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Linking chemical reactivity, magic numbers, and local electronic properties of clusters
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The interplay of local energetics, local electron occupancies, and local density of states is the key to the
understanding of chemical reactivity. We define local measures, within a nonorthogonal tight-binding scheme,
which clearly and unambiguously determine these local properties for an aggregate of atoms, such as a solid or
a cluster. Using these measures, we identify the electronic level mechanisms responsible for the chemical
reactivity of clusters of different sizes. A clear and concise picture of whyi$chemically inert while Sia
is reactive emerges from this analysis. A scheme for quantifying the dangling bonds is also presented in this
work. [S0163-182609)01511-§

I. INTRODUCTION (see Sec. I, only clusters with “magic” sizes 33, 39, and
45 would be expected to be chemically inert, while the rest

For systems with reduced or no symmetry, the interplay(clusters with sizes 49, 57, and)é&ould have much higher

among various features associated with the local environby several orders of magnitudeeactivity, in agreement
ments is the key in determining the global properties of avith experimental measurements for Si clusters in this
system. In situations where there is a redistribution of varange:*° This expectation is based on rather simple argu-
lence electrons and/or charge transfer, analysis of the loc&ents related to the highest occupied molecular orbital—

bonding and rebonding involved in the formation of defect/oWest unoccupied molecular orbitdHOMO-LUMO) gap

configurations such as clusters, surfaces, and interfaces c&h these model8.However, in order to establish this rigor-
provide invaluable information on the local electronic struc-OUSly, @ much more detailed analysis of the chemical reac-
ture and the energetics. Such information is critical for thellVity properties of the models is required. Therefore, in this
understanding of system properties at the local microscopif@Per a detailed local analysis of the electronic structure

level. based on the NOTB Hamiltonian has been carried out.
In this paper, we use a local approach to investigate the
existence of “magic numbers” in the chemical reactivity of Il. METHODOLOGY

Si clusters of intermediate sizéThe approach defines local
measures for the electronic structure in the framework of 3
nonorthogonal tight-binding HamiltoniatNOTB). Local
measures used in the analysis include local orbital energ
bond energy, bond charge, orbital charge, and local densi
qf states(LDQS): Since the NOTB. Hamiltonian is related to the o orbital at sitei. These matrix elements are in fact
linear combination of atomic orbitald CAO)-based meth- parametrized functions @ =R —R; , whereR; is the po-

ods, the Tormf?‘"sm of local ?“a'YS'S used n this paper .be'sition vector for sitei. The parameters defining the matrix
comes identical to Mulliken’s population analysis

: ! -~ elements are usually constructed by fitting to an experiment
technigue—a method well known in the quantum-chemistr y y g P

y . i . .
community? The validity of the local analysis technique de- and/or first-principles data base of properties of both bulk

pends crucially on the nature of the basis functions used tgystems as well as clusters. In the tight-binding approach, the

: wave function¥, of the system is expanded in terms of a

fhxfiggi;hnejm\éisfuargfg{ (l_?( the_ NOTB approach, althoug H\ite set of local-basis function such that
plicitly stated, they are assume
to be localized. This makes the NOTB approach reliable to
extract local information at the microscopic level. W, =2 Cigr®ia- 1
Our study of clusters in the intermediate range is based on e

structures derived from models constructed using the surfacé/hen Eq.(1) is substituted into the Schdmger equation of
reconstruction induced geometrigSRIG) proposed by the system, the column vector of the coefficients of expan-
Kaxiras># Of the clusters of different sizes that are compat-sion C, will satisfy the general eigenvalue equatiétC,
ible with the SRIG requirements and that are relatively stable= E, SC, , whereE, is the electronic eigenenergy of the sys-

For a semiempirical nonorthogonal tight-bindidgOTB)
heme, the Hamiltonian matrix elemerits, j; and the
overlap matrix elements;, j ; are defined in terms of some
¥inite set of local-basis functionsp; ,(r)}, which, as men-
Yoned above, are not explicitly specified. Heren() denotes
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tem, C, takes the role of the wave function, a,@{sq weight is at distances away from the sites where they are

