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A model with deposition, diffusion, and reversible aggregation on a two-dimensional rectangular lattice with
both anisotropic diffusion barriers and anisotropic nearest-neighbor bonds is studied by kinetic Monte Carlo
simulations. The model is applied to the case of Ag growth on Ag~110!. The barriers for the elementary
processes are calculated by many-body tight-binding potentials. At fixedT decreasing the flux~or at fixed flux
and increasingT!, the model displays morphology changes from small isotropic aggregates to one-dimensional
strips and then to two-dimensional islands.@S0163-1829~97!52732-9#

The experimental investigation of the morphologies of
two-dimensional ~2D! nanostructures,1,2 obtained by
diffusion-controlled aggregation on metal surfaces,3,4 has re-
cently stimulated much theoretical work. Models of 2D clus-
ter growth with deposition, diffusion, and irreversible aggre-
gation ~DDA model5! have been thoroughly studied by
kinetic Monte Carlo~KMC! simulations in both square6,7 and
rectangular1,6 symmetries. The mobility of clusters as rigid
bodies has been incorporated in the DDA model by different
groups.8,9

For reversible aggregation, the island morphologies have
been studied by introducing edge diffusion10 without detach-
ment. In this way, both fractal-like~at high fluxes! and com-
pact island~at slow deposition rates! have been obtained. A
model with fully reversible aggregation has been proposed
by Ratschet al.11 for cluster growth in an isotropic model on
a square lattice. In that model the scaling properties of island
and adatom densities have been investigated depending on
coverageu, deposition rate, and temperatureT.

In this paper, we propose a model with deposition, diffu-
sion, and fully reversible aggregation on a rectangular sub-
strate: the model, anisotropic both in the diffusion barriers
of isolated adatoms and in the bonds between neighboring
adatoms, is applied to the case of the lowu homoepitaxial
growth of Ag~110!. It is shown that, at fixedT, the morphol-
ogy of the clusters grown on the substrate changes dramati-
cally with the flux: at fast deposition rates, small isotropic
clusters are formed; in the intermediate regime, well-
separated one-dimensional strips along the in-channel@110#
direction are formed; finally, at slow deposition rates,~2D!
anisotropic islands grow. The same morphology changes are
found at fixed deposition rate by increasingT. The morphol-
ogy change from one-dimensional to 2D islands has been
observed by scanning tunnel microscopy in the low-coverage
deposition of Cu on Pd~110! by increasingT.3 We show that
such changes are due to the anisotropy of bonds and to the
possibility of in-channel bond breaking, the anisotropy of
diffusion playing a minor role, contrary to what is assumed
in Ref. 12. The study of the key factors determining the
clusters shapes is essential in the fields of crystal growth and
atomic manipulations.

The energy barriers are calculated13,14 by quenched
molecular-dynamics simulations. In Ref. 14 a detailed dis-

cussion of the diffusive processes on Ag~110! at the atomic
level can be found. Ag is modeled by many-body potentials
as derived by Rosato, Guillope´, and Legrand~RGL!.15 Con-
cerning diffusion barriers on Ag surfaces, RGL potentials are
in good agreement with experimental results as well as with
other theoretical methods. For instance, on Ag~100! the ex-
perimental barrier is of 0.4060.05 eV,16 ab initio calcula-
tions give 0.45 eV~Ref. 17! while RGL potentials give
0.42 eV. On Ag~110!, corrected effective-medium
calculations18 give 0.26 eV for in-channel diffusion and 0.34
eV for cross-channel exchange, against 0.28 and 0.38 eV
from RGL.

In our model atoms, deposited randomly at a rateF onto
a rectangular substrate, can diffuse, aggregate, and dissoci-
ate. Data are taken when the finalu is reached. The transition
rates are assumed to have the Arrhenius form
n exp(2Ep,n /kBT), where the subscriptsp and n corre-
spond to the parallel (@110#) and normal (@001#) directions
with respect to the atomic channels of the (110) surface. For
simplicity, the prefactorsn are chosen to be the same for all
diffusion processes. The barriersEp,n for the different diffu-
sion processes depend both on the direction of the move and
on the numbers of neighbors of the moving adatom:

Ep5Ep
01npEp

b1nnEn
b , ~1!

En5En
01npEp

b1nnEn
b ; ~2!

