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Effect of Surface Reconstruction on Stability and Reactivity of Si Clusters
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It is proposed that “magic-number” Si clusters of intermediate size correspond to structures in which
exactly all surface atoms participate in reconstructions similar to bulk-Si surfaces. Models are given for
the experimentally observed stable clusters of 33 and 45 atoms, which display features similar to the
7x7 and 2x1 reconstructions of the Si(111) surface. The nature of bonding in the energy-optimized
atomic geometries is revealed, through first-principles electronic structure calculations, to be covalent.

PACS numbers: 61.50.Lt, 36.40.+d

Small clusters of atoms have recently become the sub-
ject of intense study in the hope that their properties can
provide new insight to the physical and chemical behav-
ior of the parent materials. In particular, the high
surface-to-volume ratio in small clusters and their size-
dependent reactivity may help shed light on complex
processes such as catalysis. Moreover, the flexibility
afforded by the small number of atoms could give rise to
novel structures, which can possibly lead to the synthesis
of artificial materials with uncommon properties.! For
example, small (n < 10) clusters of Si exhibit high coor-
dination,? in contrast to the tetrahedral bonding of the
diamond lattice which characterizes the stable crystalline
and amorphous phases. Si clusters of somewhat larger
size show dramatic changes in their chemical reactivity,
depending on the number of atoms in the cluster.® Thus,
some clusters (specifically n=33, 39, and 45) have reac-
tivity several orders of magnitude lower than their im-
mediate neighbors in size.

In order to elucidate the properties of Si clusters, it is
of great importance to develop specific models for their
structure. In the case of small (n < 10) clusters, exten-
sive first-principles calculations have explored the con-
figurational phase space and have identified the lowest-
energy structures.>*> This procedure, however, is not
practical for larger sizes: For a system with many de-
grees of freedom the problem of identifying and sorting
the lowest-energy configurations belongs to the class of
NP-complete problems and quickly becomes computa-
tionally intractable as the size increases.® Thus, for clus-
ters of intermediate size (10 <n < 100), the search for
the lowest-energy structure through first-principles cal-
culations is necessarily limited to a subset of the possible
configurations and must be guided by physical insight or
empirically developed models.” It is also reasonable to
concentrate on finding models for experimentally ob-
served sizes of exceptional stability (so-called “‘magic
numbers”), which can then serve as paradigms for the
structural characteristics of clusters.

In this Letter a new, physically motivated approach to
the study of intermediate-size Si clusters is proposed. It
is based on the premise that for n —~30-40 it is possible
to construct a network containing a core of fourfold-
coordinated atoms, similar to bulk Si, which are sur-

rounded by a surface of atoms with optimal (threefold or
fourfold) coordination, similar to Si surfaces. Structures
of exceptional stability can be obtained when exactly all
surface atoms participate in the surface reconstruction
and any change in the size (addition or removal of
atoms) introduces ‘‘defects” similar to those on bulk sur-
faces. Pursuing this premise, and guided by experimen-
tal results, I have constructed two models, containing 33
and 45 atoms, that fulfill all the structural requirements
outlined above. These sizes are observed experimentally
to have unusually low chemical reactivity,® which can be
interpreted as an indication of their stability. The most
interesting aspect of the proposed models is that al/l sur-
face atoms participate in forming geometric configu-
rations that resemble very closely the two most stable
reconstructions (7x 7 for the size 33 and 2% 1 for the size
45) of the (111) surface which is the cleavage plane (i.e.,
the lowest-energy surface) of Si.

Perspective three-dimensional views of the Sis; and
Siss models are shown in Figs. 1 and 2, respectively. In
each model there are few physically distinct atomic envi-
ronments (labeled 0-4 in Si3; and 0-5 in Siss). These
environments are color coded and only some representa-
tive atoms are labeled by numbers. The central atom in
each cluster (labeled 0 and colored black) has four
neighbors in perfect tetrahedral arrangement. These
neighbors (labeled 1 and colored gray) are also fourfold
bonded, although their bonds are not at exactly tetra-
hedral angles due to relaxation. The Si(l1) atoms are
bonded to three surface atoms each (labeled 2 and
colored blue). At this point the similarities between the
Si33 and Siss clusters end, as the remaining surface
atoms are in different positions.

