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

PACS numbers: 68.35.Fx, 68.10.Jy, 68.35.Bs, 68.55.—a

Surface adatoms and small cluster diffusion on metal Inspired by the experimental results, we have carried
clusters have been the subject of recent experimental aralit a large-scale molecular-dynamics (MD) simulation
simulational attention due to their important role playedstudy of the island growth and anisotropic diffusion on
in controlling the formation of surface layers, thin film Au/Au(100). Using a well-tested many-atom potential
growth, and catalysis. The nucleation and growth ofof gold constructed by Ercolessi, Tosatti, and Parrinello
Au islands on the reconstructed Au(100) are both in{3], our simulation study reveals that the optimal island
trinsically interesting and technologically important. It is “quantized” in concord to the “magic” size @f 13, ...
is expected that for the island growth, surface mor{6n + 1, wheren is an integer) reconstructed rows. The
phology depends strongly on the reconstructed substratearmation of a hexagonally reconstructed island in confor-
Recently, Gunther and co-workers [1] carried out amity with the pattern of the reconstructed Au(100) surface
scanning-tunneling microscope (STM) study of the nu-is energetically favored. Contrary to the proposed hop-
cleation and growth of Au islands on the hexagonallyping mechanism for adatom diffusion [2], our calculation
reconstructed Au(100) surface. It was shown that the@eveals that the long-range exchange effect plays a pre-
reconstructed substrate yields strong anisotropic effectslominant role in the anisotropic diffusion and the growth
specifically the rectangular shape of the island (islanadf hexagonally reconstructed islands.
shape anisotropy) and strongly anisotropic diffusion. The The semiempirical many-body “glue model” [3] be-
latter was deduced from the rate equation analysis dbngs to the same class as the embedded-atom method [4]
the experimental flux and temperature dependence of thend “pair-functional” models [5]. The glue potential for
island density. Two typical sizes of the islands, namelygold has been well tested and is known to provide good
(i) islands of widths of 30 A and lengths ranging from results for diverse surface properties. Specifically, the
100 to 150 A at high deposition flux rate and (i) islandsmodel is capable of explaining the structure and phases
of widths of less than 80 A and lengths around 700 A atof the reconstructed Au(100) surface. It is worthwhile to
low deposition flux rate, were reported. mention that the simulation study @¥ X 5) reconstruc-

In spite of this intriguing picture, there has remainedtion configuration (i.e.M + 1 first-layer atoms on top of
a paucity of theoretical studies on the island growth and/ second-layer atoms along [011], in addition to the 6-
anisotropic diffusions for AAu(100). A clear under- onto-5 registry alond011]), reveals that the energies are
standing of the origin of anisotropic effects has beenvery close for the rang20 < M < 35, with a surface en-
hindered by the lack of quantitative theoretical calcula-ergy difference of).1 meV/A? [3,6].
tions. Recently, Bonig, Liu, and Metiu [2] employed the In carrying out our analysis, we have performed in-
effective-medium theory to investigate the diffusion oftensive molecular-dynamics simulations, with in-plane
adatoms for an-atom-wide(1 X 5) reconstructed island periodic boundary conditions, on 16-layer slab systems
on top of unreconstructed underneath. Their calculatiomonsisting of (2-5) X 10* atoms. The experimentally
indicates that kinetics favors = 6, in that the adatom observed(28 X 5) structure [7,8] is used for the surface
diffusion along the long side of such a reconstructed islandhroughout this study. The structure can be characterized
is much faster tham # 6. However, due to the limita- by edge dislocations along [011] af@l1], respectively,
tion of the employed interatomic potential (not capable ofwith the dislocation lines corresponding to the corrugated
predicting the reconstructed surface), their interpretatiomegions in connection with the excessive stress. It is
of experiments needs to be reexamined with more realistievorth noting that the corrugated lines can be identified as
models. parallel stripes observed in STM experiments.
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Magic island width—To study the optimal rectangular tion lines. After the completion of this work, we became
island structure, we have investigated three characteristeware of the fact that experimental STM study observed
configurations, namely, (i) 41 X 1) island of square exactly the same structure, a quantized island in width and
lattice structure on a reconstructé@® X 5) surface, (i) a smooth edge, with parallel stripes on the island structure
hexagonally reconstructé@8 X 5)island onth€28 X 5)  [9]. Specifically, the two types of islands (under high and
reconstructed surface, and (iii) a reconstruct2®l X 5)  low deposition rates [1]) correspond #o= 2 (30 A) and
island on top of &1 X 1) underneath substrate, while the n = 5,6 (80 A), respectively.
surface structure remains reconstructed. The change of Size of the islands—The experimental observation on

