by the recent experiments of Paiet al. [7],
whose careful STM measurements on the diffusion
Cu and Ag islands on Cu(100) and Ag(100) surfac
yielded a ø 1.25 and a ø 1.14, respectively, at room
temperature. According to their explanation, these valu
of a are due to the lack of the TD mechanism withRsu 
0, and 0.1 , RyRst , 10 in Eq. (2). The parameter
Rst was interpreted as the average separation betw
adjacent kinks. However, the STM measurements we
not able to directly confirm the nature of microscopi
diffusion mechanisms for the islands.

In this Letter we will show through extensive simula
tions of a realistic model of Cu islands on the Cu(100) su
face that these open questions can be resolved. First,
simulations show that there exist a long crossover towa
a  1 for this system. This indicates that largeeffective
values ofa may be obtained if only relatively small island
sizes are considered. This may explain some of the la
© 1999 The American Physical Society 2733
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values reported in the literature in cases where there
no unusual diffusion mechanisms present [3]. Second,
show that this crossover is actually due to PD dominat
diffusion changing over to TD dominated case, where t
microscopic mechanism for the TD process comes fro
vacancy diffusionwithin large islands. In this way, the
values ofa obtained in Ref. [7] can be explained with th
existence ofboth PD and TD mechanisms for Cu islands
with vacancy diffusion now accounting for the latter. W
also discuss the origin of persistent oscillations inD for
small island sizes, and vacancy island diffusion on t
Cu(100) surface.

The model system we consider here is based
kinetic Monte Carlo simulations of Cu adatoms on th
Cu(100) surface, with energetics obtained from molecu
dynamics simulations with the effective medium theo
(EMT) potential [12]. As discussed in detail in Refs. [12
the EMT barriers are in good agreement with availab
experimental data for this case. The hopping raten of an
atom to a vacant nearest neighbor (NN) site can be w
approximated by [12,13]

n  n0e2bfES1mins0,DNNdEBg, (3)

where the attempt frequencyn0  3.06 3 1012 s21 and
the barrier for the jump of a single adatomES 
0.399 eV. When there is at least one atom diagona
next to the saddle point the barrierES  0.258 eV.
The change in the bond number23 # DNN # 3 is the
number of NN bonds in the final site subtracted by th
number of NN bonds in the initial site. The bond energ
EB  20.260 eV. We note that within the EMT, barriers
on the Ag(100) and Ni(100) surfaces are very simil
to the barriers on Cu(100) up to a scaling factor [12
We therefore expect that the features observed here m
describe island diffusion on some other fcc(100) me
surfaces, too.

In this work we prevent detachment of adatoms fro
the island; however, an adatom can still go around t
corner so that the PD mechanism is operational [2,
It thus follows thatES  0.258 eV for all the allowed
jumps. Therefore, the energetics in Eq. (3) for the adato
islands is equivalent to the ferromagnetic Ising model w
Metropolis transition rates and Kawasaki dynamics.

We create the initial island ofs particles by adding
atoms one by one to the nearest and the next nea
neighbor sites with the probability~e2bzEB , where0 #

z # 4 is the number of nearest neighbors. It is importa
to start the simulation with a well thermalized islan
configuration since the relaxation times for larger islan
can become very long. After thermalization, we compu
the tracer diffusion coefficient of the island define
through D  limt!`

1
4 dkr2lydt where kr2l is the mean

square displacement of the island [2]. An efficient way
computingD is given in Ref. [14].

We implement our Monte Carlo program by the Bortz
Kalos-Lebowitz algorithm [2,15] using a binary tree struc
2734
are
we
ed
he
m

e
,
e

he

on
e
lar
ry
],
le

ell

lly

e
y

ar
].
ay

tal

m
he
5].

m
ith

rest

nt
d
ds
te
d

of

-
-

ture [16]. In the algorithm, every trial leads to a jump
At low temperatures, a large number of unsuccessful tri
inherent in the traditional Metropolis algorithm can b
avoided. This allows very long simulation times in ou
system.

We first simulate adatom island diffusion with size
1 # s # 104 at high temperatureT  1000 K [17]. Our
data together with a fit ofD from Ref. [9] [Eq. (36)]
are shown in Fig. 1. Fors * 10 we clearly observe
a crossover region where the effective scaling expon
behaves as predicted by Eq. (2) (see the inset of Fig.
For large islands,a finally approaches the limita  1
as predicted by theory [8,9]. Because of the crossov
it is evident in Fig. 1 that for a limited window of
sizes, an effective exponent between1 , a , 3y2 can
be obtained. A similar type of crossover region persists
lower temperatures, and we find that, for example, usi
the size window100 # s # 1000 we obtain values ofa
that only weakly depend on temperature, i.e.,1.12 # a #

1.23 at T  400, 500, 700, and 1000 K. In particular,
the overall behavior ofD for large values ofs at 300 K
is in very good agreement with the behavior found in th
experiments of Paiet al. [7] at room temperature where
80 # s # 440 (see Fig. 2) (60 # s # 870 for Ag).

