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Sig and Sj are the two largest clusters with confirmed geometries experimentally. The apex atoms in the
pentagonal bipyramidal structure for,Shave a coordination number of 6, completely different from the
tetrahedral structure of the diamond lattice, and never given a definite explanation so far. In this paper, we
suggest that atomic bondings in small silicon clusters be the unsaturated covalent, rather than covalent-bond.
We introduce the number of bond order and defined it as the ratio of the number of valence electron of an atom
to the effective coordination number of thth atom, which can be smaller than 1 or greater. ghhoc
tight-binding model(fractional bond modelfor silicon clusters is constructed by explicitly incorporating the
dependence of hopping integrals between two atoms on the number of bond order, and their ground state
structures of silicon clusters are performed. The results indicate that this model is successful in determining the
structures of free small silicon clustef§0163-18269)00839-5

An enormous effort has been devoted to determining théonding strength of per atom, and interatomic distance, in
structures of free silicon clustets!’ but one has not paid which the number of bonding electron has something to do
sufficient attention to the problem why some atoms in siliconwith the number of bond order.
clusters have a coordination number greater than 4. For ex- On the basis of Pauling’s suggestion for understanding
ample, the ground-state structure of & a pentagonal bi- bulk-metal system%? we define the number of bond order as
pyramid with Dg, symmetry experimentally confirméd.

The apex atoms in the pentagonal bipyramidal structure have Nye

a coordination number of 6, completely different from the nbo:z_i* @
tetrahedral structure of the diamond lattice. It virtually re-

flects the micromechanism of atomic bonding in silicon clus-wheren,, andZ; denote the number of valence electrons of
ters. Therefore, it is necessary to give a concise but cleain atom and the effective coordination number of itte

physical picture for understanding such system. atom, respectively. The bonding strength per atom is defined
Theoretical methods used to describe the structural proms
erties of silicon clusters can be classified into the three

groups:(i) Ab initio quantum-chemical techniquédartree- £19
Fock + electron correlatiot > and density-functional be= (N) , )
methods’*~26 However, they are time consumingi) Vari-

ous types of interatomic potentials beyond pair

potentials?’ ~3° where the many-body terms or the depen- Hthe bondi Accord he th
dence on the local environment are incorporated. This typgarameter, antithe bonding power. According to the theory

of method cannot deal directly with the change in electronicOf orbital hybr|d|z_at|0n, for thespd hybrids, the bonding
structure. (i) Semiempirical tight-binding schem#s3¢ Powerf can be written as

such as nonorthogonal tight-bindingNTB) molecular-

dynamics technique, and improved versiéh& This group f=\a+38+57, (3)
is acceptable for the larger number of tractable atoms and the

consumption of computing power. It can give the informa-wherea, B8, andy are the components of orbitedsp, andd,
tion of electronic structure as well. Here, we propose theespectively. For exampley=%, 8=3%, y=0, andf=2 for
fractional bond model proposed, which is completely differ-the sp* hybrids.

ent from the known tight-binding schemes. The hopping in- The cohesive energy of the clusteg,, can be written as
tegrals between two atoms are assumed to depend on foarsum of the band-structure ener§ys and the repulsive
factors: number of bonding electrons, number of bondsenergyE, (Refs. 2 and 3p

whereN is the atomic number of a clustes,an adjustable

0163-1829/99/6(15)/107034)/$15.00 PRB 60 10703 ©1999 The American Physical Society



10 704 BRIEF REPORTS PRB 60

TABLE |. Parameters used in the present scheme for silicon clusters.

Hopping integrals

sso spo ppo ppm

V2 4 3 2 2
)% 1.20 1.40 0.85 0.60
C.p(eV AY) -1.15 1.05 0.90 —~0.50
e(eV)=—13.55" ¢, (eV)=—6.52"  dy(A)=2.36" A, (A ?)=1.086"  N,(A 1)=85117
5=0.095 a(A H=1.6 xo(eV)=0.19
%Reference 34.
PReference 31.