In the Sis;3 cluster, the Si(2) atoms are fourfold coor-
dinated: In addition to their Si(1) neighbor, they are
bonded to two other surface atoms labeled 3 (colored
green) and one atom which resides directly outward
from the Si(1) atom and is labeled 4 (colored red). The
latter atom occupies a position similar to the 74 adatom
position in the 7x7 reconstruction of Si(111).® Each
Si(3) atom is threefold coordinated, with two bonds to
Si(2) atoms, and one bond to another Si(3) atom. The
relaxation required to form the Si(3)—Si(3) bond is very
similar to the atomic displacement in the dimer pairs
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FIG. 1. Perspective view of the Sis3 cluster. Distinct atomic
environments are color coded. Representative atoms in each
atomic environment are labeled by numbers. Larger atoms
(bright colors) are farther from the center.

that flank the corner adatoms in the 7% 7 reconstruction.
Thus, the surface of the Sis; clusters is characterized by
two of the most important structural features of the 7x7
reconstruction, dimers and adatoms (the 7%7 recon-
struction is also known as the dimer-adatom-stacking-
fault, or DAS, model). In the proposed model for Sijs,
the adatoms are flanked by three dimer pairs each,
whereas in the 7% 7 reconstruction the corner adatoms
have only two dimer pairs next to them. However, under
proper stress conditions, reconstructions of the same na-
ture (DAS) but with smaller unit cells (5% 5 or 3x3) are
energetically favored.® The 3x3 DAS reconstruction in
particular exhibits a very close resemblance to the pro-
posed Si33; model, having one T4 adatom in each half of
the unit cell, flanked by three dimer pairs.

The surface of the Siss cluster exhibits features similar
to the other stable reconstruction of Si(111), the 2x1 x-
bonded chain reconstruction.'® In this cluster, the Si(2)
atoms are threefold coordinated: In addition to their
Si(1) neighbor, they have two other neighbors labeled 3
and 4 (both colored green, since these two atomic envi-
ronments are very similar, though not identical). The
Si(3) atoms have one Si(2), one Si(3), and one Si(4)
neighbor, whereas the Si(4) atoms have one Si(2), one
Si(3), and a third neighbor labeled 5 (colored red). The
Si(5) atoms are surrounded by three Si(4) atoms. In
this structure, the surface atoms form zig-zag chains
composed of (4)-(3)-(3)-(4) sequences and anchored at
the four Si(5) apex atoms. There are six such chains
spanning the entire surface of the cluster. The stability
of the chain structure is due to strong n-bonding interac-
tions between the dangling bonds of the surface atoms,
similar to the interactions of dangling bonds which stabi-
lize the Si(111) 2x 1 surface.'?
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FIG. 2. Same as Fig. 1 for the Siass cluster.

The close resemblance of the Si33 and Siss surfaces to
reconstructed bulk-Si surfaces gives a qualitative ex-
planation of the low chemical reactivity of these clusters:
it is due to passivation of the surface dangling-bond or-
bitals by charge-transfer and delocalization interactions
similar to those encountered on reconstructed bulk sur-
faces. Concomitantly, removing or adding atoms to
these structures introduces highly reactive surface orbit-
als, analogous to defect states on bulk surfaces. This re-
sults in a sharp increase of the chemical reactivity. A
more quantitative explanation, based on the nature of oc-
cupied and unoccupied electronic states of the clusters,
will be presented elsewhere. !

In order to obtain relaxed atomic geometries for the
models described above, I have performed extensive
energy-minimization calculations. For the case of the
Si3; cluster, it is feasible to perform these calculations
using pseudopotential local-density-functional theory.
Thus, the structure of Si3; was determined by minimiz-
ing Hellmann-Feynman forces, obtained from first-
principles calculations. For the Siss cluster, first-prin-
ciples energy-minimization calculations are intractable
due to the larger volume required to accommodate this
structure. Instead, I employed several classical intera-
tomic potentials for relaxations of the Siss cluster and
used the structures thus obtained as input to the first-
principles method in order to arrive at a low-energy
geometry (details in Ref. 11).

The optimal geometries are defined by the position of
the representative atoms in each cluster, which are given
in Table I. The average and the extrema of bond lengths
are also included in Table I. The model for Si;; pos-
sesses perfect tetrahedral symmetry, whereas the model
for Si4s is symmetric under all the rotational operations
of tetrahedral symmetry but does not have reflection-
symmetry planes. Thus, the Siss model exhibits chirali-
ty: There exist two structures with identical local atomic
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TABLE 1. Positions of the representative atoms in the Sis3 and Siss clusters in a.u., with
respect to the central Si(0) atom. The average (b.,), longest (hmax), and shortest (bmin) bonds
are given, with (%) deviations from the ideal bulk bond length.

