6032 J. Phys. Chem. 2006,110,6032-6038

Theoretical Study of Mixed Silicon—Lithium Clusters SinLip" (n = 1-6, p = 1-2)
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Theoretical study on the structures of neutral and singly chargeé,&l (n = 1-6, p = 1-2) clusters have

been carried out in the framework of the density functional theory (DFT) with the B3LYP functional. The
structures of the neutral i, and cationic SLi," clusters are found to keep the frame of the corresponding

Sin, Li species being adsorbed at the surface. The localization of the lithium cation is not the same one as that
of the neutral atom. The Liion is preferentially located on a Si atom, while the Li atom is preferentially
attached at a bridge site. A clear parallelism between the structuregNs, %ind those of SLi, appears.

The population analysis show that the electronic structure i Stan be described as&i + pLi™* for the

small sizes considered. Vertical and adiabatic ionization potentials, adsorption energies, as well as electric
dipole moments and static dipolar polarizabilities, are calculated for each considered isomer of neutral species.

1. Introduction properties, particularly the geometrical structures of large
systems, for a reasonable computational effort. Very recently,
Binning and Bacel® have investigated the structures and

OIenergetics of $Be, and SjBex, (n = 1—4) clusters while Zhang

et all® have published an investigation of,8g (n = 1-5)

The properties of small clusters of semiconductor elements
present a significant interest from the point of view of chemical
structure and bonding. They are expected to have physical an

ghemmal p}rorﬁ)grtleﬁ d.'ffelfef‘t from those of the bulk material clusters. Majunder and Kulshreshthhave investigated impurity-
ecause o their physical size. . . . . doped Sij clusters (SigM, M = Li, Be, B, C, Na, Mg, Al, and
Sma[l Sh clusters haye been Intenswe_ly investigated both Si) showing that the location of the impurity atom on the host
theoretically and experimentally. In partlcular, an enormous cluster depends on the atomic size and the nature of interaction
e_ff_ort has been devoted to _determmmg the structures of free between the host cluster and the impurity atoms. The principal
silicon clusters. For small Stclusters,n < 8, structures have question in studying metal-doped silicon clusters is the com-

beterg)lle%(t%n_ls_lr\]/elyh StUdb'Ed fromf thegry anq arF':[ Irl]oz)v f|rm|y prehension of the modifications of the properties compared to
established.They have been confirmed experimentally by anion "< ¢ pare silicon clusters.

hotoelectron spectroscapyr by Ramaf and infrared mea-
P P obyr by The study of alkalsilicon clusters is also of significant

surements on matrix-isolated clusters. The situation is far from . . .
clear for larger clusters despite many efforts. The search for interest. Alkali metals adsorbed on semiconductor surfaces have

. . . i i 22

the global minima needs both accurate potential functions and Peen extensively studi&d? because they work as a promoter
an efficient optimization method. These conditions can be catalysts. The study of alkatsilicon clusters could furnish
achieved for small sizes, but as the cluster size increases, it2 Petter understanding in the interaction between silicon and
becomes much more difficult to find the lowest-energy ground alka_lll atoms and could help to find thg best sites of adsorption.
state in theoretical study. The calculated lowest-energy structuresJntil now, only the sodium-doped silicon clusters have been
were found to be dependent on the type of the calculation investigated. The ionization potentials ofiS&, 3= n < 11, 1
(semiempiricaP tight-binding® diffusion Monte Carld,density ~ = P = 4, have been experimentally determined from the
functional theory (DFTY,8 mixed semiempirica- DFT 2 mixed threshold energies of their ionization efficiency cur¢@©n
tight-binding+ DFT19) and also on the optimization technique. the theoretical aspect, the structural and electronic properties
For cationic silicon clusters, mobility experimeHtshave of SirNa (n < 10) have been studied through cz_alculations based
revealed that a structural transition from prolate to a more on the Moller-Plesset (MP2-MP4) meth&tlor in the frame-
spherical geometry occurs between 24n < 27, while for work of DFT2# It has been found that the ionization potential
neutral silicon clusters photoionization experiméhteave  for SiNa clusters presents local minima fior= 4, 7, and 10,
shown that the prolate-to-spherical-like structural transition is correlating with the measured low valéef the electron
likely between 20< n < 22. affinity of bare silicon clusters gfor these sizes. In a previous