Ep,n
0 are the barriers for diffusion on the bare surface;Ep,n

b

and np,n are the strengths and numbers of in-channel and
cross-channel bonds. This form of the energy barriers is an
approximation, as they are assumed to depend only on the
neighbors in the initial configuration. However, for the~110!
surface this approximation is very good, as it reproduces to a
high degree of accuracy the results in Ref. 14, where the
energy barriers have been calculated taking into account the
full environment of the diffusing adatom. This approxima-
tion is not appropriate, however, for the fcc~100! surface,
where, for instance, enhanced diffusion along straight steps
must be taken into account.19,20 However, for Ag~110!, we
did not find such enhanced diffusion.14 Moreover, the barri-
ers for motion towards island edges are not significantly
lower than the ones for adatom diffusion on the flat

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 15 AUGUST 1997-IIVOLUME 56, NUMBER 8

560163-1829/97/56~8!/4406~4!/$10.00 R4406 © 1997 The American Physical Society



surface.14 Depending on the direction of diffusion and the
number of bonds, 12 processes are possible plus deposition.
As we are interested in lowu ~u<0.05!, we neglect the pos-
sibility of depositing adatoms onto pre-existing islands.8 The
KMC simulations have been performed by the algorithm of
Bortz et al.21,22and many checks have been made in order to
ensure the convergence of the results with system size.23

From RGL calculations,14 the following choice is appro-
priate:

~A! Ep
050.28, En

050.38, Ep
b50.18, En

b50.02 eV .

Cross-channel diffusion occurs by exchange,13,18, since the
barrier for the cross-channel jump is very high@;0.8 eV
~Refs. 13 and 14!#. Dimers and larger clusters are assumed
not to move as rigid bodies. We have calculated the diffusion
barrier for an in-channel dimer finding that it is much larger
than the one for adatom diffusion. In the following, most
results are presented as a function ofG5D/F, whereD is
the hopping rate in the in-channel direction.

In Fig. 1, the morphologies of the clusters depending onG
andT are presented. In the upper panels,T is fixed at 200 K
andG takes the values 102, 23107 and 53109 from left to
right. At low G ~high flux!, the aggregates are small and no
preferential direction in their orientation is observed. In the
intermediate case, well-separated one-dimensional strips in
the in-channel direction are formed. At highG, the islands
are still anisotropic but two dimensional. In the lower panels,
the flux F is fixed andT is changed: 110, 200, and 275 K
from left to right. If we assume a prefactorn51012 s21, F

corresponds to 0.1 monolayers per minute. At 200 K almost
all islands are long in-channel strips; on the contrary, at 275
K we obtain few compact aggregates. The results at 200 and
275 K resemble closely those obtained in Cu/Pd~110! at 300
and 350 K, respectively.3 In our case, the crossover from
monatomic strips to compact aggregates happens in a tem-
perature interval of about 30 K. At this flux, the average
width of the islands in the cross-channel direction is of 1.1,
2.3, and 4.6 lattice spacings at 200, 230, and 250 K, respec-
tively. At 110 K, the islands have a slight preference for
orientation in the cross-channel direction.

In order to characterize the degree of anisotropy and com-
pactness of the islands, we introduce the parameter

s5
n̄ p2 n̄ n

n̄ p1 n̄ n

; ~3!

n̄ p,n are the average number of parallel and normal nearest-
neighbor bonds at a givenG, T, andu. s approaches 1 only
if the islands are one-dimensional in-channel strips~no
cross-channel bonds!; in the case of 2D islands,s is small.
The results fors versusG are reported in Fig. 2, atu50.05
andT5110, 200, 250, and 300 K~left panel!, and atT5250
K and u50.025 and 0.05~right panel!. The three regimes
~small isotropic clusters, monatomic strips, and 2D islands!
can be easily identified. Moreover, at the lowestT, there is a
low-G regime where the anisotropy is slightly reversed (s
,0).

The physical picture leading to the three regimes may be
sketched as follows. For instance, let us fixT and varyG. At
low G, cross-channel diffusion does not occur. Islands are
small, many atoms are isolated. Under those conditions, it is
more likely that an isolated adatom will make its first en-
counter with a cross-channel neighbor~it can find cross-
channel neighbors in both adjacent channels, in-channel
neighbors only in its own channel!. At low T, cross-channel
bonds are rather stable, although less than in-channel bonds.
Depending on the degree of stability of cross-channel bonds,

FIG. 1. Typical island morphologies for~100 rows3 100 col-
umns! sections of~3003300! simulations. The horizontal direction
is the in-channel@110# direction.~a! Upper panels: morphologies
at fixedT5200 K and final coverage~u50.05! but with differentG.
The left, middle, and right panels correspond toG5102, 23107

and 53109, respectively.~b! Lower panels: morphologies at fixed
deposition rateF ~of about 0.1 layers per minute, see the text! and
u50.05 but with differentT. The left, middle, and right panels
correspond toT5110, 200, and 275 K, respectively. At 275 K few
large compact islands grow. Two of them are shown in the snap-
shot.

