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We discuss a generalization of the surface-reconstruction arguments for the structure of intermediate-size Si
clusters, which leads to model geometries for the sizes 33v8® isomerg, 45 (two isomer$, 49 (two
isomers, 57, and 61(two isomers. The common feature in all these models is a structure that closely
resembles the most stable reconstruction of Si surfaces, surrounding a core of bulklike tetrahedrally bonded
atoms. We investigate the energetics and the electronic structure of these models through first-principles
density-functional theory calculations. These models may be useful in understanding experimental results on
the reactivity of Si clusters and their shape as inferred from mobility measure2®i€63-18207)07344-X]

. INTRODUCTION been determined by extensive theoretical calculatforid
and by comparison of calculations to spectroscopic

Silicon is a material that attracts considerable interest dugeasurementS—*" Much less is known for the larger clus-
to its technological importance. It has also come to be reters, although a number of interesting models have been pro-
garded as the representative covalently bonded solid. In thieosed. One possibility is models analogous to fullerene
last decade, a new form of Si has generated much excitemef@ges,”*° but given the tendency of Si to form fourfold-
because it holds promise for technological applications a§oordinated structures this seems unlikely. A different ap-
well as for providing unique insight into the nature of co- Proach is to consider models with nonspherical shapes for
valently bonded materiafsThis new form is clusters of Si, medium size$?>% or with interior and exterior atoms for
which consist of a few tens to a few hundreds of atoms andarger size$”-**The assumption that there exist interior and
have properties different from the bulk. The properties of Siexterior atoms does not necessarily imply that their respec-
clusters depend on their size, and a detailed study of thiive environment will resemble that of bulk or surface atoms.
dependence could potentially lead to a better understandinyevertheless, it is an attractive proposition to consider what
of how chemical bonding evolves from that characteristic oftyPes of structures can be produced if geometries resembling
small molecules to that characteristic of the bulk. the bulk structurdfor interior cluster atomsand the surface

Despite much theoretical and experimental work on sireconstructiongfor exterior cluster atomswere to dominate
clusters during the last decade, little is known about theithe cluster geometry. Only a few cluster sizes are compatible
structure. It is self-evident that for very small cluster sizesWith the requirement thadll interior cluster atomshave en-
all of the atoms in a cluster will be exterior atoms, in the Vironments that closely resemble the bulk structure, aihd
sense that there is no shell formed by a subset of atoms thgkterior cluster atomshave environments that closely re-
completely surrounds any one atom. These very small sgemble surface reconstructions. We call the resulting models
clusters should, therefore, be viewed as molecules, i.e., entgurface-reconstruction-induced geometriggRIG’s). This
ties with unique structural, physical, and chemical characteridea has been invoked as an explanation of the existence of
istics that do not resemble other forms of Si. This picturemagic numbers in Si clustéfsas revealed by their reactivity
was originally proposed by Phillifswho analyzed early ex- With various chemical agents:*
periments on fragmentation patterftfSEqually evident is the In this paper, we present in Sec. Il a thorough investiga-
fact that beyond a certain size there will be interior atomgion of SRIG models for the structure of selected clusters
completely surrounded by a shell of other exterior atofims. spanning sizes from 33 to 61 atoms. In Sec. Ill we use first-
the following, we use the terms “interior” and “exterior” as principles density-functional theory calculations to study the
defined above to characterize cluster atoms, and reserve tg8€ergetics and electronic properties of these models. Finally,
terms “bulk” and ‘“surface” to characterize atoms of the in Sec. IV we comment on the relevance of these models to
solid) It is also natural to expect that for a large enough size€Xperimental observations of the reactivity and the mobility
the cluster will resemble a crystalline fragment. of Si clusters.

The size at which the transition from molecules to bulk-
like fragments takes place has not yet been determined pre-
cisely, although several theoretical predictions have been
made>® It has also been proposed that the experimentally
observed sharp transition in the shape of Si clustevhjch Based on the assumption that the surface reconstruction
occurs at around size 27, may be related to the onset afetermines the cluster geometry, we have constructed mod-
structures with interiof“bulklike” ) and exterior(“surface-  els for Si clusters in which exterior atoms resemble closely
like” ) atoms in the clustét.Such a transition in shape had the coordination and bonding of atoms in the most stable
actually been predicted by theoretical simulatidns. surface reconstructions of Si, including tH&l11) 7X7

The structure of the small Si clustefts to 10 atomphas  dimer-adatom-stacking DAS) fault reconstructiod! the

Il. SURFACE-RECONSTRUCTION-INDUCED
GEOMETRIES
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(100 2X1 dimer reconstruction, and th@11) 2x1 =-
bonded chain reconstructidh.All interior atoms have the
coordination and bonding arrangement of bulk Si atoms, i.e.
fourfold tetrahedral coordination. The special sizes for which
we were able to construct such models include the sizes 3.
39, 45, 49, 57, and 61. This does not exclude the possibilit
of other sizes that have similar bonding arrangements in thi
size range. In order to construct these models we impose
two additional constraintdi) that the clusters have an atom
at their geometric center, anid) that the clusters have tet-
rahedral overall symmetry. These constraints were motivate
by simplicity considerations and not from any physical re-
quirements. If the constraints are relaxed, it might be pos
sible to construct additional structures with similar character
istics but lower symmetry.