Binary clusters containing silicon atoms have been substan-Work* we have |n\iest|gated the neutral/S& clusters and
tially studied. Mixed transition metal silicon clusters have been their cations SNa,* (p = 1, 2) with DFT/B3LYP type
the object of experimental studies by mass spectrorietry calculations. The geometrical structure of the most stable
by photoelectron spectroscopyOn the theoretical point of ~ iSomers of SiNg clusters was found to be similar to that of
view, the SiM,, clusters have usually been investigated in the SiNa in which a second Na atom is located on a site far from

framework of DFT. This approach allows calculation of some the first Na atom. No NaNa bonding was found for these small
sizes. Our ab initio calculations indicate that on doping with

* Corresponding author. Phone: 33 4 72 43 29 31. Fax: 33 4 72 43 15 Na atoms, the electron charge migrates from sodium atoms to
07. E-mail: franck.rabilloud@Iasim.univ-lyonZ.fr. the silicon cluster without disturbing seriously the original
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TABLE 1: Equilibrium Distances (Re in A) and Vertical lonization Potentials (VIP in eV) for Si,, Li,, SiLi, and SiLi* Dimers

Re
molecule MP2/6-31+G(d) BPW91/6-3%+G(d) B3LYP/6-3H-G(d) B3LYP/6-311G(d) exptl
Sk (yg) 2.164 2.303 2171 2.166 2.246
Liz (*Y4") 2.747 2.771 2.725 2.705 2.673
SiLit (I3 1) 2.747 2.847 2.811 2.770
SiLi (*Y7) 2.362 2.410 2.391 2.369
vIP
molecule MP2/6-31+G(d) BPW91/6-3%+G(d) B3LYP/6-3H-G(d) B3LYP/6-31H1-G(d) exptl
Sip (329’) 10.164 7.834 7.856 7.882 7.9
Lio (34" 4.335 5.133 5.254 5.322 5.143
SiLi (*Y7) 4.987 6.747 6.449 6.647
aRef 37.P Ref 38.¢ Ref 39.
framework of the silicon cluster. For all the Sis; clusters, All results are given in Table 1 for dimers for both the

the 3s electrons of the two Na atoms are transferred to theequilibrium distanceR. and the vertical ionization poten-
LUMO (lowest unoccupied molecular orbital) of ,Sand the tial (vIP). The MP2/6-311G(d) calculations were found to
electronic structure of & clusters correspond approximately give inaccurate results concerning the vIP. This might be due
to that of Sj2~ + 2Na'. to the basis set, so for Sive have tested others basis like

In the present work, we have investigated the electronic and 6-3114-G(2df,pf! and SDE! but without any real improve-
structural properties of neutral or cationic lithium-doped silicon ment. We concluded that the electronic correlation needs a
clusters SiLip™, n < 6, p = 2. It could be interesting to  more sophisticated approach like the MP4 or QCISD
compare the properties of these clusters to those N&i methods with a large basis and so heavy calculations. The two
While lithium and sodium atoms have similar external electronic functionals tested with the DFT approach furnish results of the
structure, species containing Li or Na present significant same accuracy and better than MP2 ones. In addition, a relative
difference<’ For example, some differences have been already small basis set, like 6-31G(d), was found to be sufficient to
observed concerning the optical absorption spectra of small give good results. With B3LYP/6-34G(d), the ground state
clusters. On the other hand, several experimental ré$ills  of SiLi is found to be &3~ with an equilibrium distance of
have shown that Li adsorption on a Si surface is quite different 2.391 A and a dissociation energy of 1.57 eV in very good
from those of the other alkali metals, because the small size of agreement with the QCISD(T) values of Boldyrev et'aiA
Li atoms leads to a higher ability to intermix and react with a 2IT excited state is found to be located 0.34 eV above'jie
Si surface. The study of lithium-doped silicon clusters could ground state with an equilibrium distance of 2.579 A. For SiLi
help to understand the nature of chemical bonding between Li the ground state is found to Bg* with an equilibrium distance
and Si atoms. of 2.811 A and a dissociation energy of 0.75 eV intotSii ™,