=1. In this scheme, the Hamiltonian and overlap matrix el-centered. On the other hand, ¢{,'s are localized orbitals
ements are defined by such as in the case of NOTB approach where the orbitals are

implicitly implied to be localized, it is clearly reasonable to

N assign local physical quantities to the sites where the orbitals
Hia,jp(Rij)= | @ia(r)Hejp(r)dr, 2 are centered.

and
lll. LOCAL ANALYSIS OF CHEMICAL REACTIVITY
Sia,j,B(Rij):f @i (N @jp(r)dr. OF SILICON CLUSTERS

) ) To address issues involved in the existence of magic
The electronic band energy of the system in the nonorthogthymbperd in the chemical reactivity of Si clusters of interme-

nal basis set is then diate sizes, one has to determine first the stable configura-
oce oce tions for the clusters in this range. The determination of the
lowest energy structures of these clusters through full explo-
= = W, [H|WP . . . . . :
Eba"fzg Ex 22;‘ (WA[H[¥) ration of their configurational phase spaces via first-

principles calculations is a difficult computational task. An
alternate procedure to study these systems has been intro-
:2; igﬁ CianCigaHjgia- (3 duced by Kaxirag? The procedure is based on the fact that
for Si clusters of sizes ranging from a few tens to a few
Similarly, the number of electrons in the system is given byhundreds of atoms, the cluster geometries are expected to be
dominated to a large extent by their surface features. Using
the requirement that all interior cluster atoms are bulklike,
and all exterior atoms take on features associated with the
most stable reconstructions of Si, it was found that only a
For the tight-binding Hamiltonians, the total energy of a sys—aw cluster sizes(33, 39, 39B, 45A, 458, 49A, 498, 57,
tem is given bYEo=Epandt Erep, WhereE e, is the sum of - g1a and 68) are compatible with these critetalhe mod-
pairwise repulsive terms, which are also obtained by fittinge|s gbtained in this way are referred as surface reconstruction
Equations(3) and (4) can be rewritten aEpand=2iEi, and  jnduced geometrie€SRIG). These models have been shown
N=2;N;, with the site energyE; and the local electron {5 pe successful in understanding mobility measurentéhts.

occ

occ occ

N=22 (1\[¥))=22 2 CiarCisaSipia: (4

numberN; given by LabelsA andB used above refer to two different structures
with the same cluster size which satisfy the SRIG require-

E=, Yiaia€iat E YieigHigiar (5  Mments. The bonds associated with exterior atoms in SRIG

a (j#i)ap models are generally under stress with the typical angles be-

tween these bonds considerably distorted relative to the tet-
_ rahedral angle. In Ref. 4, the optimized structures of SRIG
Ni= ; yiav‘“+(jgaﬁ YiaipSipia: ©®) models were determined by minimizing the magnitude of the
Helmann-Feynmann forces under the constraint that the clus-
wherey;q js=22 Ci,\Cjg, - In deriving Egs(5) and(6),  ters have overall tetrahedral symmetry. It was, however, rec-
we have useH;, ig=€i,0,,5 aNd Si,i5= 3, 5. Equation  ognized that stable equilibrium structures with characteristics
(5) permits the evaluation of the site energy in terms of thesimilar to SRIG models but lower symmetry may exist once
local promotional/demotional energyyi(, .€i,) and the the constraint is relaxed. We based our search for the stable
bonding energies;, jszH;zi.) between the atom at site  structures of Si clusters of intermediate size on SRIG mod-
and its neighbors, while Ed6) allows the determination of els. We utilized the NOTB Hamiltonian for Si constructed by
the number of electrons at a given site in terms of the numMenon and Subbaswarhpecause of its remarkable success
ber of electrons occupying local orbitalg;(, ;,) and those in predicting structural properties of small clusters. In our
shared by orbitals of neighboring sitey;{ ;sSjzi.).- The  study, we first verify the reliability of the Hamiltonian by
information obtained from the local analysis of the energetusing it to obtain the optimized SRIG structures. The results
ics and that from the local analysis of electron occupancy arare in total agreement with those obtained by the density-
complementary to each other. When combined, they give &unctional theory(DFT)/local-density approximatiofLDA)
transparent picture of the nature of local electronic structurgalculations of Ref. 4. To obtain the equilibrium geometries,
and how it affects the energetics, and thus other relevanwe start from the DFT/LDA-optimized configurations and
properties of the system under study. allow the atoms to relawithout the constrainof tetrahedral
Equations(1)—(6) provide the framework for the local symmetry using the dynamical quenching techntfuentil
analysis of the electronic structure that is common to alkthe forces on all atoms converged 4e).01 eV/A. The re-
LCAO-based approaches as first demonstrated by Mulfikensulting equilibrium structures possess geometrical character-
We would, however, like to caution on the validity of assign-istics very similar to the corresponding SRIG models. They
ing local physical quantities to different atomic sites basedalso have binding energigs-80% of the bulk valug and
on Egs.(5 and (6). If the basis functionsp;,’'s are very cross sections similar to the corresponding results of the
diffuse, there is a degree of arbitrariness in such assignmentSRIG models obtained by the DFT/LDA schefEhe trend
This is because for diffuse basis functions, most of theirin the relative stabilities is likewise generally well repro-