In describing the cluster geometries, we adopt the follow-
ing conventions: We will displaypnly the exterior atomsf
the cluster, in a two-dimensional picture that is obtained by
unfolding three of the four sides of the tetrahedron symmetri-
cally around the fourth side. In so doing, one obtains an FIG. 1. Projected structure of the exterior atoms in the 33
equilateral triangle, at the center of which there is a smallermodel. Three types of atoms are shown, white apex atoms, hatched
inverted equilateral triangle corresponding to one side of thatoms, and gray atoms. The atoms of each kind are equivalent by
tetrahedron around which the other three sides have beesymmetry. The four triangles outlined by dotted lines represent the
unfolded. We denote the sides of the tetrahedron by dottefbur sides of a tetrahedron, unfolded around the central triangle.
lines in all the structural figures. In the models we discussrhe darker solid lines represent covalent bonds between atoms. The
there exist one to five interior atoms, which are not shown irfive tetrahedrally bonded interior atoms are not shown.
the structural figures. The position of these interior atoms is
discussed in detail along with every structural model. What
are actua”y shown in the structural figures are the projecatoms in bulk Si are. The neighbors of the four interior atoms
tions of atoms on the faces of the tetrahedron. For simplicitpther than the central one are the twelve hatched exterior
we refer to these projections as the atomic positions. Thigtoms. The hatched exterior atoms are also fourfold coordi-
manner of displaying the cluster geometries has the addetated, but their bonds are at angles severely distorted relative
advantage that the reader can easily construct schematie the tetrahedral angle. The neighbors of the hatched exte-
three-dimensional models of the cluster exterior by cuttingior atoms are the four interior atontether than the central
out the two-dimensional figures, folding them at the threeong) and the twelve gray exterior atoms that are threefold
edges of the central inverted triangle, and gluing the outegoordinated: they have two bonds to the hatched exterior
edges together. atoms and one bond to another gray exterior atom each. Fi-

We have also adopted a shading scheme that is commdrally, there are four exterior white atoms at the apexes of the
to all the cluster sizes: First, we indicate by open cir¢les  tetrahedron; these atoms are three-fold coordinated, and are
call those white atonmsthe exterior atoms that are at the bonded to three hatched exterior atoms.
apexes of the tetrahedron; there are four such atoms in each The close similarity of this structure with surface recon-
model. In some of the modelg5B, 61A, 61B there exists structions of Si involves two element&) The four white
an additional set of four atoms at the centers of the faces agipex atoms are in local geometries that are very similar to
the tetrahedron, which we also denote by open circles. Nexthe adatoms on the @il1) 7X 7 reconstruction: the adatoms
we indicate by hatched circles the atoms that are bonded tre directly above second layer bulk Si atofimsthe present
the first set of white atoms; there are twelve such atoms immodel this role is played by the four interior atoms other than
each model. Next, there are atoms that are bonded to ttbe central one (b) The twelve gray exterior atoms are
twelve hatched atoms, and are indicated by gray circles. Fibonded in pairs like the dimers on the(B)0) 2X1 recon-
nally, there are atoms shown in black, which are bonded tstruction; these atoms also play the role of the dimers that
the gray atoms or to the white face-center atoms, but not teharacterize the §il11) 7X7 reconstruction and help stabi-
the hatched or white apex atoms. Sets of atoms with théze the adatom reconstruction. Thus, in this model there is a
same shading are equivalent by symmetry. With these corcooperative effect that combines features from the two most
ventions, we proceed to describe the individual cluster modstable surface reconstructions of Si to produce a highly sym-
els in detail. metric structure with 5 interior and 28 exterior atoms.