Both neutral and singly charged species are investigated inalso in very good agreement with the QCISD(T) values of
the framework of DFT. To our knowledge, this work is the first Boldyrev et al*! A good compromise between accuracy and
investigation of SiLip") clusters. Details of the calculations computational resources was obtained for B3LYP/6-G1d)
are introduced in section 2. Results are presented in section 3calculations which reproduce experimental valuesRefand
where the calculated properties of clusters including structures, vIP with a relative error less than 3% for both molecules Li
charge transfer, adsorption energy, ionization potential, electric and Sj.

dipole moment, and static dipolar polarizability are discussed.  after these tests, we choose to perform calculations on clus-

ters SjLip™ in the DFT approach with the B3LYP functional
and the 6-31G(d) basis set. In the optimization process of
Calculations have been carried out by use of the computa- cluster geometries, a number of structures were tested for each
tional chemistry program Gaussiaitd8and the graphical size. We have initiated the geometry optimization process of
interface Gabedi¥ They were achieved in the linear combina- SisLi, clusters from the known frame of the corresponding Si
tion of atomic orbitals scheme. To select a calculation method, cluster on which lithium atoms were located either on Si atoms
we have tested several methods and basis sets for knownor bridged over two atoms or capped on several atoms. We have
properties of Si Li,, SiLi, and SiLi" dimers. The first method also tested structures for which the frame of the corresponding
tested was based on the second order of perturbation using &i, cluster used as the initial geometry was deformed. We have
Moller—Plesset zero-order Hamiltonian (MP2)This method also taken advantage of the known structures gii&j?6 Of
is known to be very dependent on the basis set, but as we arecourse, the explicit treatment of all the electrons in a cluster
interested in investigating clusters including tens of atoms the having a large number of atoms constitutes a demanding com-
basis should not be too large. We have chosen the 6-G1d) putational task, and the search for the lowest isomer cannot in-
basis set, which was 14s10p1d contracted into 7s6p1d on siliconclude a global optimization procedure of the potential energy
and 12s6pld contracted into 5s4p1d on lithium. The others testssurface. So we cannot be sure that a more stable cluster than
were performed in the framework of DFT using the BPW91 those found in our calculations does not exist. All optimizations
functional which includes Becke’s 1988 exchange functi&nal were carried on without symmetry constrain€; Symmetry
with the correlation functional of Perdew and W&hgr the group). The stability of SLip structures so obtained was
hybrid B3LYP functional which involves Becke’'s three- examined by evaluating the harmonic frequencies. In the
parameter exchange functiof&lTwo basis sets were tested. discussion we only report on the lowest-energy stable isomers
The first one (6-31G(d)) was 17s11pld contracted into 5s4pld determined in our optimizations. For each stable structure, the
on silicon and 11s5p1d contracted into 4s3p1d on lithium, while charges on the Li atoms have been estimated through a natural
the second one was 6-3t5G(d). population analysis (NPAY Furthermore, the dipole moment

2. Computational Details



6034 J. Phys. Chem. A, Vol. 110, No. 18, 2006

Ja

-0.395

Sporea et al.

u.ilu -0.838 __néze °=O‘=° - . . A @—0—o0
-0.395

1a) 0.000 [3] 1b) 0.487 [1] Te) 1.298 [3]

2a) 0.000 [2]  2b) 0.402 [4] 2c) 3.249 (2]
b 2a) 0.000 1] 26)1.420[1] 2¢) 1673 [1]
3a) 0.000[2] 3b) 0.541 [2]
0.607
-0.032 -0.409
- -0.106 231
0019 0.445 0.866 -0.235
3a) 0.000 [1] 3b) 0593 [1] 3¢) 1.752 [3]
4a) 0.000[2] 4b) 0.024 [2] 4c) 0.915 [4]
{ - V
4a) 0.000 [1] 4b) 0.174 [1] 4c) 0,754 [1] 4d) 1.252 (5]
5a) 0.000[2] 5b) 0.422[2] 5c)1.125[4]
. Q g 0
J L 5a) 0.000 1] 5b) 0.028 [1] 5¢) 1.175[3] sdy 1.271[1]
6a) 0.000 (2] 6b) 0.177[2] 6c)0.272[2] 6d) 0.495[2] 6e) 0.621 [2] $H 135