PRB 59 LINKING CHEMICAL REACTIVITY, MAGIC NUMBERS, ... 7747

cally inert and Sjg, is reactive, we have performed the local
analysis of the structural, energetic and electronic properties
of these two SRIG-based clusters. The key ingredients for
the local analysis arg;,= v;,.i, (the electron occupancy at
i), o= 2 gl ViaipSipiat VipiaSais [electrons in
the (i-j) bond regiod, N; == ,n;,+ 313Nl (electrons at
site i), and Epond= Zapl Yia,jpHjiat ¥igiaHiajpl- The
bond energy E,,,9 can be further broken into four contri-
butions arising fromVsg,, Vsps, Vppe, @nd V. interac-
tions to shed light on the nature of the bondifdResults of
our local analysis of electronic properties for clusterg; Si
[Fig. (@] and Sijga [Fig. 1(b)] are given in Tables | and II.
The equilibrium structures for these clusters are obtained by
the molecular dynamics-based ‘“‘simulated-annealing” pro-
cedure discussed above. From Fig. 1 it can be seen that the
equilibrium structures for §i and Sigs are only slightly
> -Q distorted from their corresponding optimized SRIG models.
g}Q\'/// \. (b) There are five types of equivalent atoms ins;Siabeled 0
(6 A and 1 for interior atoms and 2-4 for exterior atgmand
seven types in Si, (2-6 for exterior atoms The five interior
atoms(0,1) in both structures are coordinated in a tetrahedral
fashion forming bondg0-1) that are predominantlyr in
character. These bonds are highly directioftgbical of co-
valent bonds as evidenced by the dominance sy and
ppo oversso contribution to the bonding enerdgee Table
1). The bonds associated with exterior atoms are also direc-
tional and mainlyo in nature. Notice also that, for most
cases, thesso contribution has antibonding character. In
Table I, we have also given the results .4, Epong, @and
duced with the exception of cluster 8% In the case of 64, r, the bond length for various pairs of atoms. One can see a
the relaxation without the constraint of overall tetrahedralstrong correlation betweed,,,qandEyq.q, i.€., the stronger
symmetry has led to a more compact structure that has thiée bond energy, the higher the charge accumulation in the
lowest energy in the sequence of structures based on SRIB®Nd region. We propose that the criterion for the presence
models. of a bond can be determined accordingNg,,=0.04 (1%

To understand the difference in the chemical reactivitiesof valence electrons Compared to the distance between at-
of these clusters, in particular, why the;sStluster is chemi-  oms, this is a more reliable quantity in determining the pres-

e’;,@

FIG. 1. Stable structures ¢8) Sis; and(b) Siygs, respectively.