surface energy due to the existence of an island is the dependence of island size on the deposition flux
rate can be qualitatively interpreted from our simulation
AEs = (Eyox — NE.on)/A — Eg, (1) study. Shown in Table Il are the changes of surface

energies and the corresponding step energies with respect
where E, is the total energy of the systent.,, the to different magic width. As seen from Table I, the
cohesive energylN the number of atoms of the system, energy difference for different width is small, while from
A the total area of the surface, afig the surface energy an energetic point of view the larger islands (with smaller
without the island. step energies) are preferred.

As seen from Table |, the reconstructed island on a un- To shed light on the mechanism of island formation, we
reconstructed substrate stands for the most favorable cohave carried out intensive MD simulations of randomly
figuration in energy. Our calculation is the first direct deposited adatoms at finite temperatures for about 20 psec.
theoretical confirmation of the experimental implication It has been observed that after fast annealing of initial
of reconstructed island being the optimal structure. configurations, for low coverages=(0% monolayer),

There exist a large number of configurations for thealmost all the adatoms sink into the already compressed
reconstructed island. They can be classified accordingeconstructed surfaces, with a fraction of adatoms diffusing
to the number of rows (width), smooth or steep edgesinto the second layer. With the increase of the coverage,
the length of the island, and finally, the location of thethe reconstructed islafidurface layer can accommodate
island with respect to the surface structure. As can bep to 4.5% monolayer (ML) adatoms, and the second
observed from Tables | and IlI, the quantized islands witHayer of square symmetry can accommodate up%
6n + 1 rows (@ an integer) and smooth edgé&§ x ML adatoms; the remaining adatoms stay on top of the
5)en+1/(1 X 1) hereafter] are energetically preferred, ashighly constrained surface layers, with small islands of
the unquantized reconstructed islands (including(th&  the size of about ten adatoms being formed. The “sunk-
5)6/(1 X 1) [2]) have surface energy-2—-4 meV/A2. in” phenomenon is largely connected to the fact that
Figures 1 and 2 show the side and top views of arthe energy difference among th&f (X 5) reconstructed
optimized(28 X 5)13/(1 X 1) island structure. surface/island configurations is very small, as can be seen

It is worth noting that thg28 X 5)¢,+1/(1 X 1) con-  from Table lll for several reconstructed islands of the same
figuration can arise from a transformation from fiex  width. Roughly speaking, thé4 X 5), (28 X 5), and
1)5,/(28 X 5) through a release of the stress associate0 X 5) reconstructed islands correspond to adding one,
with contracted reconstruction surface, in that the- 1 two, and three columns of adatoms to thex 5) island,
corrugated rows pop up as the edge of the island. As a r@espectively.
sult of such a transformation, the island is reconstructed in The above described “skin-deep” mechanism for island
conformity of the(28 X 5) pattern, while the underneath growth offers an explanation of the experimental observa-
layer is recovered back to th@ X 1) square structure. tion that the growth is two dimensional in that the adatoms
lllustrated in Fig. 3 is such a transformation process forfalling on top of the island readily sink in. On the other
n=2. hand, the fast-annealed structure is not stable at finite

This scenario for the formation of the hexagonallytemperature against thermal activations. Indeed, our MD
reconstructed island has been confirmed through MDBimulation at finite temperatures, e.g., at 400 K, reveals
simulations. The corrugated dislocation lines incorporatéhat the overly constrained layers move like waves. The
themselves into the island structure, forming a hexago-

nally reconstructed island with new corrugated disloca- TABLE Il. The change in surface energy for reconstructed

islands with different widtlPAEg, and the corresponding width

TABLE I. The change in surface energy for three prototypeStep energy4 Es divided by the length of the island width).
island structures.

