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Singly and doubly lithium doped silicon clusters: Geometrical
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The geometric structures of neutral and cationic Si,Li,,%t clusters with n = 2—11 and m = 1, 2 are
investigated using combined experimental and computational methods. The adiabatic ionization en-
ergy and vertical ionization energy (VIE) of Si,Li,, clusters are determined using quantum chemical
methods (B3LYP/6-3114-G(d), G3B3, and CCSD(T)/aug-cc-pVxZ with x = D,T), whereas exper-
imental values are derived from threshold photoionization experiments in the 4.68—6.24 eV range.
Among the investigated cluster sizes, only SigLiy, Si;Li, SijoLi, and Si;;Li have ionization thresh-
olds below 6.24 eV and could be measured accurately. The ionization threshold and VIE obtained
from the experimental photoionization efficiency curves agree well with the computed values. The
growth mechanism of the lithium doped silicon clusters follows some simple rules: (1) neutral singly
doped Si,Li clusters favor the Li atom addition on an edge or a face of the structure of the corre-
sponding Si,~ anion, while the cationic Si,Li* binds with one Si atom of the bare Si, cluster or adds
on one of its edges, and (2) for doubly doped Si,Li,¥* clusters, the neutrals have the shape of the
Si, 4+ counterparts with an additional Li atom added on an edge or a face of it, while the cations have
both Li atoms added on edges or faces of the Si,~ clusters. © 2012 American Institute of Physics.

[doi:10.1063/1.3672164]

. INTRODUCTION

Silicon-based clusters have received continuing atten-
tion in part due to their numerous technological applica-
tions and the intensive ongoing efforts to reduce sizes in
nanomaterials.'~'?> However, the determination of the ground
state structure of clusters is not straightforward and remains a
challenging subject. Structures of small neutral and positively
charged silicon clusters, predicted earlier by theory, have only
recently been confirmed or clarified by far-infrared spectro-
scopic experiments.'>!* Due to the small 3s-3p energy gap
of the Si atom, silicon clusters favor structures where the
Si atoms have tetrahedral hybridization rather than triangu-
lar hybridization as carbon in fullerenes. Therefore, fullerene-
like Si clusters, which may be obtained by proper metal
doping,'>~!” remain elusive targets. Since the first experimen-
tal realization of transition metal doping,'® much effort has
been devoted to the search for dopants that trigger the for-
mation of endohedral high-symmetric silicon clusters. In this
context, the study of the structure of doped silicon clusters
provides fundamental knowledge needed for their potential
use in new materials and applications.

Transition metal atoms can be encapsulated in a Si cage
consisting of 11 or 12 Si atoms onward. Smaller main ele-
ment atoms can even be placed inside a smaller sized cage.
For example, the Be atom is found to be able to locate at
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the center of a Sig cube, while the Li~ anion is not.!® Us-
ing ab initio molecular dynamics simulations Majumder and
Kulshreshtha?® showed that Be and B atoms are encapsulated
in a bicapped tetragonal prism Sio, while Li, Na, Mg, and Al
prefer to expose on the surface of the clusters.

Previous studies demonstrated that Li behaves as an elec-
tron donor in neutral Si,Li.22* Hence, the Li atom favors ad-
sorption on a bridge site of the corresponding Si, cluster and
the silicon framework in Si,Li species is basically similar to
that of the Si, ™ anion.?! Using the G3 technique to probe the
structures of the small neutral and anionic Si,Li%~ (n = 1-
8) series, Yang et al.>® found that the ground state structures
of neutral Si,Li are of adsorptive type in which Li is sim-
ply added to the Si, clusters, whereas the Si,Li~ anions are
of substitutional type. Logically, one adsorptive Li atom and
one substitutional Li atom could be expected in the doubly
doped neutral Si,Li, clusters. However, Sporea et al. 22.24 gid
not come to that conclusion in a theoretical study on structures
of small Si,Li and Si,Li, (n = 1-6). These authors deduced
that even in Si,Li,, the bare Si,, frames remain and both Li
atoms act as electron donors. A similar behavior was found
for sodium doped Si,Na,, clusters (n < 6; m < 2).26 This
finding may not be generalized because the authors only con-
sidered small silicon clusters. It is apparent that larger singly
and doubly lithium-doped silicon cluster sizes should care-
fully be investigated before a general growth pattern can be
established. A few small mixed lithium-silicon clusters with
more than two Li atoms were also studied theoretically.?’ In-
terestingly, the multi-lithium doped silicon cluster SisLi;™

© 2012 American Institute of Physics
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was predicted to have a perfect seven-peak star-like structure
due to the electron donation behavior of the Li atoms.?® Some
experimental data on sodium doped silicon clusters, includ-
ing threshold photoionization and photoelectron spectroscopy
studies, are available.>’=*> However, not many experiments
are reported for the lithium congener.