FIG. 2. Left panel: anisotropy parameters vs G, at fixed
u50.05 for different temperatures: 110 K~white triangles!, 200 K
~black triangles!, 250 K ~open circles!, and 300 K~black circles!.
Right panel: s vs G, at fixed temperature~T5250 K! for different
final coverages:u50.025~black stars! andu50.05 ~open circles!.
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there may be a slight reversal in the anisotropy of clusters~as
it happens at 110 K! or no anisotropy at all. At intermediate
G, both in-channel and cross-channel diffusion are possible;
cross-channel bonds are no more stable, while in-channel
bonds are still stable. These conditions lead to the formation
of monatomic strips. At highG, even in-channel bonds can
be broken. Island dissolution becomes important; on the av-
erage, small islands and monatomic strips disappear in favor
of more compact~and energetically more stable! clusters.
This can be seen in Fig. 3, where two snapshots of the same
simulation~at T5250 K andG5108! at different times are
shown. The snapshot on the left is taken after the deposition
of half of the atoms~corresponding tou50.025! and the one
on the right is taken at the end of the simulation~u50.05!.
The atoms deposited in the first half of the simulation are
represented by black circles, those deposited in the second
half by open circles. Clearly, a large part of the monatomic
strips of the left panel has disappeared at the end of the
simulation; one of the 2D islands has grown considerably
with rather complicated rearrangements.

In order to confirm the above picture, we consider differ-
ent choices of the energy parameters. In choice~B! the bonds
are anisotropic as in~A!, but diffusion is isotropic:

~B! Ep
050.28, En

050.28, Ep
b50.18, En

b50.02 eV ;

in choice~C! diffusion is anisotropic as in~A! but the bonds
are isotropic and strong:

~C! Ep
050.28, En

050.38, Ep
b50.18, En

b50.18 eV ;

in choice~D!, diffusion barriers and cross-channel bonds are
as in~A!, but the possibility of breaking in-channel bonds is
suppressed:

~D! Ep
050.28, En

050.38, Ep
b5`, En

b50.02 eV .

The results of the above choices are presented in Fig. 4 at

T5250 K andu50.05, and compared to those for choice~A!
~open circles!. The introduction of isotropic diffusion@choice
~B!, black squares# has the only effect of shifting the maxi-
mum to lowerG; one-dimensional in-channel strips are still
obtained. At lowT, it can be seen that the low-G inversion of
the anisotropy is suppressed in choice~B!. The introduction
of strong isotropic bonds@choice~C!, white stars# has more
dramatic effects on the morphologies. The anisotropy is
weak but is reversed; in the low-G regime where islands are
small, cross-channel diffusion is negligible and all bonds are
stable. The regime of the one-dimensional in-channel strips
is not obtained. Thus the isotropy or anisotropy of bonds is
crucial for the island morphologies.24 Finally, it can be seen
that, by suppressing the in-channel-bond breaking@choice
~D!, open squares#, the transition to 2D islands does not take
place, at least up toG51010. Therefore, the mechanisms
governing the morphology changes are quite different from
the ones proposed to explain the morphology transitions on
Cu/Pd~110! in Ref. 12. There, the morphology changes were
attributed to the diffusion anisotropy with irreversible attach-
ment. On the contrary, we have shown here that the growth
of monatomic strips is due to the anisotropy of bonds and not
to the absence of cross-channel diffusion; the transition to
2D clusters is due to the onset of in-channel bond breaking
and not to the onset of cross-channel diffusion~the latter
being already effective at lowerG!. Diffusion anisotropy and
irreversible attachment in both directions cannot produce the
observed effects.

In conclusion, our simulations have shown that the mor-
phologies of clusters grown at low-coverage deposition on
Ag~110! varies from small isotropic clusters to well-defined
strips of monatomic width in the in-channel direction and to
2D anisotropic islands, depending on flux and onT. At very
low T, there is a regime where the anisotropy of clusters is
slightly reversed~the cross-channel orientation is preferred!.

FIG. 3. ~50350! sections of the same~2003200! simulation at
T5250 K andG5108. The left snapshot is taken after the first half
of the simulation, i.e., after the deposition of 1000 atoms~u50.025,
72 atoms are in the section!; the right snapshot is taken at the end of
the simulation, i.e., after the deposition of 2000 atoms~u50.05, 136
atoms are in the section!. The atom deposited in the first half of the
simulation are represented by black circles, the others by open
circles.

FIG. 4. Anisotropy parameters vs G at fixed T5250 K and
u50.05 for different energy barrier choices~see text!: ~A! ~open
circles!, ~B! ~black squares!, ~C! ~white stars!, and ~D! ~open
squares!.
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The growth of monatomic strips is possible because of the
anisotropy between in-channel and cross-channel bonds,
whereas the transition to 2D islands happens on the time
scale at which in-channel-bond dissociation becomes impor-
tant.
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