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Magic Size Effects for Heteroepitaxial Island Diffusion
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Activation energies for diffusion of small heteroepitaxial islands by nucleation and motion
dislocation across the island are calculated using a Frenkel-Kontorova model. At “magic
sizes” the activation barriers for heteroepitaxial island diffusion are dramatically lowered.
energy calculations and molecular dynamics simulations using the embedded atom method c
the existence of a rapid diffusion process for two-dimensional islands. A signature of this proce
strongly temperature dependent activation energy for diffusion. [S0031-9007(96)00711-9]

PACS numbers: 68.35.Fx, 68.10.Jy, 68.35.Bs, 68.55.–a
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Island diffusion is an important phenomena in th
growth of thin films. The nucleation and diffusion o
islands during deposition of adatoms plays a major role
determining island density, morphology, and eventua
film structure. Most theoretical work to date has de
with growth and diffusion of homoepitaxial or at lea
pseudomorphic islands. For such cases solid on s
models are appropriate and theories of growth [1–3] a
diffusion [4–7] have been developed. The early stag
of heteroepitaxial film growth in heteroepitaxial system
where dislocations can form are less well understo
Such growth is of great practical importance. There
a number of reports of rapid diffusion of heteroepitax
islands in the literature [8–13].

The purpose of this paper is to examine diffusio
of heteroepitaxial islands using the Frenkel-Kontoro
(FK) model [14] and embedded atom method calculatio
(EAM) [15] to determine the activation energies fo
heteroepitaxial island diffusion by dislocation nucleatio
and motion. These models show dramatic minima
the activation energies as a function of island si
This implies that there are particular island sizes
which diffusion will be rapid. Using experimental tool
for measuring heteroepitaxial island diffusion (field io
microscopy, scanning tunneling microscopy, and/or lo
energy electron microscopy), it should be possible
experimentally demonstrate the occurrence of this ra
diffusion for certain island sizes.

A soliton or dislocation mechanism for island diffusio
has been proposed previously [14–16]. In this pa
it is shown that diffusion by dislocation nucleation an
motion is much more favorable for heteroepitaxy th
for homoepitaxy. Quantitative calculations are report
in previously unexamined ranges of island misfit a
size, where a dramatic reduction in activation ener
for diffusion exists. Finally and most importantly, thes
calculations are extended to 2D systems showing t
remarkably small activation energies can occur in realis
heteroepitaxial systems.

Before discussing the 2D calculations, it is instructi
to examine the activation energies for the diffusion
0031-9007y96y77(5)y885(4)$10.00
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small 1D islands in a 1D Frenkel-Kontorova model. Th
1D Frenkel-Kontorova model represents the island ato
as moving in a periodic substrate potential,Vmisfit ­
Afcoss2pxd 2 1g. The interaction between two atom
located atxi11 and xi is Vstrain ­ ksxi11 2 xi 2 ´d2y2.
The total energy is the sum over all of the island atoms

E ­
X

i­1,n

A
2

fcoss2pxd 2 1g

1
X

i­1,n21

k
2

sxi11 2 xi 2 ´d2.

The length unit (lu) is the substrate lattice spacing, t
equilibrium island bond length iś , A is the periodic
potential barrier,k is a spring constant, andn is the
number of atoms in the 1D island.

In order to study the implications of this simpl
model for island diffusion on surfaces, the followin
parameters were used:A ­ 100 meV, ´ ­ 0.887, and
k ­ 40000 meVylu2. This corresponds to an overlaye
with a lattice constant,11% smaller than that of the
substrate. Using numerical methods, the minimum ene
configurations for 1D island sizes of 5, 6, 7, 8, 9, 10, a
11 atoms were determined. Energies of islands with
dislocation were calculated by constraining single ato
to remain at a peak in the substrate potential.

The results of this calculation for 9 atom island a
shown in Fig. 1. The top panel shows the positions
the atoms in the substrate potential as the dislocat
nucleates and moves across the island. For this isl
size and misfit, the dislocation-free configuration and t
single-dislocation configuration have essentially the sa
energy. The dislocation-free configuration is labeled
having the dislocation position at 0.0 in units of islan
length. At 0.1, the dislocation is seen to nucleate at
left-hand side of the island. At 0.2, the dislocation
starting to move across the island. At 0.5, the dislocat
is in the center of the island. This process continues u
the dislocation leaves the right-hand side of the island
1.0 (not shown). The net result of nucleating a dislocati
and moving it all the way across the island is to move t
© 1996 The American Physical Society 885