We begin with the cluster of size 33, shown in Fig. 1. It is noteworthy that the bonding arrangement of exterior
This cluster had been proposed previoifélgnd consists of atoms in this structure consists of pentagonal rifgith
28 exterior atoms and 5 interior atoms. Of the five interiorcorners at one white, two hatched, and two gray ajosnsl
atoms, one is at the geometric center of the tetrahedron ardistorted hexagonal ringshey appear to be almost triangles
the other four are bonded to the central atom in directionsn Fig. 1, with corners at three hatched and three gray at-
pointing away from the center toward the vertices of theoms. In this sense, the shell of exterior atoms resembles the
tetrahedron. All interior atoms are fourfold coordinated asstructure of the g fullerene, which has been studied exten-
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FIG. 2. Same as in previous figure, for model 39A. There are FIG. 3. Same as in previous figure, for model 39B.

four types or atoms, white, hatched, gray, and black.

group-V atoms on the surfaces of 11l-V semiconductrer
sively as the smallest stable fullereite®® The resemblance, when the group-V elements are used as passivating layers on
however, is superficial, since it is limited to this geometricthe S{111) surface’” Moreover, group-IV elements like Sn
aspect, while the g fullerene is stabilized by the bonding  and Pb also form trimer units on the($11) surface® We
of atoms at the six hexagonal rings and thg; Structure is  suggest that under the proper conditigrepresented here by
stabilized by the presence of the adatom and dimer surfadée size of the clustgrsimilar trimer units of Si atoms may
features, as well as the presence of the five interior atom$e stable on the cluster surface. Finally, there are six atoms
Additional important differences concern the electronicat the centers of the edges of the tetrahedron, which in this
properties of the two models, with the,{cluster being an model are fourfold coordinated with two bonds to the
open-shell structur® while the Si; model is a closed-shell hatched atoms and two more bonds to gray atoms in the
structure(see Sec. IV. trimers. This arrangement results in threefold and sevenfold

We next consider the two models for the Si cluster withrings on the exterior shell of the cluster and is markedly
39 atoms. The first modéteferred to as 39A, shown in Fig. different from the previous geometry for size 39.

2) is similar to the 33-atom model discussed above, with six The first model we considered for the 45-atom cluster
additional atoms that form bonds to the gray atostsown  (referred to as 45A, shown in Fig) # a simple variation of

as black, at the midpoints of tetrahedron edgés this  the 39B model: the trimers at the centers of the tetrahedron
model, the white, hatched, and gray atoms are coordinated as

in the 33-atom model. The six extra atoms are placed be
tween pairs of gray atoms, and form new bonds to those
atoms that become fourfold coordinated. The six extra atom:
are twofold coordinated each. This type of atomic arrange-
ment is not usually observed on Si surfaces. However, it is ¢
reasonable arrangement for Si atoms that cannot find clos
neighbors to bond to. The preferred bonding for these
twofold-coordinated atoms will be throughorbitals to their
two neighbors, while they retain two of their four valence
electrons in a low-energy nonbondisgrbital.

The second model for the 39-atom clustesferred to as
39B, shown in Fig. B consists of a different geometric pat-
tern. The four white apex atoms are in similar arrangements
as in the 39A model. The hatched atoms have three bond:
one to interior atoms, one to white apex atoms and one tc
black atoms at the centers of the tetrahedron edges. The gre
atoms no longer form dimers; instead, they form trimers cen-
tered at the faces of the tetrahedron. This is a somewhe
unusual arrangement for Si atoms, and is not encountered i
native surface reconstructions of Si, since the presence ot
trimer units induces significant strain on the surface. How- FIG. 4. Same as in previous figure, for model 45A. Three types
ever, a trimer reconstruction of this type is common forof atoms are shown, white, hatched, and gray.
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there is only one interior atom bonded to the four face-center
white atoms, the hatched atoms are only three-fold coordi-
nated, with all their neighbors belonging to the exterior shell.
The gray and black atoms are threefold coordinated, as are
the apex white atoms. The only atoms that are fourfold co-
ordinated, other than the central atom, are the four white
atoms at the centers of the tetrahedron faces. This model has
chirality (i.e., there exist equivalent left- and right-handed
versiong, which is evident from the fact that the zig-zag
chains do no lie on any high-symmetry direction of the tet-
rahedron, and thus break the left-right symmetry of the pre-
vious models.

The same exterior shell can be used to construct two dif-
ferent models for the 49-atom cluster. We refer to these mod-
els as 49A and 49B. The fir¢49A) consists of the exterior
shell shown in Fig. 5 plus five interior atoms, one at the
geometric center of the tetrahedron and four more bonded to
the central atom, and pointing away from it toward the four
white apex atoms. The secortd9B) consists of the same
_ _ _ ~ exterior shell and five interior atoms again, one at the geo-

FIG. 5. Same as in previous figure, for model 45B. The chirality metric center of the tetrahedron and four more bonded to the
of this model is evident in the zig-zag chains of atoms that straddle.antral one and pointing away from it, toward the four white
the dotted Iings. Th_is model also serves as the shell for the 49A angtoms at the centers of the tetrahedron faces. In the case of
gr?terrovsﬁiltse’ 'gt(‘)"’r:'SChb;tir;O:rezﬂ?\;(agz'ttioatggsto%Sthgnzc;;r&)face'moqlel 49A, the four white apex atoms have a coordination