Measurements of the ionization energy (IE) of silicon
clusters are limited by the availability of tabletop tunable laser
light sources, which provide sufficiently short wavelengths.
Therefore, only recently the IEs of small silicon clusters (Si,,
n = 1-7) could be measured using vacuum ultraviolet light of
a synchrotron with relatively high accuracy.® In a forthcom-
ing article,** we describe in detail the measurements of the
photoionization efficiency (PIE) curves of Si,Lisz (n = 5-11)
and SigLi,, (m = 3-6), which makes available both vertical IE
(VIE) and adiabatic IE (AIE) for these mixed lithium-silicon
clusters with a high accuracy.

In the present paper, the geometrical and electronic struc-
tures and energetics of the singly and doubly lithium doped
silicon clusters in both neutral and cationic states, Si,Li,,”*
with n = 1-11 and m = 1-2, are discussed. The theoretical
investigation is carried out in concert with the experimen-
tal threshold photoionization measurements. However, among
the investigated species only SigLi,, Si7Li, SijpLi, and Si;Li
have sufficiently low ionization thresholds allowing exper-
imental determination of their ionization energies. Our ul-
timate goal is to identify the ground state structure of the
clusters and to derive the role of the lithium atoms upon in-
vestigation of their growth mechanisms in comparison with
the bare silicon clusters.

Il. EXPERIMENTAL METHODS

The Si,Li,, clusters are produced in a pulsed dual-target
laser vaporization source, described in detail elsewhere.?
Two rectangular targets of silicon and lithium are ablated by
focused 532 nm Nd:YAG laser light and energy densities of
8.0 and 0.2 mJ/cm?, respectively. The cluster source produces
particles in the cationic and anionic charge states, as well as
neutral clusters. Charged clusters, as produced in the source,
are electrostatically deflected to investigate the neutral clus-
ters. Post-ionization is, however, required to detect the neutral
clusters and to record a mass spectrum using a reflectron time-
of-flight mass spectrometer. Typical mass abundance spectra
of neutral Si,Li, obtained by post-ionization are shown in
Fig. 1 using either 7.89 eV (F, excimer laser) or 6.42 eV laser
light (ArF excimer laser). The laser energy density is kept low
to ensure that no significant amount of photon induced frag-
mentation takes place.

Certain cluster sizes appear to be more abundant in
Fig. 1(a), which is recorded with 6.42 eV photons. Enhanced
intensities are recorded for SisLis, SigLi,, Si;Li;, and SigLis.
However, one cannot directly relate enhanced abundances to
enhanced stabilities. The recorded intensity not only depends
on the abundance in the cluster beam but also on the ioniza-
tion efficiency. This is clearly illustrated by the high abun-
dances of Si,Li, clusters in the mass spectrum, as shown in
Fig. 1(b), recorded after ionization with a photon energy of
7.89 eV, while they are almost absent in Fig. 1(a). Previous
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FIG. 1. Mass abundance spectra of neutral Si, Li,, clusters produced at 100 K
and post-ionized using either (a) 6.42 eV photons or (b) 7.89 eV photons. The
green arrows mark Si, Liy and dotted lines the bare Si,, clusters.

threshold ionization measurements revealed that the Si,, clus-
ters with n = 1-7 and 10 have an ionization threshold above
7.89 eV (Ref. 36), and thus their recorded intensities do not
reflect their abundance in the cluster beam. For a correct in-
terpretation of the mass spectrum of neutral clusters, the ion-
ization efficiency of each cluster must be known.

