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Hexagonally Reconstructed Islands and Anisotropic Diffusion for AuyyyAu(100)
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The homoepitaxial island growth on hexagonally reconstructed Au(100) is studied using molec
dynamics based on a well-tested many-atom interatomic potential. Our study reveals that the s
islands of rectangular shape are hexagonally reconstructed in conformity with the patterns of
reconstructed Au(100) surface and suggests the “magic” stable width for the reconstructed isl
in agreement with experimental observations. Furthermore, our results on the adatom diffusion ind
that the experimentally observed strong anisotropic effect is attributed to the long-range exch
diffusion. [S0031-9007(98)07233-0]

PACS numbers: 68.35.Fx, 68.10.Jy, 68.35.Bs, 68.55.–a
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Surface adatoms and small cluster diffusion on m
clusters have been the subject of recent experimenta
simulational attention due to their important role play
in controlling the formation of surface layers, thin fil
growth, and catalysis. The nucleation and growth
Au islands on the reconstructed Au(100) are both
trinsically interesting and technologically important.
is expected that for the island growth, surface m
phology depends strongly on the reconstructed subst
Recently, Günther and co-workers [1] carried out
scanning-tunneling microscope (STM) study of the
cleation and growth of Au islands on the hexagona
reconstructed Au(100) surface. It was shown that
reconstructed substrate yields strong anisotropic effe
specifically the rectangular shape of the island (isl
shape anisotropy) and strongly anisotropic diffusion. T
latter was deduced from the rate equation analysis
the experimental flux and temperature dependence o
island density. Two typical sizes of the islands, nam
(i) islands of widths of 30 Å and lengths ranging fro
100 to 150 Å at high deposition flux rate and (ii) islan
of widths of less than 80 Å and lengths around 700 Å
low deposition flux rate, were reported.

In spite of this intriguing picture, there has remain
a paucity of theoretical studies on the island growth
anisotropic diffusions for AuyAu(100). A clear under
standing of the origin of anisotropic effects has be
hindered by the lack of quantitative theoretical calcu
tions. Recently, Bonig, Liu, and Metiu [2] employed t
effective-medium theory to investigate the diffusion
adatoms for am-atom-wides1 3 5d reconstructed islan
on top of unreconstructed underneath. Their calcula
indicates that kinetics favorsm  6, in that the adatom
diffusion along the long side of such a reconstructed isl
is much faster thanm fi 6. However, due to the limita
tion of the employed interatomic potential (not capable
predicting the reconstructed surface), their interpreta
of experiments needs to be reexamined with more real
models.
0031-9007y98y81(13)y2739(4)$15.00
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Inspired by the experimental results, we have carr
out a large-scale molecular-dynamics (MD) simulati
study of the island growth and anisotropic diffusion
AuyAu(100). Using a well-tested many-atom potent
of gold constructed by Ercolessi, Tosatti, and Parrine
[3], our simulation study reveals that the optimal isla
is “quantized” in concord to the “magic” size of7, 13, . . .
(6n 1 1, wheren is an integer) reconstructed rows. Th
formation of a hexagonally reconstructed island in conf
mity with the pattern of the reconstructed Au(100) surfa
is energetically favored. Contrary to the proposed h
ping mechanism for adatom diffusion [2], our calculati
reveals that the long-range exchange effect plays a
dominant role in the anisotropic diffusion and the grow
of hexagonally reconstructed islands.

The semiempirical many-body “glue model” [3] be
longs to the same class as the embedded-atom metho
and “pair-functional” models [5]. The glue potential fo
gold has been well tested and is known to provide go
results for diverse surface properties. Specifically,
model is capable of explaining the structure and pha
of the reconstructed Au(100) surface. It is worthwhile
mention that the simulation study ofsM 3 5d reconstruc-
tion configuration (i.e.,M 1 1 first-layer atoms on top o
M second-layer atoms along [011], in addition to the
onto-5 registry alongf011̄g), reveals that the energies a
very close for the range20 , M , 35, with a surface en-
ergy difference of0.1 meVyÅ2 [3,6].

In carrying out our analysis, we have performed
tensive molecular-dynamics simulations, with in-pla
periodic boundary conditions, on 16-layer slab syste
consisting of s2 5d 3 104 atoms. The experimentally
observeds28 3 5d structure [7,8] is used for the surfac
throughout this study. The structure can be character
by edge dislocations along [011] andf011̄g, respectively,
with the dislocation lines corresponding to the corruga
regions in connection with the excessive stress. It
worth noting that the corrugated lines can be identified
parallel stripes observed in STM experiments.
© 1998 The American Physical Society 2739
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Magic island width.—To study the optimal rectangula
island structure, we have investigated three character
configurations, namely, (i) as1 3 1d island of square
lattice structure on a reconstructeds28 3 5d surface, (ii) a
hexagonally reconstructeds28 3 5d island on thes28 3 5d
reconstructed surface, and (iii) a reconstructeds28 3 5d
island on top of as1 3 1d underneath substrate, while th
surface structure remains reconstructed. The chang
surface energy due to the existence of an island is

DES  sEtot 2 NEcohdyA 2 ES , (1)

where Etot is the total energy of the system,Ecoh the
cohesive energy,N the number of atoms of the system
A the total area of the surface, andES the surface energ
without the island.