. I R similar to that of adatoms on the($11) 7X7 DAS recon-

(7X7) reconstruction, by the addition of a five interior atom core. . - .

struction, as described in the case of the 33-atom model. In

the case of model 49B, the role of adatoms is assumed by the
faces are replaced by hexagons and the black atoms at tfieur white atoms at the centers of the tetrahedron faces. In
centers of the tetrahedron edges are eliminated. This shoultbth cases, the atoms that are bonded to the adatoms become
help reduce the strain induced by the trimers, and it shouldourfold coordinated. Specifically, in model 49A the hatched
enhance the stability of the apex atoms: the coordination oitoms become fourfold coordinated, while in model 49B the
their neighboring hatched atoms has been restored to fourlack atoms become fourfold coordinated. Since the exterior
(one apex atom, one interior atom, and two gray ajpms geometry in models 49A and 49B is the same as in model
while the exterior pattern again contains three pentagonal5B, the pattern of pentagons and hexagons is the same. The
rings around each white apex atom and dimers of gray atmportant difference between models 49A and 49B is that in
oms. In addition to the pentagonal ringgith corners at one the first the adatoméwhite apex atomsare surrounded by
white apex, two hatched, and two gray atontse exterior of  three pentagonal rings, while in the second the adatoms
the 45A model contains two types of hexagons: one com{white face-center atomsre surrounded by three hexagonal
posed of six gray atoms and one composed of four gray andngs.
two hatched atoms. In this sense, the exterior of this model The model for the 57-atom cluster is an extension of the
bears a superficial resemblance to thegy Qullerene  45A model, in which the sixfold rings of gray atoms on the
structure?® but just like in the case of $jand its companion tetrahedron faces are replaced by ninefold rings as shown in
fullerene Gg, the stability and electronic properties of the Fig. 6. This is achieved by the addition of three extra atoms
two types of clusters are quite different. (shown in black on each tetrahedron face. The rest of the

The next model for a 45-atom Si clust&45B) is illus- cluster structure is the same as the 45A model, with five
trated in Fig. 5, and corresponds to a different type of exteinterior atomsone at the geometric center of the tetrahedron
rior bonding arrangemeft. In this case there is only one and four more bonded to it, pointing toward the four white
interior atom, bonded to the four white atoms that occupy theapex atomps and the four white apex and twelve hatched
centers of the tetrahedron faces. The white atoms at the te&toms in similar positions as before. The extra atoms that
rahedron apexes are no longer at positions that resemble thern the face-centered hexagonal rings of the 45A model into
adatom structure of the @il1) 7X 7 reconstruction. Instead, ninefold rings, are themselves bonded in dimerlike pairs
they form intersection points where zig-zag chains consistingicross the centers of the tetrahedron edges. In this way the
of hatched and gray atoms meet. The presence of thesterior shell is composed of ninefold rings centered at the
chains should produce a low-energy exterior shell becaustetrahedron faces and two types of pentagonal rings, one
they resemble closely the chains of atoms in the other stableith corners at a white apex, two hatched, and two gray
reconstruction of the §111) surface, them-bonded chain atoms, and one with corners at a hatched, two gray, and two
model proposed by Pandé¥.In this model, the dangling black atoms.
bonds on the neighboring chain atoms forsbonded com- The two models we have constructed for the 61-atom
binations. The geometry of the exterior shell consists of peneluster involve geometries that have four white face-center
tagonal rings around the four white apex atoms and hexagatoms, in two different configurations. The first configuration
nal rings around the four white face-center atoms. Sincdlabeled 61A, shown in Fig.)7derives from the 57-atom
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FIG. 8. Same as in previous figure, for the 61B model.
FIG. 6. Same as in previous figure, for the 57 model. N previous figu

model, with the additional white atoms bonded to the three_ Finally, the second model for a 61-atom clustiabeled
black atoms on each face, and with the dimer bonds betwee#tB: Shown in Fig. 8 contains four white apex atoms at
black atoms broken. The remaining atoms are in exactly th@datom positions, surrounded by hatched atoms that form
same configuration as in the 57-atom model. This changBentagonal rings with adjacent gray atoms, and four white
modifies the exterior shell, which now consists of eightfold 2ce-center atoms that form hexagonal rings with a hatched,
rings (centered at the edges of the tetrahedron and compos&¥© 9ray, and two black atoms. In this case the four white
of two hatched, four gray, and two black atomand two ~ 2P€X atoms and the_four' white face-center atoms are not
types of pentagonal rings, one composed of a white ape)@qualent. The four interior atqn‘(‘s)ther than the_central
two hatched, and two gray atoms, and the other composed G'® are bonded to the four white apex atoms, since those
a white face-center, two black, and two gray atoms. In thid'ave the benefit of being surrounded by pentagonal rings,
model. as far as the exterior shell is concerned. the whitd/hich should stabilize their adatomlike features. In the 61B
apex atoms and the white face-center atoms are equivaleriiodel, the exterior shell consists of pentagonal and hexago-
Therefore the four interior atontsther than the central ope nal rings, which gives it a superficial resemblance to the
can be considered to be pointing toward either the whit&Orresponding & fullerene structure.

apex or the white face-center atoms.