In the forthcoming article,** we describe in detail the
measurements of the PIE curves of Si,Li,,. Briefly, the neu-
tral clusters are ionized by tunable laser light from a dye laser
and PIE curves are obtained for each size by scanning the
ionization laser in a range from 4.68 to 6.24 eV with a step
size of 0.04 eV. Each data point is measured multiple times
and is normalized by a reference value taken at the photon en-
ergy of 6.42 eV. Both the ionization threshold and the VIE are
derived by fitting a smeared out step function onto the exper-
imental data.’* Basically, it is assumed that both the neutral
and the ionic cluster can be described by harmonic potentials
with the same vibrational frequency that photoionization from
a specific initial vibrational state to a specific final vibrational
state is a step function, and that one can neglect temperature
effects. Under these conditions the VIE corresponds to the
maximum increase in the ion signal (the maximum of the first
derivative of the PIE curve).’’

Of all singly and doubly lithium doped silicon clusters
in the considered mass range, i.e., Si,Li;» with n < 11, only
SiyLi, SijgLi, SijLi, and SigLi, have ionization energies in
the studied energy range (<6.24 eV). The ionization threshold
of the other Si,Li;» (n < 11) species is above 6.24 eV. All of
them show up intensely in the mass spectrum measured using
7.89 eV photons (Fig. 1(b)), which puts an upper limit on their
ionization threshold.

Fig. 2 shows the PIE curves of Si;Li, SijoLi, Sij;Li, and
SigLi;. The open squares represent the experimental data,
while the solid (red) lines are the smeared out step functions
fitted to the data. The scatter at the baseline is mainly due
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FIG. 2. PIE curves of the Si,,Li,, clusters (n < 11 and m = 1, 2) with an AIE
below 6.25 eV; Si7Li, SijoLi, Sij1Li, and SigLiz. The open squares represent
the experimental data, while the solid red lines represent smeared-out step
functions fitted to the data. The experimental VIE and the ionization threshold
are both indicated by a red dot. The positions of the calculated VIE and AIE
are indicated by green arrows.

to the low signal to noise ratio. The scatter above the VIE
is intrinsic. The experimental VIE and the ionization thresh-
olds are both indicated in the figures with a (red) dot. The
positions of the VIEs and AIEs calculated in this work (de-
scribed in Sec. IV) are indicated by green arrows. The small
features in front of the ionization thresholds are parts of the
PIE curves of Si,_;Li; »44 species which have the same mass
as Si,Li;» and are probed at slightly higher lithium contents
in the source.

lll. COMPUTATIONAL METHODS

Electronic structure calculations are carried out using the
GAUSSIAN 03 package.’® The popular hybrid B3LYP func-
tional in combination with the 6-3114+G(d) basis set is used
for optimizing geometries. Harmonic vibrational frequencies
are calculated at this level to identify the obtained struc-
tures as local minima on the potential energy surface and
to evaluate zero-point energy corrections. The B3LYP func-
tional has shown to be good in predicting IEs of bare silicon
clusters.***? To obtain more accurate geometrical and ener-
getic parameters, higher levels of theory such as the compos-
ite G3B3 method and coupled-cluster theory are used. The
G3B3(G3/B3LYP) approach is a variance of the GAUSSIAN
3 (G3) method.** This is a composite technique in which a
sequence of molecular orbital calculations is performed to
obtain an improved total electronic energy of a given molec-
ular species. Relative to the original G3 method, the equi-
librium structure in the G3B3 theory is determined at the
B3LYP/6-31G(d) level, instead of at the MP2/6-31G(d) level.
Harmonic vibrational frequencies are computed at the same
B3LYP level and scaled by a factor of 0.96 to take the known
deficiencies at this level for this property into account. The
scaled vibrational frequencies also give the zero-point ener-
gies (ZPEs) that are used for zero-point corrections to the to-
tal energies. The coupled-cluster CCSD(T) theory is used in
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conjunction with the correlation consistent aug-cc-pVTZ ba-
sis set for the small Si,Li,, (n = 2-5 and m = 1-2) clusters.
For larger Si,Li, clusters (n = 6-11), single-point electronic
energies are calculated at the CCSD(T)/aug-cc-pVDZ level
for selected isomers using the B3LYP optimized geometries.

