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ARTIFICIAL METAL NANOCLUSTER CRYSTALS
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Artificial metal nanocluster crystals, (i.e. periodic lattices consisting of identical metal

nanoclusters) were fabricated using a novel technique in which surface mediated magic
clustering was used to achieve identical cluster size, while the Si(111)-7 × 7 surface
was used as a template for ordering the clusters. The universality of this strategy was
demonstrated by fabricating more than 10 different nanocluster arrays with different
metals and alloys. The atomic structures, formation mechanism and stability of the
nanoclusters were studied with in situ scanning tunneling microscopy combined with
first-principles total energy calculations. Our study shows that delicate control of growth
kinetics is extremely important for cluster crystal fabrication.

1. Introduction

The fabrication and the understanding of nanoclusters have recently become ex-

citing areas of research1–11 owing to their tremendous potential in technology ap-

plications and scientific importance in bridging our understanding between molec-

ular and condensed matter physics. The properties of nanoclusters are size- and

composition-specific, so it is possible to design materials with desired properties by

choosing the correct size and composition of clusters. Their special properties may,

however, be degraded by the inhomogeneity in nanocluster materials with broad

size distribution and random spatial arrangements. It therefore becomes critical

(for their practical application) to fabricate stable, ordered, and identical-sized

nanocluster arrays. In many aspects, nanoclusters are artificial atoms,9,12 so a pe-

riodic lattice made up of the clusters of the same nanometer size is an artificial

crystal. This new form of condensed matter provides unprecedented opportunities

for exploring the laws of physics. Self-organization in heterogeneous strained thin
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film growth13,14 and self-assembly in chemical synthesis6,11 are two of the most

commonly used methods to obtain such nanostructures. However, none of these

methods has succeeded in producing identical nanodots with periodic spatial dis-

tributions, which are highly desired for practical device engineering.

In this work, a novel technique, in which surface-mediated magic clustering is

used to achieve the identical dot size, while the Si(111)-7 × 7 surface is used as

a template for positioning them in order, was developed to fabricate the artificial

nanocluster crystals.15–17 The atomic structures, formation mechanism and stabi-

lity of the nanoclusters were studied with in situ scanning tunneling microscopy

observation combined with first-principles total energy calculations.

2. Experimental Details

The experiments were carried out with an OMICRON variable temperature STM

operated in ultrahigh vacuum (base pressure ∼ 5× 10−11 Torr).18–20 The samples

were heated by passing electric currents directly through them, and the sample

temperatures were monitored by an infrared pyrometer. The Si(111) samples (as

doped, 0.1 ohm cm) were cleaned by flashing to∼ 1200◦C, while keeping the vacuum

better than 1 × 10−9 mbar. Well-ordered Si(111)-7 × 7 surfaces can normally be

obtained after cleaning. Boron nitride crucibles were used to produce Al, Ga, In

(purity 99.9999%) and Mn (purity 99.9%) atomic beams. Ag and Pb deposition

was performed by direct current heating in a tungsten bracket filament. A chemi-

cally etched tungsten tip was used as the STM probe. All STM images reported

here were recorded in the constant current mode with a tunneling current of 20 to

100 pA.

3. Results and Discussion

Figure 1(a) shows a large scale STM image of the ordered Al cluster array on the

Si(111)-7 × 7 substrate. We can clearly see that the cluster array is very uniform

in this large area. Larger area scans and scans at different locations reveal that the

cluster array is even uniform over the whole sample surface (∼ 2×9 mm2). A zoom-

in STM image (at negative sample bias) is shown in Fig. 1(b). Each bright spot in

the image corresponds to an Al cluster. Except for some inhomogeneities caused by

defects or locally over-deposited Al, the ordering of the clusters is essentially perfect.

The Al clusters equally occupy both halves of the Si(111)-7× 7 unit cell forming a

characteristic honeycomb structure. Considering each cluster as an artificial atom,

this periodic lattice of the same-sized clusters represents a new artificial crystal,

and the geometry of this “lattice” is the same as that of the Si(111)-7× 7.

In the high resolution STM image (Fig. 1(c)), the Al clusters appear triangular

and reside at the center of each half of the Si(111)-7 × 7 unit cell. Each cluster

contains six bright spots, the three on the edge are brighter than those at the corner.