VOLUME 77, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 29 JULY 1996

in
i

he
.2
in
a

tes
ne
ion
the

ws
gy
ve
es
fo

ge
an
on
of
to
n-
the
n-
nd
en
ti-
ze
om
s-
nd
fo
n
o

ac
ns

is-
er-
m-

on
ini-

size
to

if-
isfit
ants.
the
s-
nt,

and
ly
dif-
is-
sing
ons

is
es,
n-
li-

ws
at
ra-

s-
he
lo-
ch-
re
he
n?
fit
FIG. 1. Top panel shows positions of 9 atom island
substrate potential for one-dimensional FK model described
the text. Parameters for model areA ­ 100 meV, ´ ­ 0.887,
andk ­ 40000 meVylu2. The minimum energy configuration
has no dislocation (labeled by dislocation position 0.0). T
other configurations labeled by dislocation positions 0.1, 0
0.3, 0.4, and 0.5 show a dislocation nucleating and mov
across the one-dimensional island. Moving this dislocation
the way from the left to the right side of the island transla
the island to the right by one lattice spacing. The bottom pa
shows the energy of the island as a function of dislocat
position. The energy is plotted relative to the energy of
minimum energy configuration.

island right by one lattice unit. The lower panel sho
the energy of the island relative to the minimum ener
configuration as the dislocation nucleates and mo
across the island. The activation energy for this proc
is less than 25 meV even though the activation energy
a single atom diffusing in this potential is 100 meV.

In Fig. 2, the results of similar calculations for a ran
of island sizes are plotted. For each island size, the isl
energy (relative to the energy of the minimum energy c
figuration for that island size) is plotted as a function
dislocation position. There are two important features
be noticed in this figure. First, the minimum energy co
figuration for 7 or 8 atoms is dislocation free, whereas
minimum energy configuration for 10 or 11 atoms co
tains one dislocation centered at the middle of the isla
Second, there is a dramatic minimum in the activation
ergy for diffusion as a function of island size. The ac
vation energy for diffusion is smallest for the island si
where the minimum energy configuration changes fr
zero dislocations to one dislocation. At this “magic” i
land size, the activation energy for heteroepitaxial isla
diffusion drops to one-quarter of the activation energy
single atom diffusion on this surface. The activation e
ergy as a function of island size is plotted in the inset
Fig. 2. Since diffusion rates depend exponentially on
tivation energies, this magic size effect produces imme
increases in diffusion rates at these magic sizes.
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FIG. 2. The main graph shows the energy of various size
lands moving in substrate potential. Calculations were p
formed using one-dimensional FK model with the same para
eters as in Fig. 1. The activation energy for island diffusi
by dislocation mechanism (inset graph) shows a dramatic m
mum for island sizes of 9 atoms. This corresponds to the
where the minimum energy configuration changes from zero
one dislocation.

For a given island size, the activation energy for d
fusion by this mechanism depends strongly on the m
between the substrate and the overlayer lattice const
Figure 3 shows the activation energy as a function of
misfit for a 9 atom island. In real heteroepitaxial sy
tems, the misfit will generally be temperature depende
due to differential thermal expansion of the substrate
overlayer. A temperature dependent misfit would imp
a temperature dependent activation energy for island
fusion by this mechanism. I will demonstrate the ex
tence of a temperature dependent activation energy u
embedded atom method molecular dynamics simulati
later in this paper.

In order to determine whether island diffusion by th
dislocation mechanism will be important for real surfac
it is essential to consider the problem in two dime
sions. The 2D EAM model presented here is in qua
tative agreement with the 1D FK model in that is sho
a dramatic minimum in activation energy for diffusion
a magic island size where the minimum energy configu
tion changes from zero to one dislocation.

The 2D problem poses the following important que
tions: (1) What is the minimum energy orientation of t
dislocation line for an island? (2) How does the dis
cation move (glide) across the island? Is a kink me
anism or simultaneous motion of a row of atoms mo
favorable? (3) What is the preexponential factor for t
collective process of dislocation nucleation and motio
(4) Will the dependence of activation energy on mis
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FIG. 3. Activation energy for diffusion of a 9 atom island a
a function of substrate-island misfit,´. Calculations were per-
formed using one-dimensional FK model withA ­ 100 meV
andk ­ 40000 meVylu2.

(and thus temperature) be observable in real heteroepi
ial systems?

Based on numerous experimental observations
partial misfit dislocations in overlayers on close-pack
surfaces, a close-packed surface was chosen as a
where dislocations in small islands would likely occu
This choice was also encouraged by molecular dynam
calculations of homoepitaxial island diffusion by a dis
location motion on Ni(111) [16]. As a contrast to th
one-dimensional model I chose a model system with t
island lattice constant larger than that of the substra
specifically Ag on Ru(0001). This system shows parti
misfit dislocations at submonolayer coverages [17] a
thus represents a good candidate for island diffusion
a dislocation mechanism. It is important to emphasi
that other heteroepitaxial systems having dislocations
submonolayer coverages should show similar phenome

The minimum energy configuration for a dislocation i
a 91 atom Ag island on Ru(0001) determined using EA
is shown in Fig. 4. A single dislocation runs across th
island separating the lower fcc portion of the island fro
the upper hcp portion of the island. The dislocation lin
is at an angle of,15± from the horizontal. This angle
reduces the number of atoms sitting in bridge sites relat
to a configuration with a horizontal dislocation line. Th
bulk metals, dislocations are generally thought to move v
extended kinks, ten or more atoms long [18]. Figure 4
entirely consistent with this extended kink mechanism f
dislocation glide. The activation energies for diffusion b
dislocation nucleation and motion at 0 K were estimat
as 681, 729, 457, 293, and 786 meV for diffusion of 1
37, 61, 91, and 127 atom silver islands on ruthenium us
the EAM.