Figure 1. Optimized geometries of neutral.Bi clusters. The relative
energies (eV) and the spin multiplicities (in square brackets) are shown
under the structure of each isomer. Charges from the natural population
analysis (nes) are indicated for structures 2a, 2b, 4a, and 4b.
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Figure 2. Optimized geometries of neutral,Bi, clusters. The relative

u as well the averaged static dipolar polarizability= (oxx +
energies (eV) and the spin multiplicities (in square brackets) are shown.

oyy + 027)/3 have been calculated.

tions and taking into account the effect of the triple substitutions

(CCSD(T)). We used the 6-31G(d) basis set. We found that
A. Lowest-Energy Structures and IsomersThe optimized structure 3a is lower than 3b by 0.538 eV in perfect agreement

geometries of the ii clusters, together with the energies of with the 0.541 eV value of present B3LYP calculations.

isomers relative to that of the lowest-energy one as well as the The geometries of the Qii, clusters as well as the spin

spin multiplicities, are shown in Figure 1. The ground state of multiplicities and relative energies for all isomers are shown in

all the SjLi (n > 1) clusters examined is a doublet. The structure Figure 2. The ground state of Si» clusters is found to be a

of the most stable isomer keeps the frame of the correspondingsinglet, except in the case of Sjlfior which it is found to be

Sin unchanged. This means that the-Si bond predominates  a triplet. In the geometry optimization process, we have tested

3. Results and Discussion

on the Si-Li one. The adsorbing site of a Li atom is a bridge-
site type in which the Li atom is bridged over two Si atoms for
n = 2, 3, and 4. The distance between Li and Si atoms in

different positions for the second Li atom on theL$clusters
surface. The geometrical structure of the most stable isomers is
similar to that of SiLi (except forn = 4) in which a second Li

SipLi, SisLi, and SiLi clusters are found to be 2.588, 2.514, atom is located on a site far from the first Li atom. The adsorbing
and 2.541 A, respectively. ThesBi and SiiLi structures are site of the second Li atom is a bridge-site type in which the Li
planar with aCp, andCs symmetry, respectively. For &i, the atom is bridged over two Si atoms far= 2, 3, 4, and 6 or a
lowest-energy structure 4a is only slightly more stable than bridge-site type in which the Li atom is capped over three Si
structure 4b by 0.024 eV, the latter being the lowest-energy atoms fom = 5. SiLi, and SkLi, present &,, symmetry. For
isomer for SiNa2326The SiLi and SiLi clusters present three-  SiLi», the dihedral angle H Si—Li is 46.5° and all Si-Li bonds
dimensional structures. ForsSi, the Li atom bridges over three  are found to be 2.53 A. For &ii», the lowest-energy isomer is
Si atoms in structure 5a. The latter is 0.422 eV lower than the found to have a symmetric planar structure in which the Li atoms
similar 5b structure in which Li is adsorbed on one Si atom. bridge a side of an isosceles trianglg. Fior SiLi,, isomer 4a
The absorbing site of Li for §li is a bridge-site type in which  is similar to isomer 4b of Sii in which the Li atoms are located
the Li is capped over four Si atoms and with a distance betweenon both sides of the rhombus;SForn = 5 and 6, two quasi-
Li atom and Si atoms of 2.64 A. This structure, which presents degenerated structures (a and b) are in competition for the
aC,, symmetry, keeps unchanged the frame of the correspond-ground state.
ing Sk cluster. There are still two others geometries constructed The optimized geometries of the singly chargedLBi
on the geometry of bare silicon cluster (structures 6b and 6c) clusters, together with the energies of isomers relative to that
in which the Li atom bridges over two Si atoms. As shown in  of the lowest-energy one as well as the spin multiplicities, are
Figure 1 the isomer 6a is below isomers 6b and 6¢ by 0.177 shown in Figure 3. The ground state is found to be a singlet for
and 0.272 eV, respectively. all sizes except fon = 2 for which it is found to be a triplet.
To check the structures and energetics, we have performedThe electronic structure of &ii* can be described as\Si
single-point calculations for trimers with the coupled cluster Li*. The localization of the lithium ion is not the same one as
theory using the version involving single and double substitu- that of the neutral atom in gii. For the lowest-energy isomer,
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Figure 3. Optimized geometries of cationic,8i* clusters. The relative
energies (eV) and the spin multiplicities (in square brackets) are shown.