The distance between two edge spots is (5.5±0.5) Å; while the distance between the

corner spot and neighboring edge spot is (4.6±0.5) Å. The empty-state STM image
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Fig. 1. (a) Perfectly ordered Al nanocluster array at ∼ 0.25 ML Al coverage. The image was
obtained at Vs = 2.0 V. The image size is (100 × 100) nm (deposition rate ∼ 0.01 ML/min at
temperature ∼ 300◦C). (b) Close-up view of the Al nanoclusters array in (b). Vs = −2.0 V. The
image size is (30 × 30) nm. (c) Atomically resolved STM image (10 × 10) nm of the Al clusters
recorded at +1.1 V. (d) Coexistence of Si(111)-

√
3 × √3-Al, -

√
7 × √7-Al and Al nanoclusters

after annealing the sample in (b) at about 550◦C. The image size is (25×25) nm and Vs = 1.2 V.

of the Al cluster is very similar to that of the Ga cluster.17 However, it is different

from that of the In cluster where the three spots on the edges of the triangle appear

darker.15–17

In addition, the Al nanocluster array is stable and can survive even at an

annealing temperature up to 500◦C. After annealing the Al nanocluster array

(shown in Figs. 1(b) and (c)) at about 550◦C, small areas of
√

3 × √3-Al and√
7 × √7-Al appear and coexist with the Al nanoclusters, as shown in Fig. 1(d).

According to the atomic structure models of the Si(111)-
√

3×√3-Al and -
√

7×√7-

Al, each
√

3×√3 unit cell contains one Al atom, while the
√

7×√7 unit cell has

three Al atoms.21 Assuming that all Al atoms forming the
√

3 × √3-Al or the√
7 × √7-Al reconstruction come from the clusters in the same area (this is true

as no noticeable change in the surrounding areas was observed), the number of the

total Al atoms in the reconstruction area can be easily calculated. With this simple

method, each Al cluster is determined to contain (6 ± 0.3) Al atoms.

First-principles total energy calculations were performed to investigate the

atomic structure and formation mechanism of the Al clusters. Starting from the
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Fig. 2. (a) Top view of the honeycomb atomic structure model proposed for the Al six-atom
cluster. (b) Top view of the atomic structure established for the In/Ga/Al cluster in this work.
The big hatched balls are Al atoms and the small solid balls are Si adatoms.

STM observation and coverage measurement, we calculated the formation energies

of three possible structure models: (i) three-Al-atom cluster within the triangle

defined by the three Si rest atoms, (ii) six-Al-atom cluster forming a hexagonal

ring (Fig. 2(a)), and (iii) six-Al-atom cluster forming a hollow-centered triangle

(Fig. 2(b)). It is found that the optimized structure is the Al6 model, as demon-

strated in Fig. 2(b). In this model six threefold-coordinated Al form a triangle and

three Si adatoms originally on the edge are displaced towards the triangle center

considerably (Fig. 2(b)). So, the three Si adatoms originally on the edge and the

three Si rest atoms become fourfold-coordinated, removing six dangling bonds from

each 7× 7 unit cell. The simulated STM image based on this conformation agrees

well with the experiment.16,17

To test the generality of the method, we studied several different systems. These

systems have been investigated previously, and there is no report on the formation

of such ordered cluster array. The growth conditions are very important for such

nanocluster formation, and the window is very narrow, which is probably the most

important reason why these nanoclusters were not found in previous studies. The

universality of this strategy is demonstrated by our success in fabricating more

than 10 different nanocluster arrays with different metals and alloys, including Al,

Ga, In, Pb, Mn, Ag, In/Mn and Ag/In. In Fig. 3, we show a library of 12 different

patterns of perfectly-ordered, highly uniform In, Ga, Ag, Mn and Co cluster arrays

on Si(111) fabricated using this method.15–17,19 We note that

(i) all the ordered cluster arrays shown here are stable at temperatures up to

200◦C. This feature is to be contrasted with metal clusters formed on metal

surfaces, which are typically stable only at low temperatures (e.g. up to 150 K

for Ag nanoclusters on Pt(111)14);

(ii) there is no fundamental limitation on fabricating identical-size clusters.

Thus, upon further improvement the present approach can be made precise and

practical in fabricating perfectly ordered identical-size cluster arrays. We further

emphasize that our approach is not limited to Si. It applies as long as the substrate
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Fig. 3. An image library showing the appearance and spatial arrangement of 12 different nan-
ocluster arrays (only one 7 × 7 unit cell is shown). (a) In6 cluster, (b) In9 cluster, (c) two In6
clusters in a honey-comb structure, (d) Ga6 cluster, (e) Ga6 clusters in a honey-comb structure,
(f) Ag3 cluster, (g) Ag6 cluster, (h) Ag9 cluster, (i) Ag12 cluster, (j) In12 + Cox cluster in a
honey-comb structure, (k) In6 + Ag3 cluster, and (l) In6 + Mn3 cluster.

template used to accumulate and separate these building blocks exists or can at

least be prepared.

4. Conclusion

In this work, high-quality artificial metal nanocluster crystals were fabricated on

Si(111)-7× 7 by a novel method involving surface-mediated magic clustering. The

atomic structure and formation mechanism of Al clusters were investigated by STM

and first-principles total energy calculations. It is found that delicate control of

the growth kinetics is very important to achieving successful results. We would

point out that there is essentially no limitation to this strategy. High stability and

unique structure of these nanocluster crystals provide unprecedented opportunities

for exploring new physical phenomena and applications.
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