The AIE is calculated as the difference of the electronic
energies, corrected by zero-point energies, of each neutral iso-
mer and its corresponding cation having the similar shape.
The cationic structure is obtained by optimizing from the
neutral structure after removing an electron. For each isomer
considered, a couple of neutral and cationic structures hav-
ing similar shapes are located. The VIE is computed from
the single-point electronic energy of the neutral and cationic
forms at the optimized neutral geometry. The zero-point ener-
gies used in the IE values at the CCSD(T) level are taken from
the B3LYP/6-311+G(d) harmonic vibrational frequencies.

In this study, the generation of new structures for each
Si,Li,, cluster system is initially based on the structures pre-
viously reported in the literature. Wang et al.>! showed that
the Si,Li geometric structures are similar to those of corre-
sponding anionic Si,~ clusters, if one neglects the Li atom.
On this basis, we generated structures of Si,Li by adding
a Li atom at different positions around the well-known ge-
ometric structures of the bare anionic silicon Si,~ clusters
and then optimize their geometries. Similarly, we create the
new initial structures of Si,Li, by adding the second Li atom
around the different isomeric structures of Si,Li. Besides, we
also carried out systematic exchanges of the Si atoms by Li
atoms in order to derive additional structures for both series
of Si,Li and Si,Li, clusters. Finally, the natural charges of
atoms are computed using the NBO5.G code** integrated into
the GAUSSIAN 03 suite. (See Tables S1-S8 in the supplemen-
tary material.¥)

IV. RESULTS AND DISCUSSION

This part is organized in three sections. In the first sec-
tion we discuss the structures and energetics of lower-lying
isomers of each cluster size for both neutral and cationic
Si,Li,, %t with n = 2—11 and m = 1-2. The second and third
sections are devoted to their growth mechanism and their dis-
sociation energies, respectively. Conventionally, the n-mX%+
label is used for the isomers of the Si,Li,”* cluster, with
X = A, B, C... referring to the different isomers with in-
creasing relative energy.

A. Structures of Si,Li,¥t withn=2-11and m=1, 2
1. SipLin®t withn=2-5andm=1,2

The calculated geometries of the smallest lithium doped
silicon clusters, Si,Li,, with n = 2-5 and m = 1, 2, are dis-
played in Fig. 3. The lowest energy isomers agree well with
the results reported in previous theoretical studies.?!~>* In par-
ticular, Sporea et al.?® investigated their structures and IEs at
the B3LYP/6-31+G(d) level. Wang et al.>' performed calcu-
lations using the quadratic configuration interaction method,
QCISD/6-3114+G(d)//MP2/6-31G(d), for the small neutral
clusters Si,Li (n = 2-7) and found a correlation between
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FIG. 3. Low-lying isomers of neutral and cationic Si,Li,"* with n = 2-6
and m = 1, 2. The entries are electronic state, point group, and relative energy
(in eV, calculated at the B3LYP/6-311+G(d)+ZPE level).

vertical IEs of Si,Li and electron affinities of the correspond-
ing Si, clusters.

Table I presents the calculated AIEs and VIEs of the
lowest energy isomers found for Si,Li, at three different
levels of theory including B3LYP/6-3114+G(d), G3B3, and

J. Chem. Phys. 136, 024301 (2012)

CCSD(T)/aug-cc-pVTZ. For these small clusters, the low-
est energy isomers in both neutral and cationic forms have
the same shape (labeled by the letter A). The AIE and VIE
values obtained using B3LYP slightly differ from those de-
rived at CCSD(T) with the deviations being smaller than
+0.1eV. Also, the differences with the G3B3 values are
less than +0.1eV, except for 4-2A where differences be-
tween B3LYP and G3B3 of more than 0.3 and 0.2 eV are
found for the AIE and VIE values, respectively. Accordingly,
the B3LYP approach is considered to be reliable to inves-
tigate the ionization energies of the larger Si,Li,, clusters,
with an uncertainty of about 0.1 eV relative to CCSD(T)
values.