Charges from the natural population analysjg-4) are indicated for 5a) 0,000 2] 5b) 0.0001 [2] 5¢) 1,178 [2] 5d) 1,382 [4]
structures 2a, 2b, 4a, and 4b.

the Lit ion is located on a Si atom for all sizes. In this N m
configuration the Lt charge generates an induced dipole in the

globally neutral system $_(se_e Figure 3, isomers 2a ar_1q 4a). oo | 6W0046[]  6ey01 2 6OOISIE]  6e0al6 2]
On the contrary, if the L bridges over two or more silicon
atoms, it does not generate an induced dipole as shown in theFigure 4. Optimized geometries of cationic 8i," clusters. The
Figure 3 in the cases of &it and SiLi*. Thus, the L ion relative energies (eV) and the spin multiplicities (in square brackets)
tends to bind over one silicon atom to minimize the interaction are shown.

energy. The cation gii* has a nonsymmetrical linear structure ) .

with a Si-Li distance of 2.61A. The triangle structure is located and b are found to be quasi-degenerated.Sibas the same
0.155 eV above. For the $i+ cluster, the most stable isomer linear geometry as Sikibut the Si-Li bond distance increases

is planar, with a Li tail and an irregular triangle $for which from 2.53 to 2.73A. SLi,* present &Cs symmetry.

the length of the SiSi bonds are found to be 2.76, 2.13, and The structures of §lip(™" clusters considered in the present
2.23A, respectively. SLit presents &,, symmetry with a Li study can be compared with those ofa," clusters?® In all

tail on one Si at 2.89 A. For this size only one structure for cases, the structure of the most stable isomer keeps the frame
singlet multiplicity was found to be stable. In the latter, the of the corresponding Sunchanged or slightly deformed, the

Li* cation is located on one Si atom of a rhombug She Li or Na atoms being adsorbed at the surface. Most of the
structure where the Ificapped the rhombus was found not to isomers are similar for the adsorption of Li or Na atoms, but

be stable as well as the structure where thelridged two Si the relative order in energy is sometimes changed. Several
atoms. SiLi* has aC,, symmetry. The StLi distance fom = structures are found stable for one alkali and not stable for the

4,5, and 6 is found to be 2.56 A for ground-state configurations. other one.

To check the relative order in energy of isomers, we have B. Population Analysis. In our calculations, we have
performed single-point CCSD(T)/6-315(d) calculations fon considered the natural population analysis (NPA), and the results
= 3 and 4. Structure 3a was found to be more stable thanare displayed in Tables 2 and 3. For all thglLSiclusters
structure 3b by 0.205 eV, and structure 4a was found to be moreinvestigated heren(< 6), the valence electron 2s of the Li atom
stable than structure 4b by 0.929 eV. These results are in veryis transferred to the LUMO of Siand the electronic structure
good agreement with the 0.220 and 1.034 eV values for3 of SiyLi clusters corresponds to that of,Si+ Li*. The natural
and 4, respectively, found with B3LYP. population analysis indicates a chamyea of about+0.8 on