Ill. STRUCTURAL, ENERGETIC, AND ELECTRONIC
FEATURES OF SRIG MODELS

Having described the geometric features of the SRIG
models, we discuss next the results of energy optimization
and electronic structure calculations for these models. The
calculations are based on density-functional theory in the
local-density approximatioil (DFT-LDA. Although these
calculations do not necessarily provide the most accurate
comparisons of cluster energies, they are reasonably reliable
in determining optimal geometries by minimizing the mag-
nitude of the calculated Hellmann-Feynman forces. The
present calculations employ a plane-wave basis with a cutoff
energy of 8 Ry, and a cubic supercell with lattice constant
equal to 15.875 A(which gives a basis of 10400 plane
waves, for the clusters of sizes 33-49, and equal to 17.463
A, for the clusters of sizes 57 and 6&hich gives a basis of
13 600 plane wavesWith these supercells the periodic im-
ages of the clusters are reasonably well separated. A dingle
point (the center of the supercell Brillouin zoneas used in
all the cluster calculations. The Car-Parrinello iterative

FIG. 7. Same as in previous figure, for the 61A model. Fiveschem& was used to solve the Kohn-Sham equations self-
types of atoms are shown, white apex, white face-center, hatchegonsistently, and nonlocal norm-conserving pseudopotentials
gray, and black. were employed to model the atomic cofés.
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TABLE I. Atomic positions in a.u. of representative atoms for the optimized structures of clusters of sizes 33-61. Atoms labeled 1 are
in the interior of the cluster, the rest of the atoms are on the exterior and correspond to the atoms shown in Figs. 1-8.

33 39A 39B 45A 45B 49A 49B 57 61A 61B

1(x) 2.39471 2.38887 2.59713 2.57556 2.50590 2.484682.84402 247912 2.64227 2.52290

1(y) 2.39471 2.38887 2.59713 2.57556 2.50590 2.484682.84402 247912 2.64227 2.52290

1(2) 2.39471 2.38887 2.59713 2.57556 2.50590 2.484682.84402 2.47912 2.64227 2.52290

2(x) 5.21249 5.16076 2.47377 2.99354-0.11844 0.85354 1.15471 3.09986 3.16035 1.74224
2(y) 5.21249 5.16076 2.47377 2.99354 3.90217 4.39152 4.53560 3.09986 3.16035 5.59316
2(2) 0.25158 0.23991 —5.51192 7.03966 5.80660 6.28003 6.21782 6.85742 7.11649 5.59316
3(x) 1.52358 1.65023 3.39552 1.18201 1.739352.03724 —1.72237 1.10146 1.13596 1.31967

3(y) 1.52358 1.50238 3.39552 4.13728 7.67793 6.86991 7.10602 4.19919 4.16677 4.34534
3(z7 —6.81708 -—-7.11171 6.87579 —7.15181 —4.25387 412951 4.35574—-7.33086 —7.16307 —8.39439

4(x) 4.97057 4.98998 6.55082 6.15942—-0.46391 —0.85430 —0.68414 —1.76564 5.29138 5.41968

4(y) 4.97057 4.98998 6.55082 6.15942 2.20720 2.05072 2.06772 1.76564 5.29138 5.41968
4(z) 4.97057 4.98998 6.55082 6.15942 9.84219 9.58102 9.29718  11.0879887922 —9.17398

5(x) 10.71204 8.16900 —5.11695 5.14767 5.30305 6.25738 6.31190 6.21939
5(y) 0.00000 0.00000 —5.11695 5.14767 5.30305 6.25738 6.31190 6.21939
5(2) 0.00000 0.00000 —5.11695 5.14767 5.30305 6.25738 6.31190 6.21939
6(x) —5.83946 —-5.61324 —8.47946 —8.50096
6(y) —5.83946 —-5.61324 —8.47946 —8.50096
6(2) —5.83946 —-5.61324 —8.47946 —8.50096