Sis; Sias

Atom X y z x y z
1 0.000 0.000 —4.135 0.000 0.000 —4.471
2 —4.048 0.000 —6.113 —3.897 —1.143 —6.167
3 —6.962 0.000 2.255 —8.757 —0.538 3.606
4 0.000 0.000 —8.561 —7.035 1.873 —6.441
5 —9.474 0.000 —3.349

bav 4.477 (+0.8%) 4.375 (—1.5%)

bmax 4.732 (+6.5%) 4.470 (+0.6%)

bmin 4.135 (—6.9%) 4.358 (—1.9%)

configurations which are mirror images of one another,
and should have identical physical and chemical proper-
ties. Total-energy calculations indicate that these clus-
ters are energetically stable against addition or removal
of atoms,!' and have a binding energy per atom approxi-
mately 0.7 eV higher than the cohesive energy of bulk Si
(4.7 eV).

First-principles calculations provide information about
the electronic charge distribution in these models, shown
in Figs. 3 and 4 for Si3; and Siys, respectively. For a
direct comparison to bulk Si, Fig. 5 displays a charge-
density plot on a (110) plane of the crystal, which is ter-
minated at the lower part by a T4-adatom geometry on a
(111) surface. The bulk bonds in Fig. 5 are very similar
in nature to the Si(0)—Si(1) bonds in the Si3; and Siss
models. Bonds between surface atoms in the two clusters
are also similar in nature to bulk-Si bonds, as evidenced
by the representative Si(3) —Si(3) bonds (see Figs. 3 and
4). These comparisons indicate that the bonding in the

25 T T T T T T T T T

20

FIG. 3. Valence-electron charge density for the Sis; cluster
on the x-z plane (refer to Table I). Numbers identify the
atoms labeled in Fig. 1.

proposed models is covalent. This is further supported
by the fact that bond lengths in the optimal structures
are close (to within a few percent) to the ideal bond
length of bulk Si, 4.443 a.u. (see Table I).

The issue of the crossover size at which covalency be-
comes favored over high-coordination metallic bonding
that characterizes small Si clusters has been extensively
debated.*>7'? Indirect estimates of the crossover size,
based on extrapolations from bulk phases and crystal
fragments, range from 4000 (Ref. 4) to 50.'> The
present study offers an example of a manifestly covalent
structure which is a local minimum in energy (the fully
relaxed Sis; cluster). If this model proves to be the glo-
bal lowest-energy configuration for the size 33, it will
give a direct estimate for the crossover size between co-
valency and high-coordination metallic bonding. The
proof of global lowest energy might be provided, e.g., by
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FIG. 4. Same as Fig. 3 for the Siss cluster. Solid circles
represent atoms on the plane, shaded larger (smaller) circles
represent atoms in front of (behind) the plane. Solid (dashed)
lines represent bonds lying on (oblique to) the plane. Numbers
identify the atoms labeled in Fig. 2.
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FIG. 5. Valence-electron charge density on a (110) plane of
the Si crystal, terminated at the lower part by a Ts-adatom
geometry on a (111) surface. Atoms in environments similar
to Si33 are numbered by analogy to Fig. 3.

molecular-dynamics simulations of ‘“‘melting” and ‘‘re-
crystallization” of the Sijj structure, which are beyond
the scope of the present work.

The charge-density plot of Sij; reveals an interesting
feature of the bonding in this model: The electronic
charge density between Si(1) and Si(4) is much higher
than between the adatom and the subsurface atom
directly underneath it in the corresponding geometry of
the crystal surface (compare Fig. 3 to Fig. 5). Accord-
ingly, the Si(1) atoms in the Si3; model should actually
be considered fivefold bonded and the Si(4) atoms
should be considered fourfold bonded. This may be a
realization of the fivefold-bonded atom, conjectured by
Pantelides to occur in amorphous Si.'3 It appears that
the flexibility of the cluster structure allows for this type
of bonding, whereas the more constrained crystal surface
prohibits a strong fifth bond. The amorphous network is
expected to be, at least locally, more flexible than the
corresponding crystalline structure,'* thus making the
occurrence of strong fivefold bonds more likely, as in the
Sij3 cluster.