As seen from Table I, the reconstructed island on a
reconstructed substrate stands for the most favorable
figuration in energy. Our calculation is the first dire
theoretical confirmation of the experimental implicati
of reconstructed island being the optimal structure.

There exist a large number of configurations for
reconstructed island. They can be classified accord
to the number of rows (width), smooth or steep edg
the length of the island, and finally, the location of t
island with respect to the surface structure. As can
observed from Tables I and II, the quantized islands w
6n 1 1 rows (n an integer) and smooth edge [s28 3

5d6n11ys1 3 1d hereafter] are energetically preferred,
the unquantized reconstructed islands (including thes1 3

5d6ys1 3 1d [2]) have surface energy,2 4 meVyÅ2.
Figures 1 and 2 show the side and top views of
optimizeds28 3 5d13ys1 3 1d island structure.

It is worth noting that thes28 3 5d6n11ys1 3 1d con-
figuration can arise from a transformation from thes1 3

1d5nys28 3 5d through a release of the stress associa
with contracted reconstruction surface, in that then 1 1
corrugated rows pop up as the edge of the island. As a
sult of such a transformation, the island is reconstructe
conformity of thes28 3 5d pattern, while the underneat
layer is recovered back to thes1 3 1d square structure
Illustrated in Fig. 3 is such a transformation process
n  2.

This scenario for the formation of the hexagona
reconstructed island has been confirmed through
simulations. The corrugated dislocation lines incorpor
themselves into the island structure, forming a hexa
nally reconstructed island withn new corrugated disloca

TABLE I. The change in surface energy for three prototy
island structures.

Island DES smeVyÅ2d
s1 3 1d10ys28 3 5d 8.01
s28 3 5d13ys1 3 1d 1.35
s28 3 5d13ys28 3 5d 3.99
2740
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tion lines. After the completion of this work, we becam
aware of the fact that experimental STM study observ
exactly the same structure, a quantized island in width
smooth edge, withn parallel stripes on the island structur
[9]. Specifically, the two types of islands (under high a
low deposition rates [1]) correspond ton  2 (30 Å) and
n  5, 6 (80 Å), respectively.

Size of the islands.—The experimental observation o
the dependence of island size on the deposition fl
rate can be qualitatively interpreted from our simulati
study. Shown in Table II are the changes of surfa
energies and the corresponding step energies with res
to different magic width. As seen from Table II, th
energy difference for different width is small, while from
an energetic point of view the larger islands (with smal
step energies) are preferred.

To shed light on the mechanism of island formation, w
have carried out intensive MD simulations of random
deposited adatoms at finite temperatures for about 20 p
It has been observed that after fast annealing of ini
configurations, for low coverages (#10% monolayer),
almost all the adatoms sink into the already compres
reconstructed surfaces, with a fraction of adatoms diffus
into the second layer. With the increase of the covera
the reconstructed islandysurface layer can accommoda
up to 4.5% monolayer (ML) adatoms, and the secon
layer of square symmetry can accommodate up to5%
ML adatoms; the remaining adatoms stay on top of
highly constrained surface layers, with small islands
the size of about ten adatoms being formed. The “su
in” phenomenon is largely connected to the fact th
the energy difference among the (M 3 5) reconstructed
surface/island configurations is very small, as can be s
from Table III for several reconstructed islands of the sa
width. Roughly speaking, thes44 3 5d, s28 3 5d, and
s20 3 5d reconstructed islands correspond to adding o
two, and three columns of adatoms to thes1 3 5d island,
respectively.

The above described “skin-deep” mechanism for isla
growth offers an explanation of the experimental obser
tion that the growth is two dimensional in that the adato
falling on top of the island readily sink in. On the othe
hand, the fast-annealed structure is not stable at fi
temperature against thermal activations. Indeed, our M
simulation at finite temperatures, e.g., at 400 K, reve
that the overly constrained layers move like waves. T

TABLE II. The change in surface energy for reconstruct
islands with different widthDES, and the corresponding width
step energy (DES divided by the length of the island width).