In Table | we provide a list of the atomic positions for the Shvartsburf using the trajectory calculations method re-
SRIG models. In this table only the positions of inequivalentcently developed by Jarrold and co-work&sThe calcula-
atoms are given, with the remaining positions obtained bytions have been performed by propagating the trajectories of
applying symmetry operations of the tetrahedral group. Théde atoms in the cluster effective potentials, constructed as a
position of the central atom in each cluster is taken to be theum of pairwise Si—He interactions plus the charge-induced
origin of the coordinate system and is omitted from the list ofdipole term with the ionic charge uniformly delocalized
positions. among all cluster atonfS. The comparison with the experi-

We discuss first certain structural features of the opti-mental values, also given in Table Il as percent deviation, is
mized cluster geometries. These considerations were motievealing: for some clusters, especially the models 33, 39B,
vated by some exciting recent experiments that are able t45A, and 49A, the experimental and theoretical values are in
resolve aspects of the cluster geometry through gas phasxcellent agreemeritess than 2% differengewhile for the
mobility measurement¥.In the simplest picture, the mobil- clusters larger than 49 atoms the differences are much larger.
ity measurements reveal the projected cross section of the For the energetic comparisons, since the type of calcula-
cluster. For spherically shaped clusters, this cross section tfons employed here do not provide an accurate estimate of

given byQ=7rbﬁ1in, whereb,, is the distance of closest } ,
TABLE II. Structural, energetic, and electronic features of

approach between gas phase molecules and the cluster. %}QIG models: Cross sectiofd— 7bZ, . computed momentum
W " min

coridaing the o o the sufase st 85 PO, R, ot ol 19 [ ot
min percent deviation from measured experimental values for clusters of

cluste_r center, w_hich gives the values(vtabulated in Table corresponding size€Ref. 45], cohesive energy per ato, and
Il. This quantity is a coarse measure of the cluster geometry,oyo-Lumo gapE, (for the clusters that have no gap, the de-

and gives approximately the overall cluster size in Cross seGeneracy and filling of the partially occupied level at the Fermi
tion. From the comparison of) values in Table Il, it is  gnergy are given in brackets

evident that the cluster cross section does not follow exactly

the number of_ atoms ip the cluster._ It is also interesti_ng thatiuster Q (A2 Pih E. (eV/iatom  Eg (eV)
the clusters with the highest cohesive enefgge following
paragraph and Table)lalso have the smalle$l (especially 33 52 2760 ¢2.1%) 3.816 0.35
the models 33, 45A, 49A, and 498.e., the lowest-energy 39A 101 3415 (-9.4%) 3.741 0.64
clusters are also the most compact ones. 39B 87 3200 (+2.6%) 3.599 0.77
As Shvartsburg and Jarrold have pointed Yuthe pro-  45A 78 3380 (-0.1%) 3.844 0.30
jection of the cluster cross section is appropriate for clusterd5B 90 3590 (+6.0%) 3.807 [2 (1/2)]
which are locally convex. When the surface of the cluster49A 86 3635 (0.9%) 3.858 0.07
contains concave regions, the scattering cross section is i49B 81 3555 1.2%) 3.855 [3(2/3)]
creased due to multiple collisions. In Table Il we list the 57 114 4185 ¢6.2%) 3.712 0.04
momentum transfer collision integralsvith He atoms, at 61A 141 4460 (-8.8%) 3.800 [3(2/3)]
298 K) for the model geometries described in the presengip 142 4615 ¢ 12.6%) 3.674 [3(1/3)]

paper. These values have been evaluated by A. A




56 SURFACE-RECONSTRUCTION-INDUCED GEOMETREE. . . 13461

has a closed electronic shell. In this sense, if the 39B SRIG

oo ALy LUl L WG J1|  model were to be formed, it might be expected to have low
TTEIT, chemical reactivity. However, a quantitative study of chemi-
ota 1) | |H|1 L L LI D cal reactivity should involve a more detailed examination of
| | ” ‘ f | ’ | | ”” | ” ” | |” | M_‘ cluster electronic states, as well as case studies of chemical
57 1 | | C 0 DG L] . ;
reactions between the cluster and representative molecular
aoe 1] | |’ | ||||v’ Ih‘ l l| |HJI| | Jl| m| I:, A, o l | agents’® The presence of a different model of the same size
| | (39A) that has lower energy and a comparable HOMO-
o o l I L 'I IL'”' “| ||!' | LUMO gap suggests that the likelihood of the geometry 39B
458 | ‘ I' | | I ,| ‘I| | | ' |H “I I“I | || |H II “ | being realized is small.
P I N T O O I A i AN T Another interesting point is that the lowest-energy clus-
| | f l | I ' | l " ” ||”| | ters are the two models with 49 atoms, closely followed by
398 L 1 B I - Ul Bl | the 45A model and the 33 model. While the 45A and 33
39A | | ||| ! I | | || H| [ ' “ ”||”1 L IJ JI|I : “ models have significant HOMO-LUMO gaps, the two 49-
| | | ] ” | | ”I |” m | |‘:| | atom models have very smalt9A) or nonexistent(49B)
3 — : = LU L gaps. Thus, based on the simple arguments mentioned above
-149 110 -s.oE (V)-S-o 2.0 1.0 on the relation of the HOMO-LUMO gap to chemical reac-
nergy (e