Island AEg (meV/A?)  Ey., (1072 meV/A%)
Island AEs (meV/AY) "8 5),/(1 x 1) 121 4.21
(1 X 1)10/(28 X 5) 8.01 (28 X 5)13/(1 X 1) 1.35 2.34
(28 X 5)13/(1 X 1) 1.35 (28 X 5)10/(1 X 1) 1.59 1.84
(28 X 5)13/(28 X 5) 3.99 (28 X 5)./(1 X 1) 0.71 0
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FIG. 1(color). The optimized configuration of a reconstructed island (violet atoms) on top dt&he §) 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 corrugated
rows of the £8 X 5) reconstructed surface.

small islands formed on the surface tend to form largeand trimers are not favored in the present model as they
ones through two mechanisms. One involves the formreadily break apart.
ing of a reconstructed island via the transformation dis- The above study on the diffusion assumes conventional
cussed above, and the other involves the reduction of theathways of hopping diffusion [10]. For single adatom
effect of the island edge. This implies that the islands ten@n the reconstructed islands and surfaces, the stable site
to reconstruct and then form larger ones given sufficientorresponds to the one right on top of the “second layer”
time for equilibrium. In practice, the island formation atoms that are of a square symmetry. The diffusion
with different deposition flux rates is a kinematic processpaths are thus primarily straight lines, similar to those for
With high deposition flux rate, the predominant mecha-Ag(100) [11]. However, a striking distinct feature is that
nism is the island reconstruction so that the small islanda large portion of such stable sites, mostly those away
are formed; while for low deposition flux rate, the sec-from the corrugated regions, sink into the reconstructed
ond mechanism takes into account and thus larger islandsland/surface. This contradicts the intuitive notion that
are formed. Although a MD simulation of the process atthe stable site of adatoms is floating on top of the
the experimental time scale is not feasible, the experimerisland/surface. Diffusion migration energies along and
tally observed island size dependence on the depositiomerpendicular to the reconstruction rows are strongly site
flux rate may be qualitatively understood along the abovedependent. As a result of the existence of this kind
described lines. of stable sunk-in adatom sites, long-range diffusion path
Anisotropic diffusion—The rate equation study [1] (>6 A) becomes possible, with the migration energy as
of the experimental flux and temperature dependence dbw as 0.2 eV along the reconstruction rows. One should
the island density suggests that diffusion of adatomde cautious to compare this with the estimated value
along and perpendicular to the island edge is stronglextracted from rate equation study of the experimental
anisotropic. We have studied the single adatom diffusiordata, since the cooperative effect of other adatoms is
along the edges of reconstructed island. The migratiomo longer negligible, and the energy barriers are not
energy is found about 0.6 eV along the edge of the resufficient to conclude about the contribution of hopping
constructed row, and about 1.4 eV along the edge perpemnd exchange mechanism to the total diffusion [12].
dicular to the reconstruction row. While the calculation Recently, Yu and Scheffler [13] predicted that exchange
supports the anisotropic diffusion, the calculated migradiffusion should occur on Au(100) based on a density-
tion barrier is much larger than that suggested by the ratinctional theory study. While the prediction focuses on
equation study. The suggested [1,2] diffusions of dimerghe local exchange mechanism, our MD simulation study
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FIG. 2(color). The top view of the optimized configuration of a reconstructed island (violet atomsp8the 5) layer (yellow
atoms), and the second layer (green atoms) of the slab.
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(a) TABLE lll. The change in surface energy for reconstructed
island structures with different contraction in length.
Q000000000 Island AEs (meV/A?)
00R00000200000R00000R00 s
OOOOOOOOOOOOOOOCS)O%OOOOOO% (20 X 5)13/(1 X 1) 1.62
(28 X 5)13/(1 X 1) 1.35
(b) (44 X 5)13/(1 X 1) 1.46
(1 X 5);3/(1 X 1) 1.86
0R00O00R00
elexerete) O 0000R0C
OOO O 80 OOO OOOOOOOOO OOOO%OO OOO O Q%

FIG. 3. Side view of (a) unreconstructed island on topplng mechanism. Mo_re_over, the exchange diffusion can
of a reconstructed2g X 5) surface, and (b) a hexagonally P€ long ranged, not limited to the short-range exchange
reconstructed island on top of a unreconstructed underneatiiiffusions described in other theories [13].

substrate. The transformation from (a) to (b) involves the “pop  This work was supported by the National Science Foun-
1(12%‘ >?fsghelacg:rut%atgtdhé?v\\;\?itr?szo?;?é?gl Vélltsh Igfe%eecr?tn%tfmtﬂg@iation under Grant No. HRD9450386, Air Force Office of

reconstructi)(/)n,rowgs. Notice that the corrug?ated rows in botrocientific Research under Grant No. F49620-96-1-0211,
the reconstructed island and th@8(x 5) surface can be and Army Research Office under Grant No. DAAH04-95-
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