In order to estimate preexponential factors, EAM
molecular dynamics simulations were used to calcula
diffusion rates for Ag islands and for Ag monomer
on Ru(0001). For temperatures in the vicinity of room
temperature, a 61 atom island was found to have
much larger diffusion rate than the 37 or 91 atom islan
Apparently differential thermal expansion changes t
magic island size from,91 atoms at 0 K to,61 atoms
at 300 K. For diffusion of the 61 atom island at low
temperatures, the total simulation time was 20 ns. F
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FIG. 4. Minimum energy configuration for 91 atom hexagon
silver island with dislocation on ruthenium (0001), calculat
using EAM. A single dislocation runs across the isla
separating the lower fcc portion of the island from the upp
hcp portion of the island.

higher temperatures, the total simulation time was sev
ns. For the Ag monomers, the simulation time was
fraction of ns. The diffusion rates are plotted in the t
panel of Fig. 5. The units are jumps between hcp a
fcc per nanosecond. Assuming that the jumps are
correlated, these jump rates can be translated directly
diffusion constants. The plotted error bars are based
the assumption that the jumps obey Poisson statistics.
room temperature the diffusion of a monomer is on
about 100 times faster than that of a 61 atom island.
molecular dynamics simulations clearly substantiate
existence of rapid diffusion at magic island sizes. S
nificantly, EAM molecular dynamics simulations usin
a smaller island (37 atoms) showed absolutely no jum
at room temperature during a 4 ns run. We note t
the EAM tends to underestimate stacking fault energ
This will cause the EAM to overestimate diffusion rat
for these islands. Again, this does not alter the existe
of magic island sizes unless the stacking fault energ
become so large as to preclude any transition s
involving the island in a faulted configuration.

The diffusion data for the Ag monomer shown in Fig.
are fit by a standard Arrhenius equation with a preex
nential factor of 2160 jumpsyns, and an activation energ
of 57 meV. The activation energy is in reasonable agr
ment with the bridge site energy and the preexponen
has a reasonable value. The diffusion data for the
atom island, however, cannot be fit by a single acti
tion energy and preexponential. I attribute this effect
a temperature dependent misfit between the Ag overla
and the Ru substrate. The activation energy for isla
diffusion will depend on the misfit and thus on the tem
perature. By analogy with the results shown in Fig. 3,
activation energy was represented by

EsT d ­ Emin 1 gjT 2 Tminj .
887
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FIG. 5. The top panel shows the Arrhenius plot for diffusi
of single Ag atom and for 61 atom Ag island on Ru(000
The jump rates are counted from embedded atom molec
dynamics simulations. The error bars are calculated base
Poisson statistics. The 61 atom Ag island points are fit us
a single temperature independent preexponential factor an
temperature dependent activation energy(plotted in the lower
panel). Note that the upper panel has a reciprocal tempera
x axis, whereas the lower panel has temperature as thex axis.

Here the misfit is assumed to be linear with temperat
and that the activation energy for diffusion is assum
to be linear with the deviation of the misfit from a
optimum misfit. Emin is the minimum activation energ
which occurs at a temperatureTmin. g is a coefficient
giving the linear dependence of the activation energy
the magnitude of deviation of temperature,T, from Tmin.
Assuming a constant preexponential factor the jump r
is n ­ n0e2EsTdykT wheren0 is the preexponential factor
The fit to the island diffusion data shown in the top pan
of Fig. 5 was obtained by least squares fitting allowi
Emin, Tmin, g, and n0 to vary. The minimum activation
energy, Emin, for the 61 atom island was 180 meV
The preexponential factor,n0, was 5400 jumpsyns. Tmin

was 309 K andg was 0.343 meVyK. This temperature
dependent activation energy,EsT d, is plotted in the lower
panel of Fig. 5.

These numerical values forEmin, Tmin, g, andn0 should
be regarded as only semiquantitative since the EAM
an empirical method. Nonetheless, they show several
portant points. First, they indicate that the preexponen
factor for island diffusion by this dislocation mechanis
is comparable to the preexponential factor for monom
diffusion. Second, they show that the concept of a v
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small activation energy for diffusion with a magic islan
size and misfit is valid. Finally, they emphasize the i
portance of a temperature dependent activation energ
an explanation for departures from a simple Arrhenius
havior for diffusion rates in these systems.

This paper offers a quantitative model allowing a pred
tion of heteroepitaxial island diffusion rates. The mod
predicts a magic size at which diffusion becomes qu
rapid. This magic size is the size at which islands w
and without a single dislocation are nearly degenerat
energy. The model shows a dependence of activation
ergy on substrate-island misfit and thus on temperat
I hope the present analysis will prompt more quanti
tive experimental studies of heteroepitaxial island dif
sion rates as a function of island size. Finally, experim
tal measurements of island size distributions after gro
should be sensitive to this effect since islands of the ma
size should coalesce rapidly and thus rarely be see
experiments.
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