The Siss model can be viewed as a composite of four
Si)o subunits joined together by the five core atoms. One
such subunit, containing one Si(5), three Si(2), three
Si(3), and three Si(4) atoms is outlined by a dashed line
in Fig. 2. Moreover, the subunit outlined in Fig. 2 can
be transformed into a tetracapped octahedron by simple
inward relaxation of the Si(2) atoms. The latter config-
uration has been identified as one of the lowest-energy
structures for Sijo clusters.? Separation of this subunit
from the Si4s cluster requires the breaking of only six co-
valent bonds, i.e., a small number of broken bonds per
separated atom. These observations are relevant to re-
cent experiments suggesting that fragmentation of Siys
may occur preferentially into Siq,'> which lends indirect
support to the proposed model.

In summary, I have proposed a new approach to the
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study of intermediate-size clusters of Si, based on the
following premise: The occurrence of magic-number
clusters of intermediate size is due to the possibility of
forming a surface that closely resembles a stable recon-
struction of the crystal, around a core of bulklike tetra-
hedrally bonded atoms. Specific models were construct-
ed for two clusters of sizes 33 and 45 (observed experi-
mentally to have very low chemical reactivity) with sur-
face features resembling the 7x7 and 2x1 reconstruc-
tions of Si(111). Bonding in the proposed models was
shown, through first-principles electronic-structure cal-
culations, to be covalent. This could provide the first
direct estimate of the crossover size (n.=33) from
high-coordination metallic to covalent bonding, if the
proposed model for Si3; corresponds to a global energy
minimum. Further theoretical studies are needed to es-
tablish this point. Nevertheless, the proposed models
give a natural explanation for the occurrence of these
magic numbers (they accommodate exactly the two
most-stable surface reconstructions of bulk Si) and for
their observed low chemical reactivity (it is due to sur-
face passivation by reconstruction).
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results prior to publication, and for stimulating discus-
sions. Thanks are due to Cliff Pickover for expert assis-
tance with three-dimensional color graphics. Helpful
comments on the manuscript by Jeremy Broughton and
Warren Pickett are thankfully acknowledged.

(a)Also at Sachs/Freeman Associates Inc., Landover, MD
2078S.

'For a review and future prospects, see L. E. Brus et al., J.
Mater. Res. 4, 704 (1989).

2K. Raghavachari, J. Chem. Phys. 84, 5672 (1986); K. Rag-
havachari and C. M. Rohlfing, J. Chem. Phys. 89, 2219
(1988).

3J. L. Elkind, J. M. Alford, F. D. Weiss, R. T. Laakonen,
and R. E. Smalley, J. Chem. Phys. 87, 2397 (1987).

4D. Tomanek and M. Schluter, Phys. Rev. Lett. 56, 1055
(1986); Phys. Rev. B 36, 1208 (1987).

5P. Ballone, W. Andreoni, R. Car, and M. Parinello, Phys.
Rev. Lett. 60, 271 (1988).

6See discussion and references in R. O. Jones and O. Gun-
narson, Rev. Mod. Phys. 61, 689 (1989).

7J. C. Phillips, J. Chem. Phys. 87, 1712 (1987); J. R. Cheli-
kowsky and J. C. Phillips, Phys. Rev. Lett. 63, 1653 (1989).

8K. Takayanagi, Y. Tanishiro, M. Takahashi, and S. Taka-
hashi, J. Vac. Sci. Technol. A 3, 1502 (1985).

9D. Vanderbilt, Phys. Rev. B 36, 6209 (1987).

I0K. C. Pandey, Phys. Rev. Lett. 47, 1913 (1981).

IE. Kaxiras (to be published).

12J, R. Chelikowsky, Phys. Rev. Lett. 60, 2669 (1988).

13S. T. Pantelides, Phys. Rev. Lett. 57, 2979 (1986); 58, 1344
(1987).

14E. Kaxiras and J. D. Joannopoulos, Phys. Rev. B 37, 8842
(1988).

I5SR. E. Smalley (private communication).



FIG. 1. Perspective view of the Sij; cluster. Distinct atomic
environments are color coded. Representative atoms in each
atomic environment are labeled by numbers. Larger atoms
(bright colors) are farther from the center.



FIG. 2. Same as Fig. 1 for the Siss cluster.