The geometries of the singly chargedL$i* clusters, together  the Li atom (Table 2). These results are in concordance with
with the relative energies of isomers and spin multiplicities, are the values obtained for $ia?® (see Figure 5). In the Figure 1,
shown in Figure 4. The ground state of all thglL$i* clusters thegupa charges for Si atoms are indicated for isomers a and b
examined is a doublet. The electronic structure is similar to that of Si;Li and SiLi. They show that the transferred charge is
of Sin™ + 2Lit*. The structures are approximately similar for located on the nearest neighbors. In the case #fi,Sine can
both SjLi,* and SjLi, clusters forn = 1, 2, and 5, but are  see that the structure is most stable when the transferred electron
different forn = 3, 4, and 6. For $Li," clusters, Li atoms are  can be shared by two silicons rather than located on only one
located on a Si atom or bridges over two, three, or four Si atoms. silicon. For all the SiLi, clusters, the 2s electron of the two
As for neutral SiLi, clusters, the second Li atom is located on Li atoms are transferred to the LUMO of,Siand the elec-

a site far from the first one. For §ii,™ and SiLi,*, isomers a tronic structure of SLi, clusters corresponds approximately to
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TABLE 2: Calculated Relative Energies, Lithium Binding
Energies Ep), Dipole Moments (), Static Dipolar
Polarizabilities (o), and Charges on Lithium Atoms from the
Natural Population Analysis (guea) for SinLi Clusters

energy
cluster (eV) Ep(eV) u(Debye) o (A3 qgupa(au)
SiLi 0.000 1.57 5.98 11.19 0.78
SiLi  2a(Cy) 0.000 2.50 5.62 19.71 0.79
2b (Cs,) 0.402 4.73 18.41
2c C..,) 3.249 1.87 31.18
SisLi  3a(C) 0.000 2.25 5.80 18.83 0.84
3b(C) 0541 4.40  21.01
SisLi 4a (Cy) 0.000 1.67 6.89 24.56 0.81
4b(C) 0.024 466  23.43
4c (Cy 0.915 4.54 23.66
SisLi  5a (Cy) 0.000 2.23 5.23 26.82 0.86
5b (C) 0.422 974  28.69
5¢ (Cs) 1.125 3.54 2594
SigLi  6a(Cz) 0.000  1.95 444 3008 087
6b(C) 0.177 7.34 3158
6¢c(Cz) 0.272 7.14 3161
6d (Cy) 0.495 5.97 30.37
6e Cn) 0.621 11.05  33.04

TABLE 3: Calculated Relative Energies, Lithium Binding
Energies Ey), Dipole Moments ), Static Polarizabilities
(o), and Charges on Lithium Atoms from the Natural
Population Analysis @npa) for SigLi, Clusters

energy
cluster (eV) En(eV) u(Debye) o (A3 qguea(au)
SiLi; 1a(C.,) 0.000 3.21 0.00 23.38 0.77;0.74
1b (C) 0.487 5.44 26.49
1¢ Cw,) 1.298 10.15  31.49
Sipliz 2a(Cz) 0.000 6.10 6.09  20.65 0.74;0.74
2b Oz) 1.420 0.00 20.69
2c(Cy) 1.673 8.41 23.80
SisLi, 3a(Cz) 0.000 4.78 5.21 23.74 0.85;0.85
3b(Cz) 0.593 3.78 26.00
3c(Cx) 1.752 6.49 27.88
Sigli 4aC9  0.00 3.56 0.00 26.35 0.86;0.86
4b (C) 0.174 2.35 27.39
4c Cz) 0.754 10.18 35.89
4d (C,) 1.252 0.00 27.29
SisLi, 5a(C.) 0.000 4.70 431 29.79 0.86;0.86
5b (C,) 0.028 5.98 29.91
5¢c(C) 1.175 1.06 31.30
5d (C) 1.271 5.16 32.35
SiLi; 6a(Cz) 0.000 4.08 2.38 33.95 0.86;0.89
6b(Cy) 0.020 6.74 34.62
6c (Cy) 0.474 3.67 36.37
6d Dsq) 0.629 0.00 33.90
6e Cz) 0.759 5.94 34.40
6f(C)  1.035 3.79 34.66

that of Si2~ + 2Li*. The natural population analysis indi-

cates a charggypa within the 0.7-0.9 range on each Li atom
(Table 3).