TABLE I. A comparison ofsso, spo, ppo, andpp contributions to the bond energg,.,), humber of electrons in the bond region,
and bondlength¢r) for the nonequivalent bonds of 5i Siygs , and bulk diamond. Results obtained with the inclusion of electron correla-
tions are shown in parentheses. The exterior atoms gfag labeled 2 to 4, while those of,§j are labeled 2 to 6.

Bond bond (€V) Epona (€V) Epond (€V) Epond (€V) Epond (€V) Npond r (A)
Sias (0-1) —0.92-0.80 -461-45) —375-383 —054-056 —9.82-9.7) 054053 2.242.24
(1-2 010014  -253-254 —-438-441) —036-0.36 —7.16-7.17 042042 2.322.32
(1-4 0.530.53 —1.00—-0.96 —2.36—-2.39 —0.24-0.22 —3.01—-2.98 0.190.18 2.442.44)
2-3 —0.02-0.04 —3.37-3.40 401400 -0.80-079 —821-823 045045 2.402.40
(2-9 0.1600.14 —2.33—-2.39 —3.39-3.39 —0.40-0.39 —5.96—-5.96 0.320.32 2.492.50
(3-3 0.080.08 —3.271-3.63 —4.36—-4.36 —0.90-0.89 —8.81(—8.81) 0.490.49 2.372.37)
Sison (0-1) —0.99-0.89 —-4.28—-4.13 —-3.18-3.29 —0.54-0.63 —8.99-8.99 0.460.46 2.322.34
(1-2 —-0.32-0.30 —3.01(—3.02 —-4.33-4.32 —0.489-0.67 —8.14—-8.09 0.450.45 2.362.39
(1-9 0.61(0.57 —0.10-0.08 -1.96-1.77 0.190.19 -1.26-1.09 0.090.089 2.602.63
(2-3) —-0.49-0.40 —-4.00—-3.87 —-4.15-4.2)) —-0.73-0.79 -9.371-9.23 0.510.50 2.342.3H
(2-4 020014 -3.19-3.06 -359-369 —060-052 —7.58-7.40 0.410.40 2.392.40
(2-6) -0.12-0.13 —3.471-3.59 —4.42-4.30 —0.54—-0.58 —8.55—-8.55 0.470.47 2.372.39)
(3-5) —0.15-0.14 -3.36-332 -496-492 -081-083 -929-9.21) 053053 2.342.34
(3-6) —0.04-0.03 —3.471-3.4)) —4.70—4.68 —-1.05-1.15 —9.26-9.27 0.530.53 2.342.39
(6-6) 0.44(0.44) —-3.22-3.62 —4.89—-4.50 —0.29-0.26 —7.96—-7.99 0.450.4H 2.402.38
diamond —-0.62 —-3.94 —4.64 -0.23 —-9.48 0.51 2.35
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TABLE Il. Site index(i), coordination(c), on-site orbital occupancy(, , a=s, py, py, andp,), total number of on-site electronbly),
ratio of the number of electrons in the bond regio+ ) to the number of electrons associated with theisigad local orbital energyH|q,)
are given for the bulk diamond, and for exterior atoms @f &hd Sigs . Results obtained with the inclusion of electron correlations are
shown in parentheses.

Nbéna

[ c Nis r'|ip>< I"lipy rIipz Ni 2 2_N| EIorb (eV)
j#i
Siss 2 4 148148  0630.6) 0630.6) 056055  4.114.09 20%20%  —31.894—31.39
3 3 1.561.55 0.5600.56 0.5600.56 0.6600.67) 4.044.03 179%17%) —32.66—-32.59
4 4 1.761.79 0.540.55 0.540.55 0.540.55 3.963.98 149%(14%) —34.48-34.73
Siyon 3 3 1.421.45 0.590.62 0.390.44) 0.490.55 3.673.83 21%(20%) —28.73-30.59
4 4 1.611.60 0.500.63 0.500.63 0.500.63 3.783.88 17%(17%) —31.70-33.12
5 3 1.611.69 0.680.63 0.680.63 0.680.63 4.444.26 18%419%) —35.16-33.0)
6 3 1.641.61) 0.660.61) 0.8600.80 0.570.52 4.444.25 169417%) —35.79-33.48
diamond 4 1.24 0.59 0.59 0.59 4.0 25% —28.23
ence of a bond as will be seen in the next paragraph. lent bond of bulk Si. A closer examination of the nature of