tivity, one might expect that the models 33 and 45A will
exhibit low chemical reactivity, while models 49A and 49B
FIG. 9. Density of states of the different SRIG modedhkifted  will have higher chemical reactivity, despite their lower en-
on the vertical axis for clarify The height of lines represents the ergy per atom. This is consistent with the experimental find-
degeneracyl, 2, or 3. The vertical dashed line is the Fermi en- ings of Jarrold and Hone¥, who observed that chemical
ergy. reactivity and thermodynamic stability are not related. Fi-
nally, the larger clusters of sizes 57 and 61 again have very

the cohesive energy of bulk Si, we have opted to quote théMall (57) or nonexistent61A,61B) gaps, suggesting high
cohesive energy per atom of each cluster by comparing th hemical reactivity despite their relative energetic stability

cluster energy to an equivalent number of bulk Si atoms, an specially for model 61A
using the experimental value for the cohesive energy of the
bulk (4.68 e\). In this way, the quoted energies per atom for
the clusters should be closer to realistic cohesive energies.
For the bulk calculation, we use the same plane-wave cutoff, We have presented a detailed discussion of the geometric
the primitive two-atom unit cell of the diamond lattice, and afeatures, the relative energies, and the electronic structure of
set of k points that produces a density in reciprocal spacanodels for Si clusters of sizes 33, 39, 45, 57, and 61. The
equivalent to the center of the supercell cube in the clustebasic characteristic of these models is their resemblance to
calculations. bulk Si, including geometries of the exterior atoms that re-
Table Il contains a comparison of the cohesive energy pesemble surface reconstruction features and geometries of the
atom and the corresponding energy gap between the highesterior atoms that resemble the fourfold tetrahedral coordi-
occupied molecular orbit4 HOMO) and lowest unoccupied nation of the bulk. Although this is an appealing feature, it
molecular orbitalLUMO), for the different clusters we stud- does not guarantee that these models are the energetically
ied. The model with the highest cohesive energy per atonpreferred geometries. In fact, it seems that molecular dynam-
(49A) has almost 82% of the bulk cohesive energy, while thecs (MD) or simulated annealingSA) simulations based on
model with the lowest cohesive ener39B) has 77% of the empirical;® semiempiricafl? and first-principles cal-
bulk cohesive energy. Figure 9 shows the density of statesulations®>*tend to give geometries different from the ones
(DOS for each model. The symmetry of the clusters dictateproposed here. Therefore, it is important to address to what
that the electronic states are singly, doubly, or triply degenextent the models considered here are relevant to the struc-
erate, according to the dimensions of the irreducible repreture of real Si clusters.
sentations of the tetrahedral group. In all cases the total We suggest that these models may indeed be relevant to
bandwidth(between 12 and 13 e\Mis comparable to that of the structure of real Si clusters for the following reasons.
the bulk. (1) It appears from experiment that there is something
There are some interesting insights revealed by thesspecial about the chemical reactivity of th@o-called
comparisons of cohesive energies and electronic structurémagic”) sizes 33, 39, and 45, while other clusters have
The cluster with the smallest cohesive eneftpast stable approximately constant and much highy several orders
energetically is the cluster with 39 atoms and trimer units at of magnitudé reactivity from these magic numbers. 281t
the tetrahedron surfacémodel 39B, Fig. 3 The relatively is appealing that for all the magic number sizes we were able
high energy of this cluster can be rationalized as being due t construct SRIG models, and that these particular models
the strain induced by the trimer units. Interestingly, this clus-have the largest HOMO-LUMO gaps of all the structures
ter also has the largest HOMO-LUMO gap. Thus, at least focconsidered. Moreover, the SRIG models of sizes 49, 57, and
the structures considered here, there is no direct correlatiofil, which are energetically equally stable stable as the magic
between the energetic stability and the HOMO-LUMO gap.numbers, have very small or nonexistent HOMO-LUMO
The existence of a large HOMO-LUMO gap may be indica-gaps. In this sense, the pattern of SRIG models is compatible
tive of low chemical reactivity, since in this case the systemwith the pattern of experimental measurements of reactivity,

