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Direct Observation of Two Dimensional Magic Clusters
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Two dimensional magic clusters have been directly observed or/sh& /3 R30° reconstructed
Ga/Si(111) surface using scanning tunneling microscopy. The magic numbengrare 1)/2, where
n (2, 3, 4, or 5) is the number of atoms on each side of these triangular clusters with preferred
orientation with respect to the substrate. T8 X +/3R30° adatom lattice surrounding the magic
clusters exhibits characteristic vacancies. A structural model is proposed to account for the cluster
orientation and lattice vacancies as well as the extraordinary abundance and stability of the decamers
(n = 4). [S0031-9007(98)06520-X]

PACS numbers: 68.35.Bs, 61.16.Ch

Magic clusters, i.e., clusters with enhanced stability aplay between the cluster and its surroundings that leads to
certain sizes, have been intensively studied over the lashe formation of 2D magic clusters.
decade. For magic clusters in free space, many interesting Part of the reasons for choosing Ga for the study is be-
results about their electronic and atomic shell structuresause of its tendency to form various kinds of particular
are found in the literature [1-6]. In contrast, magicclusters in its liquid state. This unusual behavior is be-
clusters supported by a substrate (henceforth referreieved to be related to the peculiar phenomenon that Ga
to as 2D magic clusters) are rarely discussed. Onljiquid can be supercooled to one-half of its melting tem-
recently have researchers found indirect evidence of sugberature [12]. Although the peculiar Ga clustering phe-
clusters in a molecular beam scattering experiment [7homenon has never been studied on any substrate surface
and issues related to the stability of clusters on variouso our knowledge, adsorption of Ga on various substrates
substrates caught researchers’ attention [8,9]. The maimas been examined. Specifically, adsorption of Ga on the
difference between free and supported clusters lies i®i(111) surface has been studied extensively using vari-
the presence of the supporting substrate for the lattenus surface analytical techniques [13—15]. Deposition of
The geometric constraint and electronic effect exerted b)}k monolayer (ML)(1 ML = 7.8 X 10'* Ga/cn?) of Ga
the substrate may or may not destroy the stability of amand subsequent annealing-a$50 °C lead to the forma-
approaching magic cluster. For example, according t@ion of /3 X /3 R30° adatom surface lattice (henceforth
a calculation [8], Na (a magic cluster in free space) abbreviated as adatom lattice). Recent STM studies have
retains its intrinsic structure after landing on the insulatingrevealed that the position of the Ga is on the fourfold-
NaCl(100) surface, but it spontaneously collapses on theoordinated sit€T}), rather than the threefold-coordinated
Na(110) surface. Therefore, it is of fundamental intereshollow site (H3), which was intuitively assigned to be the
to search for direct evidence of 2D magic clusters andnore stable bonding configuration [16,17]. Another in-
study the cluster-surroundings interaction that needs not teresting finding about this system was that higher Ga
be considered for magic clusters in free space. The recegbverage(~0.8 ML) and subsequent annealing tempera-
interests in 2D magic clusters are also related to emerginguire at 300-500 °C resulted in the formation of hex-
attempts to coat surfaces with size-selected clusters [10hgonally closed packed aggregates with an approximate
Since the formation of 2D magic clusters is a plausibleperiodicity of 2.4 nm [18]. These so called supercells
approach to the creation of this type of novel material, itwere identified with thes.3 X 6.3 incommensurate over-
is important to experimentally demonstrate the existencéyer structure [19].
of 2D magic clusters and understand the conditions and QOur experiment was conducted in an ultrahigh vac-
mechanism for their formation. uum (UHV) chamber equipped with a low energy