Island DES smeVyÅ2d Estep s1022 meVyÅ3d
s28 3 5d7ys1 3 1d 1.21 4.21
s28 3 5d13ys1 3 1d 1.35 2.34
s28 3 5d19ys1 3 1d 1.59 1.84
s28 3 5d`ys1 3 1d 0.71 0
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orrugated

FIG. 1(color). The optimized configuration of a reconstructed island (violet atoms) on top of the (28 3 5) layer (yellow atoms).
Also shown is the second layer (green atoms) of the slab. Note the corrugated rows of the island sit in between the c
rows of the (28 3 5) reconstructed surface.
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small islands formed on the surface tend to form lar
ones through two mechanisms. One involves the fo
ing of a reconstructed island via the transformation d
cussed above, and the other involves the reduction of
effect of the island edge. This implies that the islands t
to reconstruct and then form larger ones given suffic
time for equilibrium. In practice, the island formatio
with different deposition flux rates is a kinematic proce
With high deposition flux rate, the predominant mech
nism is the island reconstruction so that the small isla
are formed; while for low deposition flux rate, the se
ond mechanism takes into account and thus larger isla
are formed. Although a MD simulation of the process
the experimental time scale is not feasible, the experim
tally observed island size dependence on the depos
flux rate may be qualitatively understood along the abo
described lines.

Anisotropic diffusion.—The rate equation study [1
of the experimental flux and temperature dependenc
the island density suggests that diffusion of adato
along and perpendicular to the island edge is stron
anisotropic. We have studied the single adatom diffus
along the edges of reconstructed island. The migra
energy is found about 0.6 eV along the edge of the
constructed row, and about 1.4 eV along the edge per
dicular to the reconstruction row. While the calculati
supports the anisotropic diffusion, the calculated mig
tion barrier is much larger than that suggested by the
equation study. The suggested [1,2] diffusions of dim
FIG. 2(color). The top view of the optimized configuration of a reconstructed island (violet atoms), the (28 3 5) layer (yellow
atoms), and the second layer (green atoms) of the slab.
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and trimers are not favored in the present model as t
readily break apart.

The above study on the diffusion assumes conventio
pathways of hopping diffusion [10]. For single adato
on the reconstructed islands and surfaces, the stable
corresponds to the one right on top of the “second lay
atoms that are of a square symmetry. The diffus
paths are thus primarily straight lines, similar to those
Ag(100) [11]. However, a striking distinct feature is th
a large portion of such stable sites, mostly those aw
from the corrugated regions, sink into the reconstruc
island/surface. This contradicts the intuitive notion th
the stable site of adatoms is floating on top of t
island/surface. Diffusion migration energies along a
perpendicular to the reconstruction rows are strongly
dependent. As a result of the existence of this k
of stable sunk-in adatom sites, long-range diffusion p
(.6 Å) becomes possible, with the migration energy
low as 0.2 eV along the reconstruction rows. One sho
be cautious to compare this with the estimated va
extracted from rate equation study of the experimen
data, since the cooperative effect of other adatoms
no longer negligible, and the energy barriers are
sufficient to conclude about the contribution of hoppi
and exchange mechanism to the total diffusion [12].

Recently, Yu and Scheffler [13] predicted that exchan
diffusion should occur on Au(100) based on a dens
functional theory study. While the prediction focuses
the local exchange mechanism, our MD simulation stu
2741
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FIG. 3. Side view of (a) unreconstructed island on t
of a reconstructed (28 3 5) surface, and (b) a hexagonal
reconstructed island on top of a unreconstructed undern
substrate. The transformation from (a) to (b) involves the “p
up” of the corrugated rows associated with the reconstru
(28 3 5) layer, together with a lateral displacement of t
reconstruction rows. Notice that the corrugated rows in b
the reconstructed island and the (28 3 5) surface can be
directly observed by STM experiments.

with realistic surface reconstruction structure sugges
long-range exchange diffusion process. In this proc
the adatoms first sink into the reconstructed island or
face, resulting in local distortions of the hexagonal or
and excessive tensile strain. The excessive strain ca
released via cooperative motions of atoms involving in
constructed rows and transformation between the surf
island and underneath layers. Our long-time MD sim
lation study at finite temperatures, e.g., at 400 K, reve
that such a diffusion process is clearly observable. S
a diffusion process can be characterized as “long-ra
exchange,” different from the traditional hopping proce
considered in previous theories [2].

In summary, we have carried out an intensive M
simulation study of the island growth and diffusio
mechanism of gold atoms on the hexagonally rec
structed Au(100) surface. Our study shows that
hexagonally reconstructed islands with magic width
6n 1 1 rows and smooth edges are the energetically
vorable configurations, in agreement with the experim
tal observations. Furthermore, our calculation sugg
that the anisotropic diffusion mechanism can be attribu
to the cooperative motion of adatoms associated with
release of local stress, rather than the usual adatoms
2742
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TABLE III. The change in surface energy for reconstruc
island structures with different contraction in length.

Island DES smeVyÅ2d
s20 3 5d13ys1 3 1d 1.62
s28 3 5d13ys1 3 1d 1.35
s44 3 5d13ys1 3 1d 1.46
s1 3 5d13ys1 3 1d 1.86

ping mechanism. Moreover, the exchange diffusion
be long ranged, not limited to the short-range excha
diffusions described in other theories [13].
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