2. SigLin® withm=1,2

The isomeric structures of Sigli and Sigli, and their
cations are illustrated in Fig. 4. The C,, pentagonal bipyra-
mid 6-1A in a ’B, state is the lowest-lying form of the neutral
SigLi. This is in agreement with the results of Yang et al.?’
The cation 6-1A+ with a similar shape to the neutral is a lo-
cal minimum lying 0.18 eV above the lowest-lying C; isomer
6-1B+. The Li atom in the cationic isomer 6-1B+ binds with
a Si atom, whereas in the neutral 6-1A the dopant adds on
the surface of the silicon framework. The mass spectra in Fig.
1 indicate that the ionization threshold of SigLi is higher than
6.42 eV, which is closer the computed AIE value for isomer 6-
1A (6.41/6.12 eV at B3LYP/CCSD(T), see Table II) than that
for isomer 6-1B (AIE of 5.59/5.45 eV at B3LYP/CCSD(T)).

For SigLi,, the two lowest-lying isomers 6-2A and 6-2B
are energetically degenerate according to the B3LYP calcula-
tions. The CCSD(T) results show a marginal preference for
6-2B by only 0.01 eV. The degeneracy of both isomers can be
related to the similar silicon framework in which the Li atoms
play the role of charge donor. They both have one Li atom
situated on a pentagon and the other Li capped on different
Si—Si edges.

The experimental PIE curve of SigLi, (see Fig. 2(d))
yields an ionization threshold energy of 6.10 £+ 0.26eV and
a VIE of 6.40 £0.15 eV, in good agreement with the calcu-
lated values of 6-2A, being 6.15/6.00 eV and 6.47/6.34 eV for
the AIE and VIE at the B3LYP/CCSD(T) level, respectively.
The AIE and VIE values of 6-2B are somewhat lower than the

TABLE I. AIE and VIE of the lowest energy isomers of Si,Li,, clusters with n = 2-5 and m = 1-2 calculated at three different levels of theory.

B3LYP/6-3114+G(d) G3B3 CCSD(T)/aug-cc-pVTZ

AIE VIE AIE VIE AIE VIE
Tonization transition V) V) V) eV) V) (eV)
2-1A(3B)) — 2-1A+(°B)) 6.79 6.89 6.83 6.93 6.85 6.96
3-1ACCA)) — 3-1A*(B») 6.95 7.27 6.96 7.22 6.85 7.18
4-1ACA") = 4-1A*+('A)) 6.09 6.24 6.21 6.29 6.09 6.22
5-1A(CB)) — 5-1A+(1A) 6.62 7.41 6.73 7.25 6.62 7.40
2-2A('A)) — 2-2A+(A)) 6.01 6.18 6.08 6.23 5.94 6.14
3-2A('A)) — 3-2A+(2A)) 6.29 6.61 6.37 6.69 6.27 6.60
4-2A('A)) — 4-2A+(’By) 5.79 6.83 6.13 7.05 5.85 6.86
5-2A('A) — 5-2A+(?B) 6.37 6.83 6.46 6.93 6.37 6.86
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TABLE II. Calculated and experimental values of AIEs and VIEs of Si,Li and Si, Li;, neutral clusters with n = 6-11.%

AIE VIE
(eV) eV)

ITonization process B3LYP CCSD(T) Exp. B3LYP CCSD(T) Exp.
6-1A(*B,) — 6-1AT(1A)) 6.41 6.12 6.42-7.89 6.94 6.70