In this Letter, we report the first direct observation of electron diffraction (LEED) optics and a variable tem-
2D magic clusters on the/3 X +/3R30° reconstructed perature STM (Omicrom VT-STM). The base pressure
Ga/Si(111) surface using a scanning tunneling micro-of the chamber was maintained & X 10~!! Torr.
scope (STM) [11]. We have identified the magic numbersHighly B-doped Si(111) substrates with resistivity of
for these triangular clusters and observed characteristic0.01 Ohmcm and typical terrace size 0£200 nm
vacancies on their surrounding3 X +/3R30° adatom  were used throughout the experiments. The Si substrates
lattice. The vacancies are believed to be related to th@ere cleaned by the resistive flashing in UHV until a
preferred orientation of the clusters with respect to thenigh quality 7 X 7 reconstruction was observed by both
substrate. These findings vividly demonstrate the intert EED and STM. High purity Ga (99.999 99%) was then
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deposited onto the surface using an effusion cell heate(Since our main concern is in clusters, we have chosen
by electron beam bombardment. The typical depositiomot to include monomers and dimers in Fig. 2.) The
rate was set at-1 ML/ min using the coverage qlf ML  histogram clearly shows the existence of magic clusters in
needed for thev/3 X +/3R30° reconstruction as the this system. The magic numbers arer + 1)/2, where
relative coverage calibration. The temperature calibratiof (2, 3, 4, or 5) is the number of atoms on each side of the
was achieved by pyrometry with an estimated accuracy ofluster. Decamein = 4) is the most abundant and stable
+30 °C. species. lIts stability is further confirmed by prolonged
We deliberately employed a two-step procedure forin situ STM imaging at elevated temperatures. Noticeable
the sample preparation. The3 X /3R30° surface disappearance of the decamers starts only at temperatures
was prepared by a first deposition ¢fML of Ga at beyond~350°C, leading to the growth of much larger
room temperaturg25 °C) and subsequent annealing at clusters through the Oltswald ripening process.
550°C. Following a second deposition of% ML of A detailed image o.f a decamer is s_hown in Fig. 3. It
Ga, the sample was annealed fet0 sec at temperatures has a characteristic triangular shape with four atoms along
betWeen 200 and00 °C. The careful sample preparation each side. Three atoms on the corners and the one at the
enabled us to follow the behavior of adatoms afterc€Nter occupy the origindly sites of the adatom lattice.
various postdeposition treatments. Most of the STMSIX additional atoms on the sides appear approximately

observations were carried out at room temperature excefdf! the degeneratdy sites that do not belong to the
some high temperature~ 400 °C) imaging was carried orlgl_nal ada?c')m lattice. If we .temporarlly ignore the
out for studying the thermal stability of the clusters. detailed positions of these additional atoms, the decamer

Immediately after the second Ga deposition onto th&ssentially assumes BX 1 overlayer structure on the

V3 X J3R30° surface, Ga droplets and vacancies 1-5i(111) surface. However, under careful examination, the
' . ositions of the additional atoms appear to deviate from

2 nanometers in size, are formed simultaneously on th q X el lud
adatom lattice. Subsequent annealing leads to the healifge €Xact degenerat, sites. We tentatively conclude

of the adatom lattice with some aggregation of Ga alonglat they are located at somewhere between the degenerate
the step edges as well as the formation of many smalf+ @nd the neighboring atop sites [Fig. 4(a)]. Detailed
t

clusters in the middle of terraces. Figure 1 is a typical eoretical calculations are being conducted to pinpoint

STM image showing these clusters imbedded in the¢€ Precise location of each atom in a decamer [20].

J3 X 3R30° adatom lattice. The majority of these As shown in Figs. 3 and 4(a), along each side of the
flecamer, a Ga is missing from the adatom lattice. The

clusters are triangular and they exhibit size preference; < ) ! .
indicating the existence of magic numbers. Based ofgharacteristic vacancies suggest that intracluster attraction

close examinations of many atomically resolved STMIS stronger than the Ga-substrate interaction. The magic

images covering a total area 6f(140 nm)?, a histogram CIUStﬁr is formed at the exptlens_e of I]:eavmg_ vacan%les
for the clusters is compiled (Fig. 2). For the cluster®n the surrounding adatom lattice. If we ignore the

counting, two atoms are considered to belong to the same
cluster if their apparent lateral separation is less than

the size of the unit cell (0.66 nm) of the adatom lattice. gsopfp T T T T T TT T T T T T T T
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FIG. 1. STM image(size= 31 X 21 nn¥) of 2D clusters on Cluster Size (atom)
the v/3 X +/3R30° Ga/Si(111) surface. Image was obtained
with the tip biasV, = —1.6 V and tunneling current/, = FIG. 2. Histogram of 2D clusters showing the existence of
1.8 nA. magic numbers.

165



VOLUME 81, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JLy 1998

of the clusters by reducing the number of Si dangling
bonds in its surroundings. One could also infer that the
intracluster interaction is strong enough to leave three
but not six Si dangling bonds on the substrate surface.
Otherwise, clusters with both types of orientations would
have been observed on the surface.