The atoms(4) at the apexes in both structures resemblebonding in the clusters when compared with the bonding in
the adatoms in the Si(111)>77 reconstructiotf and each is  the diamond phase reveals that the most dramatic change
surrounded by three surface ato@ and forms predomi- occurs insso and ppa bonding characteristics. A pattern
nantly o bonds. These apex atoms are directly above thendicating a reduction a§so characteristics and an enhance-
interior atoms(1). In Sk, 4y is less tharr,, (in both the  ment ofpps characteristics in all the bonds when the bond-
LDA-optimized SRIG structure and our equilibrated struc-ing environment is distorted from the optimal tetrahedral
ture). Yet the bond energy for 4-1 is only half of that of 4-2. honding configuration emerges. This effect is particularly
The underlying reason is due to the fact thetnqfor 4-1is  pronounced for the exterigtsurface”) atoms in the clusters
about half of that of 4-2. The surface atoli® in Sizzrelax a5 their bonding configuration is considerably distorted from
to form dimers reminiscent of those formed in the recon-the normal tetrahedral configuration. The enhancement of the
structed Si100 surface'® These bonds and those resulting p . characteristics in the bonds associated with the exterior
from the interaction of each “dimer” atom with two other atoms suggests that the “exterior” electrons are less local-
surface atoms$2) have strongr character as evidenced from jzed and take on the character reminiscent of the metallic
the ppar contribution. In Siga, chain structures 3-5-3-6 of effect of the electrons on the surface of bulk Si. The reduc-
exterior atoms with strongr character are in evidence. The tjon of sss characteristics in the bond is an indication of less
chain structures are similar to thexa m-bonded chain on  participation ofs electrons in the bond region as evidenced
the S{111) surface** These surfacelike features of the exte- by the less negativeso bond energy and, in some cases,
rior atoms in the Si clusters are apparently responsible for thgyen positivesso- bond energyantibonding charactgm the
unusual stability of SRIG-based equilibrium structures. Theponds associated with exterior atoms. From Table I, it is
stability of the clusters is governed by a delicate balancgeen that the electron on-site occupancy for sheebital of
between maximizing bond overlaps of neighboring atomshe exterior atoms is considerably greater than the corre-
and minimizing the energy lost due to the redistribution ofsponding case of the bulk Si, indicating the redistribution of
valence electrons among the orbitals and the migration of electron from the bonding region into the on-siterbital
electrons to the bonding region. In the stable clusters, there igng thus causing the reductionsdo character in the bond.
in general charge transfer from the interior region to the ex-Thjs redistribution of electrons into the on-si@rbital also
terior region, resulting in an increase in the local orbital en-ahances th&,,, (More negativeof the exterior atoms as
ergy, Eion= ¥is,is€st (Vip,..ip, T Vip, ip, T Yip,.ip,) €p» TOr @ can be seen from Table II. Itis this enhancement ofthg,
oms in the interior region. The more “positiveE 4, in the  which contributes to the stability of the exterior atoms even
interior region, however, is compensated by the more “negathough the bonding strength between them and their neigh-
tive” E,p in the exterior region. bors might be weaker than the normal tetrahedral bonding