Econ= Epst Erep- (4) x(r)= XOe_4a(r_d0)a (12

The band-structure energy is given by

Ebszz nafa_NE ngég, (5)
wheree? are the atomic levels. The, andn? are the occu-
pancy of the orbitakx of the cluster and of the isolated at-
oms, respectively. The electronic levels of the cluster can
be obtained from a tight-binding Hamiltonian of the form

iz % tia‘jﬁ(a;raajﬁ—i- H.C.), (6)

th:iE Egai-raaia—{_
,a

wheret;, ;
ferent sites andj. They are assumed to have the following
form:

tia,jp= Capnbdij bsZi, (7)

p denote electronic hopping integrals between dif-

where the parametel; is taken from Ref. 31¢ and yq are
adjustable parameters. The values of the parameters are
listed in Table I.

In order to test present model, an unbiased global search
for the ground-state structures of small silicon clusters has
been carried out by means of genetic algoriti@a’s), 3"
an optimization strategy based on modeling of biological
evolution. The results of the cohesive energies of the ground-
state structures for the $ifrom N=2 to N=10, together
with the calculated second finite difference of the total mini-
mum energy,A,E(N)=E(N+1)+E(N—1)—2E(N), are
summarized in Table Il, and compared with the previabs
initio valueg®?!and the NTB calculation$- The optimized
geometries of §j (N=6—10) clusters are displayed in Fig.

The minimum energy structure for Sis found to be an
isosceles triangle witlC,, symmetry, in agreement witab
initio results?® For Si,, the stable structure in our case is a
distorted tetrahedron rather than a planar rhombus. In the

wheren,, is the number of bonding electrons and is read agase of §j, the lowest energy configuration is found to be a

nbe=2>< nbO:2><Z—i.

)

Here, numbers 2 and 4 represent the electronic number péne MP4/6-31G leve

face-capped tetrahedron with,, symmetry, not in agree-
ment with theab initio results. This structure is the lowest
triplet for Sk lying on only 0.607 eV higher in energy than
the ground-state singlétompressed trigonal bipyramict
121 For the Sj cluster, we have shown

bond and the number of valence electrons of an atom, reéwo energy structures in Fig. 1: an octahedron and its dis-

spectively.r;; is a distance between théh andjth atoms
and the exponent is dependent on the orbitats and 8. Z;
is the effective coordination number of ti#h atom and is
written as*

Z;=2 exd —\y(r;j—R)?], 9)

i

whereR; is the minimum interatomic distance of the neigh-
bors ofith atom and is given by

-1
Ri=>, rije il > e‘*zfu} : (10)
j#i j#i

The repulsive energi e, is assumed to have the fofin

Erep:E E x(rij),

>

(11)

torted form. However, the distorted octahedron widjy,

TABLE Il. Cohesive energie$E) (eV/atom) and second finite
difference A,E (eV) for Siy clusters fromN=2 to N=10, and
compared with the previousb initio values and the NTB calcula-
tions.

Ab initio NTB® Present work
N (E) AE  (E)  ASE (E) ALE
2 1.56 1.55 1.568
3 2.54 —-0.56 248 -0.74 2.363 —-0.89
4 3.17 1.24 3.13 0.80 2.982 0.32
5 3.3 -1.28 3.36 —-0.70 3.289 —-0.53
6 3.6 0.10 3.63 0.09 3.582 0.13
7 3.8 240 3.81 1.32 3.773 0.81
8 3.65 -0.60 3.78 —-1.29 3.815 —-1.53
9 3.6 —-2.60 3.90 0.06 4.018 0.95
10 3.82 3.99 4.085

and x(r) is taken to be short-ranged for scaling exponen-Reference 21.

tially with distance

bReference 31.
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structure is also a minimum at the Hartree-Fock level as well