6-1B(®B;) — 6-1Bt(1A") 5.59 5.45 6.44 6.19

6-2AC'A ) — 6-2AT(1A) 6.15 6.00 6.10 + 0.26 6.47 6.34 6.40 +0.15
6-2B('A’) — 6-2B1(2A") 6.01 5.90 6.22 6.12

6-2C(*A)— 6-2CT(2A") 6.84 6.80 7.08 7.13

6-2D('A’) — 6-2DF(2A") 6.09 5.89 6.48 6.38

7-1A(B;) — 7-1AT('A) 5.60 5.45 5.65 £ 0.04 6.06 5.87 5.98 +0.01
7-1BCA”) — 7-1BT(1A) 6.24 6.05 6.57 6.45

7-2AC0A ) — 7-2AT(CA) 6.48 6.41 6.20-6.42 6.72 6.71

7-2B('A) — 7-2BT(2A) 6.07 5.98 6.33 6.31

7-2C(*A) — 7-2CT(2A) 5.95 5.91 6.35 6.33

7-2D( A1) — 7-2DT(CA) 5.25 5.20 5.74 5.65

8-1ACA") — 8-1AT(1A) 6.60 6.42 <6.42 7.12 6.95

8-1B(2A) — 8-1Bt(1A) 6.10 5.94 6.43 6.33

8-1C(2A) — 8-1Ct(1A) 6.41 6.29 6.83 6.67

8-1D(A) — 8-1DT(1A) 5.68 5.43 6.05 5.88

8-2A(*A’) — 8-2AT(2A") 6.87 6.89 6.42-7.89 7.03 6.99

8-2B('A|) — 8-2B1(%A2) 6.49 6.41 6.74 6.70

9-1ACA)— 9-1AT(1A) 591 5.68 <7.89 6.53 6.38

9-1B(2A) — 9-1BT(1A) 5.71 5.42 6.28 6.07

9-2A('A) — 9-2AT(2A) 6.36 6.27 6.42-7.89 6.72 6.73

9-2B('A’) — 9-2B*(2A) 6.43 6.37 6.76 6.80

9-2C('A")— 9-2Ct(2A) 6.26 6.21 6.53 6.52

9-2D('A)— 9-2D1(2A) 6.36 6.25 6.72 6.70

10-1ACA") — 10-1A1(1A") 5.86 5.61 5.95+0.05 6.19 6.00 6.1740.01
10-1BA’) — 10-1B1(1A) 5.80 5.53 6.24 6.06

10-1CCA") — 10-1CT(1A) 5.84 5.64 6.36 6.20

10-1DCA’) — 10-1DT(1A) 5.82 5.56 6.18 6.00

10-2A(*A) — 10-2A1(2A)) 6.01 6.07 <7.89 6.77 6.66

10-2B(*A’) - 10-2BT(2A) 5.95 6.09 6.75 6.63

10-2C('A)— 10-2C*(2A) 5.99 6.01 6.74 6.61

10-2D(*A) — 10-2D(%A) 5.81 5.73 6.29 6.27

11-1ACA) — 11-1A1(1A) 5.96 5.79 6.01+0.16 6.89 6.76 >6.20
11-1BCA") — 11-1BH('A) 6.10 5.87 6.47 6.27

11-1CCA)Y— 11-1Ct(1A) 5.83 5.83 6.46 6.26

11-1DA) — 11-1DH(1A) 5.63 547 6.38 6.17

2Calculated AIEs are corrected by ZPEs obtained at the B3LYP/6-311+ G(d) level.

experimental values, being 6.01/5.90 eV and 6.22/6.12 eV for
the AIE and VIE at B3LYP/CCSD(T). But, given the experi-
mental and theoretical uncertainties on the derived values, the
presence of isomer 6-2B in the cluster beam cannot definitely
be excluded.

3. Si7Lim0/+ with m = 1, 2

For these systems, our results concur with previous
studies?!*?* that the most stable structure of Si;Li is an edge-
capped pentagonal bipyramid where the Li takes the capping
position. Other isomers of this cluster have not been discussed
in earlier studies. Fig. 4 illustrates the lower-lying isomers of
Si;Li%* and Si;Li,”*. Of particular interest is the observa-
tion that the substitutive isomer 7-1B in which the Li atom
substitutes a Si atom of the pentagon is only 0.16 eV higher
in energy than 7-1A.

The most stable cation of Si;Li™, 7-1A+, exhibits a struc-
ture similar to the neutral ground state. The substitutive iso-
mer 7-1B+, however, becomes much less stable than 7-1A+.

The doubly lithium doped neutral SiyLi, cluster adopts
7-2A, a bicapped pentagonal bipyramid, as its lowest energy
form. In this isomer, both Li atoms substitute Si atoms of
the pentagon. 7-2D, where both Li atoms adsorb to edges of
the pentagon, is 0.51 eV higher in energy than 7-2A. How-
ever, there is again a reversed energy ordering for the SisLiy™
cation, namely, 7-2D+* becomes the lowest-lying isomer being
0.72 eV more stable than 7-2A+.

The experimental PIE curve of Si;Li (Fig. 2(a)) yields
an ionization threshold energy of 5.65 £ 0.04 eV and a VIE
of 5.98 £ 0.01 eV. The calculated B3LYP values for 7-1A
of 5.60 and 6.06 eV, respectively, agree well with the ex-
periment. Calculated AIE and VIE for isomer 7-1B are sig-
nificantly higher than the experimental values (see Table II).
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FIG. 4. Low-lying isomers of the neutral and cationic SigLi,”+ and
SizLi,, ¥t with m = 1, 2. Relative energies (in eV) are calculated at the
B3LYP/6-3114G(d) + ZPE (upper) and CCSD(T)/aug-cc-pVTZ + ZPE
(lower) level.