Hexamers are observed exclusively in the regions with
higher concentration of vacancies on the adatom lattice.
Sometimes they appear on the boundary between differ-
ent degenerate/3 X /3 R30° domains, as shown by the
clusters in the middle of Fig. 5(a). The boundaries be-
tween these domains are accommodated by the forma-
tion of eitherp(f (2’) or p(% ;) local adatom structures.

= There are one and two Si dangling bonds in each unit cell
[112] of these local structures, respectively. These local struc-
FIG. 3. STM image(size= 3.7 X 3.4 n?) of a decamer tures can also pe treated as a type of ordered vaganciqs on
and the surrounding adatom lattice with characteristic patten]ih_e adatom lattice. Hexamers are also observed in regions
of vacancies. Image was obtained with = —2.5V and  With many random vacancies, as shown by the two clus-
I, = 2.0 nA. ters in the lower right corner of Fig. 5(a). The preferred
location of hexamers seems to indicate that high concen-

f f1h b i q Itration of vacancies, ordered or random, is essential for
eftect of the substrate temporarily, and concentrate onlyheir formation. (Trimers are also observed exclusively

on the adatom lattice that has sixfold symmetry, W&, regions with high concentration of vacancies. How-
could propose two possible structural models for the,er "hecause their surroundings are usually much worse
decamer as shown in Figs. 4(a) and 4(b). The maifyefined, we decide not to discuss the details.)

difference between the two models is in the orientation 11 largest observed magic clusters are 15-mers
of the decamer with respect to the Si(111) substrate thaﬂ;ig. 5(b)]. However, atoms are sometimes missing

has threefold symmetry. One is rotated B9° with o the corners of the clusters leading to the formation
respect to the other. Since the orientation of the observe 13- [Fig. 5(c)] and 14-mers. Similar to hexamers
decamers and other 2D magic clusters are consistent witty .« clusters belonging to this = 5 shell exist on '

the model of Fig. 4(a) exclusively, the substrate Must,e poundaries between the degenerd® x /3 R30°
have a way of dictating the orientation of the clusters.yomains [Fig. 5(b)] or in the regions with more vacan-
Detailed examination of the models reveals that (a) hagjes.  The characteristic vacancies along the sides of
one while (b) has two Si dangling bonds associated Withhe gecamer persist in the surrounding of these larger
each vacancy on the adatom lattice. This observatiog),siers. This characteristic further supports the validity
suggests that the substrate could dictate the orientatiogy e proposed structural model for the magic clusters.

[110]

missing\/? xV3 Ga

1st layer Si

1st layer Si with dangling bond
2nd layer Si

FIG. 4. Structural models for a decamer on th& X FIG. 5. STM images of (a) hexamers, (b) a 15-mer, and (c) a
V3 R30° Ga/Si(111) surface. Model (a) is rotated bg° with 13-mer. The lines on (a) and (b) indicate the boundaries be-
respect to (b), and each exhibits three and six Si dangling bondsveen two degenerate adatom lattice domains. Images were ob-
in its surroundings, respectively. Orientations of the observedained withV, = —2.5V and I, = 2.0 nA, and image size=
magic clusters are consistent with model (a) exclusively. 7.2 X 8.9,4.8 X 5.2, and4.8 X 5.4 nn?, respectively.
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The size dispersion for the = 5 clusters appears to be and higher symmetry. However, the effect of the confined
larger than that of the other species (Fig. 2), suggestingnotion of electrons in a 2D island could also play a sig-
their lower relative stability. It could also suggest thatnificant role in dictating the size preferences [21]. Further
15-mers are created using decamers as nucleation centettggoretical efforts are needed before detailed structure and
and the observed 13- and 14-mers are the remnants of ti@rmation mechanism of these interesting 2D magic clus-
growth process. ters can be clearly understood.

The relative abundance among the magic clusters, We thank Dr. J. Shiao for contribution to the construc-
especially the extraordinary abundance of the decamerpn of the STM system, and Dr. J.-C. Lin, Dr. H.-C.
could be qualitatively understood using the model ofChang, and Dr. K.-J. Song for valuable suggestions and
Fig. 4(a) as a vehicle. If we ignore the substrate andliscussions. This work was supported partly by the
adatom lattice, all the magic clustdis = 2, 3, 4, or 5) National Science Council (Contract No. 87-2112-M-001-
exhibit closed-shell structure and threefold symmetry011), Taiwan, Republic of China.
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