The behavior ofD for smaller island sizes where
Eq. (2) is not valid is interesting. There are clear size d
pendent oscillations present as also reported by Fichth
and Pal [18] in their simulations. However, in the ex
periments such oscillations are easily smeared out by s
fluctuations [7] as can be seen in Fig. 2 where the expe
mental data forD follow closely theaveragebehavior of
D in the same regime. At low temperatures there is

FIG. 1. Adatom island diffusion coefficientD vs s for 1 #
s # 104 at T  1000 K (a ø 3.5 Å is the lattice constant of
copper). Stars denote the results of our simulations, and
dashed line is a fit to Eq. (36) from Ref. [9] (Rst  5.0 3 1022

and Rsu  5.0 3 1024). Error bars are of the size of the
symbols or smaller. The inset shows the effective expon
a from Eq. (2) using this fit.
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FIG. 2. Adatom island diffusion coefficientD for 1 # s #
104 at T  1000, 700, 500, 400, and 300 K (from top to
bottom). ForT  300 K, the n2 configurations are shown with
stars. The dotted lines are just guides to the eye. The das
lines indicate fits to Eq. (36) of Ref. [9] (Rst andRsu are almost
independent ofT ). Error bars are of the size of the symbol
or smaller except atT  300 K for s * 100 where the scatter
in the data indicates the errors. The thick line atT  300 K
shows the experimental results of Ref. [7] for Cu. See text f
details.

difference forD between small islands of sizesn2 and
n2 6 1, wheren is an integer, in particular, thatDsn2d is
much smaller thanDsn2 1 1d. This is consistent with the
notion that the square configurations are very stable a
therefore move slowly [2]. However, for larger island
this is oversimplified since entropy must be taken into a
count. In equilibrium, the probability for a given configu
ration to occurPss, Ed ~ vss, Ede2bE , wherevss, Ed is
the number of states of the island with sizes and energy
E. There is no degeneracy atT  0 for an n2 configu-
ration, while the degeneracy of an “excited state” wit
one bond broken (e.g., an adatom moving along the ed
grows rapidly as a function of the island size. Thus, forn2

islands the contribution of the low-mobility configuration
to D becomes less important whenn grows. Eventually,
the oscillations dampen out and the continuum theory b
comes valid [19]. At higher temperatures, this natural
occurs for smaller islands already.

We now turn into discussion about the microscop
mechanisms for island diffusion. Most importantly, ou
simulation results indicate that there is a TD type o
process involved in the island motion in contrast t
what was suggested in Refs. [7,20]. This process
the present case is due tovacancy diffusioninside the
island. This conclusion is supported by the observati
that the effective scaling exponenta approaches unity
as the island size increases even at room tempera
which indicates that the TD mode must be involved [8,9
Moreover, we have explicitly checked the role of the P
and TD mechanisms at1000 and 700 K with s # 1000.
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We modified our model by first disallowing atoms to
diffuse around corner sites to prohibit the PD mechanis
In the second modification, we disallowed the creation
vacancies in the island to prevent the TD mechanism fro
operating. Simulations of the two modified cases gave t
scaling exponentsa  1.02 and a  1.48, in complete
agreement with the theoretical values for the TD (a  1)
and PD (a  3y2) dominated island diffusion.

We have also measured the effective Arrhenius barrie
for island diffusion for s  100, 300, 500, and 1000,
and find that there is virtually no size dependenc
Interestingly enough, whether the PD or TD mechanis
is present also makes very little difference. We ha
measured the barriers between700 and1000 K for the PD
and the TD dominated cases with one of the mechanis
suppressed as discussed in the section above, and ob
0.77 and0.79 eV, respectively. The Arrhenius barrier fo
the nonmodified case at400 # T # 1000 K is 0.79 eV.
All these values are very close to the corresponding ra
limiting process withDNN  22. This can be easily
explained by microscopic considerations. In the P
process, two bonds are broken when a particle goes fr
a kink to a corner site [2]. Symmetrically, in the TD
process, the rate-limiting step is the creation of a vacan
where an atom having three neighbors becomes a o
neighbor particle; i.e., a vacancy jumps into the islan
Therefore, jumps withDNN  22 dominate the vacancy
creation.

An interesting question for (100) metal surfaces co
cernsvacancy islanddiffusion. In our model, the energet-
ics for vacancy islands is very similar to the adatom cas
Symmetrically to adatom islands, vacancies are preven
to detach from a vacancy island, but atoms can deta
from the edge to the pit. According to Eq. (3) the barr
ers for vacancies are then equivalent to the barriers for
adatoms, except that the jumps inside the vacancy isla
for adatoms haveES  0.399 eV in contrast to0.258 eV
for vacancies inside the islands. However, this differen
is not important in practice. We have simulated vacan
island diffusion at various temperatures, and the diffusi
coefficients are the same as for the adatom islands wit
the statistical errors. This is because the diffusion insi
either an adatom or vacancy island isnot the rate-limiting
process.

To summarize, our model gives results in very goo
agreement with experiments and theory and demonstra
that, for at least Cu(100) surfaces, vacancy diffusio
within the islands contributes significantly to the islan
mobility for larger islands [2]. Another interesting featur
not easily seen in the experiments are the persist
oscillations in D at low temperatures that are due t
entropic reasons; in fact, this is yet another examp
of the compensation effect seen in many other system
Our model predicts that vacancy island diffusion o
the Cu(100) surface is essentially similar to adato
island diffusion since the rate-limiting mechanisms a
2735
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symmetric for both cases. Finally, we note that th
present model is somewhat idealized in the sense that
effect of other islands, surface steps, etc., is neglected.
would be of great interest to study these issues, as w
as island and vacancy diffusion on (100) surfaces of oth
metals to further study the role of various microscop
mechanisms.
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