Therefore, 7-1A is likely the isomer present in the experiment.
No accurate value for the ionization threshold could be deter-
mined in the experiment, but mass spectra obtained by ioniza-
tion with 6.42 eV laser light show that the ionization threshold
must be between 6.24 and 6.42 eV. This result supports 7-2A
and excludes 7-2D as the global minimum of this size.

4. SigLin® withm=1,2

The global minimum 8-1A of SigLi (Fig. 5) can, on the
one hand, be considered as a substitutive derivative of the C,,
symmetric bicapped pentagonal bipyramid Sig (cf., Refs. 40
and 41) and keeps the C,, symmetry of Sig. On the other hand,
8-1A can be formed by adding Li* on Sig~.*' 8-1D, which is
composed of bicapped Sig~ and Li*, is 0.64 eV higher in en-
ergy than 8-1A. Conversely, the cationic system SigLi™ favors
the additive isomer 8-1D+, which becomes the lowest-lying
isomer. Again, a reversed energy ordering is found follow-
ing electron removal at the expense of substitutive derivatives
such as 8-1A+.

é; R ®
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FIG. 5. Low-lying isomers of the neutral and cationic SigLi,,%* and
SigLi,, ¥t with m = 1, 2. Relative energies (in eV) are calculated at the
B3LYP/6-3114+G(d) + ZPE level.

SigLi, has two very close-lying isomers 8-2A and 8-2B,
both of which have a Si framework similar to that of the dian-
ion Sig?~.!” The positions of the Li atoms in 8-2A and 8-2B
are also of substitutive type as compared to the bare Sig clus-
ter. The cationic isomer 8-2B+ turns out to be the ground state
of SigLi . In the cation, the Li atoms stay further from the Si
framework than in the neutral.

No accurate experimental value for the ionization thresh-
old could be determined either for the monolithiated or dilithi-
ated cluster. However, the recorded mass spectra indicate that
the ionization threshold of SigLi is below 6.42 eV, whereas
that of SigLi, is between 6.42 and 7.89 eV. This is in agree-
ment with the calculated higher AIE of SigLi, than SigLi, but
does not allow making a definite assignment of their ground
state structures.

5. SigLin® withm=1, 2

The neutral SigLi system (Fig. 5) has 9-1A as the global
minimum. In this isomer, the Li atom adds on a face of the bi-
capped pentagonal bipyramid Sio.**>*! 9-1B, an edge-capped
derivative of Sig, is located only 0.17 eV higher in energy
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than 9-1A. This means that face-capping is slightly preferred
over edge-capping for the neutral state of this cluster. In the
cationic SigLi*, three close-lying isomers are generated by
capping Li at different positions on a silicon framework simi-
lar to the ground state of the anionic Sig~.*' This suggests that
the Li* cation loosely moves around a silicon frame. Among
these isomers, 9-1B+ where Li™ only binds to one Si atom
constitutes the most stable isomer.

For the doubly lithium doped system, the lowest-lying
isomer 9-2A is a penta-capped trigonal prism in which one
Li atom substitutes a Si position of the trigonal prism of
Sijp (Refs. 40 and 41) and the other Li atom adds on a side
face. 9-2B, being only 0.08 eV less stable than 9-2A, is also
based on the tetra-capped trigonal prism shape of Sijg, but
one Li atom now takes a substitutive position and the other
takes a bridging position. Both Li atoms in 9-2C and 9-2D
have additive positions. For the SigLi, " cation, we find 9-2A+
as the lowest-lying isomer. However, 9-2C+, which becomes
quasi-degenerate with 9-2A+, still has the bicapped pentago-
nal bipyramidal shape of Sig (Ref. 40), and both Li atoms are
added around the silicon framework. 9-2D+ remains charac-
terized by the shape of Sig, with Li atoms circulating around,
but this isomer lies energetically higher than the former.