To shed light on how the interplay among the local orbitalconfiguration. Thus, the combined effect of the redistribution
electron occupancy, the bond charge, the bond energy, arndto the on-sites orbital and the enhancement of thew
the local orbital energy affects the stability and structuralbonding characteristics is the main factor, which determines
properties of a cluster, we compare these properties of thihe stability and structural properties of the two cluster struc-
two clusters (S and Sjga) with the corresponding proper- tures.
ties of the bulk Si in its most stable diamond phase. From The notion of “dangling” bonds has been frequently in-
Table 1, it can be seen that, with the exception of 0-1 bond invoked to explain the energetics of the formation of defect
Sias, the bond energy of all the other bonds in both structuregonfigurations or surface effects. An explicit quantitative
is higher(more positiveé than the bond energy of the tetra- means to characterize the dangling bond is difficult to deter-
hedral bond of the diamond phase of bulk Si, indicating thamine, and is lacking in many theoretical approaches. Within
the strength of these bonds is weaker than the optimal covahe framework of our local analysis, such a measure can be
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in the diamond lattice as the reference, we have determine i
that of the four electrons per atom in bulk Si, one electron is Atom's !
shared uniformly by the four equivalent bonds formed be- M
343N {N;=25%. In Table 11, this ratio for exterior at- Atom 4 i
oms in both structures range from 14% to 21%, indicating w
the existence of dangling bonds associated with the corre '
py, andp, orbitals are the same while for those with non- M
equivalent bonds, the electron occupanciep,inp,, andp, s ‘ .
orbitals are nonuniform. Thus, in the former case, the pos ~180 70
the dangling bond favors the direction defined by the nonthe reactive site€3, 4, 5, and § of Siygs. The Fermi level is
spherical charge distribution, i.enr(x,npy,npz). In this way, indicated by the vertical dashed line.
a quantitative characterization is provided which leads to a

The possible reactive sites on the “surface” of a cluster—Z;), whereZ; is the number of valence electrons of an
are those exterior atoms that have substantial deviation fronsolated Si atom £;=4). The result yielded dramatic im-
the normal electron occupanciN(=4). From Table I, it provement of the charge transfer for the exterior atoms of
ing that Sis is chemically inert. On the other hand, in the However, it did not alter the main conclusions of the present
case of Sjg,, the exterior atoms have significant probability work. For instance, the structural properties, bonding nature,
to initiate reaction on its surface since their electron concenand chemical reactivities of the SRIG-based models do not
active sites, we have calculated the local density of states
(LDOS) as a function of_ the_ eigenener@y for these atoms. IV. SUMMARY
The results are shown in Fig. 2. It can be seen that, although
Fermi energy. This is a reflection of the propensity of atomgnines the chemical reactivity of Si clusters. More generally,
of type 6 to donate electrons to form bonds with electroposiwe have shown the usefulness of the method of local analy-
tive reactants as compared to atoms of type 5. On the othe&is based on a NOTB Hamiltonian to study properties of

conveniently set up so that it provides not only a quantitative ' o
means to characterize dangling bonds but also a way to dt Atom 6 ;
scribe various characteristics of these bonds. Using bulk < M
tween a Si atom and its four nearest neighbors. This sugges
that the saturation of the bonding corresponds to a ratio @
sponding ‘“sites.” Furthermore, for exterior atoms with
equivalent dominant bonds, its electron occupanciep,in Atom 3

. X A i N Eigenenergy (eV)
sible saturation of the “dangling” bonds is directed along
the (111) direction while in the latter case, the saturation of  FIG. 2. Local density of states as a function of eigenenergy at
vivid pictorial representation of the “dangling” of the unsat-
urated bond. Hamiltonian matrix elements. This term is given by(N;
can be seen thd; associated with the exterior atoms inSi  Sisga as can be seen from Table II, where the results with the
does not deviate very much from 4. Hence, it is not surprisinclusion of HubbardU term are shown in parentheses.
trations are either considerably lowémtoms 3 and ¥ or deviate significantly from the case where no electron corre-
higher (atoms 5 and Bthan 4. To further identify the most lation effect is included.
both atoms 5 and 6 haW, substantially greater than 4, only ~ In summary, we have demonstrated how the interplay be-
atoms of type 6 have pronounced features at and below thigveen the local electronic structure and energetics deter-
hand, the “electron-poor” atoms of type 4 have more pro-complex systems with reduced symmetry.
nounced features above the Fermi level than atoms of type 3,

indicating that they have a higher affinity to accept electrons ACKNOWLEDGMENTS
from reactants.
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