Za j as that in approximate density-functional theory. Foy Si
— // I\ we find that the lowest energy structure is a distorted tetra-
Qﬁﬁ\i\/g capped trigonal prism, which is a Jahn-Teller distortion of
\\\ . \%Jt\\\l\ the structure considered in Ref. 21. In fact, the lowest energy
“Véﬁ//ﬁ—/’% structures oflgi and_ Siq clusters can be derivgd from a
W pentagonal bipyramid witlDs, symmetry. The Si cluster,
x)/ therefore, can be visualized as the building block gf &id
Siyg clusters.
Ne Net Recently, Vasilievet all’ have carried ougab initio cal-

culations for the polarizabilities of small semiconductor clus-
ters, and confirmed the “metalliclike” nature of small semi-
conductor clusters, i.e., these species tend to have higher
coordination number than that in the crystalline state. In ad-
dition, their work has still shown that Sis the most stable
one among {i (N=3—10) clusters since there is a mini-
mum atN=7 in the plot of the average polarizabilities ver-
sus cluster size. From the calculated second finite difference
of total energyA,E (see Table )l we have also shown that
Siy clusters withN=4, 7, and 9 are particularly stable,
which are in good agreement withb initio result$* and
NTB calculations! except forN=9. It may be deduced that
there is a competition between the distorted tricapped trigo-
nal prism and the distorted tricapped octahedron fgr Bie
former prevails due to containing a building block with size
N=7. For Siy, similar competition may exist, too. Very
recently, Hoet al®® have found that in 12N<18 size
range, the cluster geometries can be built on a structural
motif consisting of a stack of Gitricapped trigonal prisms.
This also indicates that Stricapped trigonal prism is stable.
Therefore, the maximum of th&,E for Siy is reasonable.
Moreover, the geometries obtained for the other small silicon
clusters by this model also appear “metalliclike” with the
coordination number of some atoms more than 4. This kind
of “metalliclike” nature for small silicon clusters comes
from the unsaturated covalent bond. It must be pointed out
FIG. 1. Geometries of the lowest energy structures of smalthat our model fails to give a planar rhombus for the lowest
silicon clusters fromN=6 to 10 obtained using the fractional bond €nergy structure of i which has been proved by the
model. experiments:*® A possible reason is that quantum effect
may be so significant to dominate the lowest energy structure

. of Siy. However, a quantum effect cannot be considered suf-
symmetry has an average energy lower compared with thﬁciently in the tight-binding approximation.

undistorted octahedron, which means that the distorted one IS .
In summary, we have presented the fractional bond model

Q?J;usrtj?é? ;uii :r?eJangt-;e(llr?z;I %fifecrtth;[jh\(,e\/i:jgweit n‘:?erg%/ogether with a genetic algorithm, to perform the lowest en-
P g by sh SY ergy structures of Qiclusters up tdN=10. Our results indi-

metry, containing silicon atoms with coordination nur_nbercate that the distorted octahedron of &nd pentagonal bi-

greater than four. These are in excellent agreement with ex: . . . .

perimental observatiorisi® pyrgmd of Sy, are in excellent agreement with 'those
For Si, the lowest energy structure is a distorted bicappe erified experimentally. The geometried structures given by

octahedron, and this octahedron is capped on adjacent fac%gls model imply that small silicon clusters are of the “me-

o Som o alliclike nature, i.e., these species give preference to com-

Ab initio calculation indicates that the most favorable ar- . o .
. . act structures. This behavior is ascribed to the unsaturated
rangement corresponds to capping two opposite faces. It 5

| . . Covalent bond in such systems. In addition, the stability of
likely that electron correlation effects are not fully included Si. with distorted tricaoped trigonal orism indicates that it
at the Hartree-Fock level. For SSithe C,, distorted tri- N bp 9 b

. X C 9 ._can be viewed as a building block of clusters with larger size.
capped trigonal prism is its minimum energy structure, in

agreement with the result suggested by Ormlejand This work was financially supported by the National
collaborators? Meantime, they have pointed out that this Natural Science Foundation of China.

N= N=10
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