C. Lithium Binding Energies. The binding energy of Li
to the Sj cluster for neutral species calculated Bs =
—[E(SinLip) — E(Sin) — pE(Li)] is listed in Tables 2 and 3 for
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Figure 6. Binding energy Ep) of lithium atoms to the Sicluster for
SinLi and SiLi, clusters, together with the experimental value of the
vertical electron affinities (VEA) of Si(ref 25).

leads to a electronic charge transfer from the alkali atomo Si

The binding energy of two Li atoms is approximately equal to
twice the binding energy of one Li atom. Our calculations show
that alkali binding energy is higher for sBi, than for SiNa,

by an amount of 0.52.0 eV.

D. lonization Potential. We now discuss the ionization
potentials for SiLi, clusters. We have calculated both the
vertical ionization potential vIP (when the ion geometry is
considered as identical to the geometry of the neutral) and the
adiabatic ionization potential alP (including the relaxation of
the ion geometry) for §Li and SiLi, clusters.

Before discussing results for clusters, we first present results
for dimers. The vIP for Siand Lk dimers are compared with
the experimental values in Table 1. The B3LYP/6+¥(d)
values compared very well with the experimental data. For the
SiLi dimer, the value of 6.449 eV for the vIP compared very
well with the alP of 6.45 eV obtained by Boldyrev et*alwith
the MP4/6-31%G(2df) and QCISD(T)/6-311G(2df) methods.
This overall agreement ascertains the reliability of the compu-

the most stable isomer of each size. In all cases, Li atoms aretational method applied in this work.

stably adsorbed on the Srame. The evolution oE, against
the number of silicon atoms is shown in FigureEg.oscillates
as a function ofn, showing a local minimum fon = 4 and

local maxima forn = 2 and 5. This result is in concordance

with the value obtained for SiNa and is explained by the
parallelism betweeik, and the electron affinity of idue to
the fact that the binding of an alkali atom to the, Sluster

Results for SiLi and SjLi» clusters are displayed in Figures
7 and 8, respectively. For sbi, the evolution of IPs againgt
presents a local minimum far= 4 and two local maxima for
n = 3 and 5, similar to previous results for,8a232% The
evolution is similar to that of the electron affinity of Sithe
latter giving a minimum fom = 4 and a maximum fon = 5
(Figure 6). This parallelism had already been noticed by Kishi
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Figure 7. Calculated vertical (circle) and adiabatic (square) ionization
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Figure 8. Calculated vertical (circle) and adiabatic (square) ionization
potentials for SiLi, clusters.

et al23 and can be easily understood as the HOMO gEids
the LUMO of Sj. The IPs for the lithium-doped cluster are
significantly lower (1.5 eV) than those for the parent,Si

J. Phys. Chem. A, Vol. 110, No. 18, 2008037

size they are similar for the various isomers so that they do not
furnish a discrimination between isomers.

4. Conclusions

We have performed a detailed study on the adsorption of one
or two Li atoms in Sj clusters withn ranging from 1 to 6.
Calculations have been carried out for both neutral and singly
charged clusters at the B3LYP/6-8G(d) level. The structure
of SisLip keeps the frame of the corresponding, Sluster
unchanged, and the electronic structure gLicorresponds
approximately to that of §~ + pLi*. The localization of the
lithium cation is not the same as that of the neutral atom. Li
ion is preferentially located on one Si atom while Li atom is
preferentially attached at a bridge site. The lion tends to
bind over one silicon atom to minimize the interaction energy
in generating an induced dipole in the globally neutral system
Sin, while for the neutral system the structure is more stable
when the transferred charge can be shared by several silicon
neighbors. The geometrical structure of the most stable isomers
of SiLi» clusters was found to be similar to that of,ISiin
which the second Li atom is located on a site far from the first
Li atom. For all clusters studied here, the spin multiplicity of
the lowest-energy isomer is found to be the lowest one for each
size (doublet for SLi and SiLi,*, singlet for SjLi, and
SinLi™). A clear parallelism between the structures afN\&j,
and those of SLip appeared. Vertical and adiabatic ionization
potentials have been calculated as well as the dipole moments
and static dipolar polarizabilities. Values of dipole moments
are tightly connected to geometrical structures. To our knowl-
edge, the present work is the first theoretical investigation of
neutral and positively chargedn8i, clusters. We hope that
our theoretical predictions will provide strong motivation for
further experimental studies of these important silicon clusters
and their cations.
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