IV. DISCUSSION AND CONCLUSIONS
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assuming that the HOMO-LUMO gap can be used as amization of specific cluster sizes is concerned.
coarse measure of chemical reactivityith the caveats men- (4) Even if a methodology that is very accurate were
tioned in Sec. IlJ. available, the task of determining the optimal structure of
(2) If the clusters of various sizes possess no special gedlusters in this size range is daunting. The review of Jones
metric features, as the simulations based on various metho@nd ngnarsq’ﬁ presents persuasive arguments on the in-
ologies sugge<f—5! then it is difficult to explain the dra- tractability of finding the global energy minimum for a struc-
matic changes in reactivity and the existence of the magiéure with several tens of atoms through an unguided search
numbers. Actually, MD simulations based on DFT-LDA OVer conflgu_ratlonal space. In _fact, it is very Ilkely_ that the
(Ref. 50 reported that by augmenting by one atom the corebtructures with special propertigsuch as the magic num-
of their optimal 45-atom geometry consisting of a 38-atomP€rd correspond to deep and narrow wells in the multidi-

outer shell and a 7-atom core, a cluster of 46 Si atoms i%%ensmnal configurational space, which are difficult to locate

obtained that has the same cohesive energy, the same ou unguided searches. What we have provided here are
shell, and the same number of “dangling bonds” as theP ysically motivated models that could potentially corre-

original 45-atom model. In other words, adding one atom tospond to such deep and narrow wells in the energy land-

the 45-atom model gives a cluster of the same staklitity scape. The proper approach would then be to use such'mod-
hesive energy surface structuréouter shell, and electronic els as starting points for searches of the configurational

states(number of dangling bongisConsequently, the reac- space. Even in this case, extreme caution should be used in

tivity of the 45- and 46-atom clusters obtained by theseperforming simulations, since it is relatively easy to bring the

simulations should be essentially identical, in direct contraStructure outside the well if the bottom has not been reached

diction to experimen®®~2839 The SRIG models presented by thorough relaxation. As an example, in the present work
here give a natural explanation to this problem: since thd"® have f.OL.md that t'he cluster geometry can be stuck in local
SRIG models(e.g., the 45-atom model with the lowest en- energy minima and is prevented from reaching the bottom of

ergy) correspond to a perfectly reconstructed outer shell, thér;e i—:ner_gy \tN('?”' sgan)t/hQUe to the Lﬂ't'al oc;upat;onl oftthe_
addition or subtraction of one atom will drastically changee ectronic states. For this reason, theé number of electronic

the structure because it cannot be accommodated as part %tf'j‘te‘;' utse{:d ina D.FE%DA smulaﬂgn tmltJhSt e>|<ceted the nchert]h
the outer shell reconstruction or of the interior, and thus th er of States required to accommodate the electrons, and the

reactivity of the cluster will be significantly increased. illing of the states near the Fermi level must be varied in

(3) The methodologies employed to search for possibleOrder to achieve g.O(.)d relaxation an_d to avoid_g_etting trapped
cluster structures in MD or SA simulations have limitations, " lI(I)C?A e”‘?fgyl Tmlma. Oncz outside lth? m|_n|m|um-etnergdy
especially when it comes to comparing geometries that ard/€l, the simulation may end up exploring irreievant an
very different in bonding arrangements. This applies to th ninteresting structures which correspond to broad shaliow
empirical and semiempirical methodologies, but also to asins in the energy landscape.

certain extent to the DFT-LDA methodologies. It has been In conclusion, we have discussed a set of models for Si
clusters in the range 33—61 atoms, which are physically mo-

argued, for example, that electron correlation effects are crut—. ted and exhibit int " t i thei d

cial in stabilizing the structure of certain Si clustéfs® 'Ya? an textl : |_r|1_f:ares mgde emns Ln (|9|r entetrgy adn

while such effects are not explicitly included in the DFT- electronic structure. These models may be relevant to under-
standing the exceptionally low chemical reactivity of certain

LDA simulations®®>* In the present work, we have used the > .
. R magic number sizes. The pattern of HOMO-LUMO gaps ex-
DFT-LDA approachonly for optimization of the structuref hibited by these models is consistent with the magic number

models within the proposed very strict geometric constraintsd ; fl tivity. Finallv. th del X
that is, as if the overall structure of the cluster were known. usters ot Jow réactivity. Finally, theé models aré compac

It is well established that this methodology gives reasonabIé:IUSterS with little concave surface area, and the lowest en-

agreement with experiment for the detailed structural feaSr9y ONes tend to have small cross sections. The models 33,

tures(i.e., bond lengths and bond angle$ molecules, when 39B, 45A, and 49B are in excellent agreement with the re-

the overall geometry is known. The electronic structure corCeNtinnovative experiments of Jarrold and co-workers on the

responding to a known geometry is also reasonably well ob93S phase mobility of Si clustefs;® suggesting that these

tained. There are, however, examples where this methodomc’dels may be relevant to the actual structure of Si clusters.

ogy has proven inadequate in comparing the energetics of ACKNOWLEDGMENTS
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