Due to the presence of SigLis in the cluster beam, of
which the maximum in the isotopic distribution (259 amu)
coincides with that of SigLi, it was hard to experimentally de-
termine an ionization threshold for SigLi. At least no sharp
photoionization curve could be recorded. Also, for SigLi; no
accurate experimental value for the ionization threshold could
be determined. Based on the mass spectra collected by ioniza-
tion with 6.42 and 7.89 eV laser light, it is known that the ion-
ization threshold must be larger than 6.42 and below 7.89 eV.
Of the four lowest energy isomers for SigLi,, this does only
excludes 9-2C.

6. SizpLin®+ withm=1,2

Fig. 6 illustrates the shape, symmetry, and energetics of
the lower-lying structures of SiloLil,zol +. All the four lower-
lying isomers of SijoLi have the tetra-capped trigonal prism
framework of Sijy (Refs. 40 and 41) with the Li atom ex-
ohedrally adds on different positions. In a previous paper,
Sporea and Rabilloud*® found that a Li atom can be en-
capsulated in the silicon cage Sijo. The lowest-lying isomer
c-Li@Si;o, which possesses D4y symmetry of lithium-doped
cage-like silicon clusters, however, is calculated to be 1.5 eV
higher in energy than 10-1A. This shows that lithium prefers
to expose on the surface of the silicon cores.

A similar structure to the global minimum of neutral 10-
1A is found for the cationic SijgLi*, 10-1A*, but it is slightly
less stable than 10-1B+ which has an edge-capped lithium on
the Sij tetra-capped trigonal prism. The face-capped 10-1A+
(+0.01 eV) and top-capped 10-1C+ (40.06 eV) isomers are
nearly degenerate.

Regarding the doubly doped species, the lowest-lying
isomer 10-2A contains a bicapped square antiprism Sijg
framework, similar to the ground state structure of the di-
anionic Ge o2~ as found by King et al.,*’ and has two face-
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FIG. 6. Low-lying isomers of the neutral and cationic clusters SijoLinYt

with m = 1, 2. Relative energies (in eV) are calculated at the B3LYP/6-
3114+G(d) + ZPE level.

capping Li atoms. The higher energy isomers 10-2B and 10-
2C differ from 10-2A only by the positions of the capping
Li atoms. It seems that the bicapped square antiprism Si;o>~
is rather stable, and Li atoms mainly are electron donors in-
teracting by electrostatic forces and moving as Lit cations
around the silicon dianion. The 10-2D isomer, where the tetra-
capped trigonal prism remains and the Li atoms add on differ-
ent faces, is also energetically close to 10-2A. It should be
noted that for this size more isomers are found to be close
in energy, which implies a large spectrum of isomers hav-
ing similar energy content. Different from the neutral SijyLi»,
the cationic SijgLi, ™ clusters prefer the tetra-capped trigonal
prism framework of Sijg. The three lowest-lying isomers in-
cluding 10-2D+ (0.0 eV), 10-2A+ (+0.03 eV), and 10-2B+
(+0.07 eV) have the Li atoms at different positions around
that silicon frame.

Fig. 2(b) shows the PIE curve of SijgLi. The experiment
yields an ionization threshold energy of 5.95 £ 0.05 eV and
a VIE of 6.17 & 0.01 eV. The B3LYP values for 10-1A of
5.86 and 6.19 eV, respectively, compare favorably with ex-
periment. However, the other isomers shown in Fig. 8 can-
not be fully excluded. No ionization threshold could be mea-
sured for the dilithiated system. But based on the appearance
of the SijoLi, in the mass spectrum taken after ionization with
7.89 eV photons, it is clear that the ionization threshold must
be lower than this value.

7. SiyiLin”t withm=1,2

The calculated results for this system are summarized in
Fig. 7. 11-1A, which is a substitutive derivative of a penta-
capped trigonal prism structure, is the lowest-lying isomer of
Siy;Li using B3LYP. However, CCSD(T) suggests that 11-1C
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FIG. 7. Low-lying isomers of the neutral and cationic clusters Sij;Li,%*

with m = 1-2. Relative energies (eV) are calculated at the B3LYP/6-
3114+G(d) + ZPE (upper values) and CCSD(T)/ aug-cc-pVTZ + ZPE (lower
values).

is the most stable structure and its geometric shape of silicon
framework is similar to that of the most stable Si;;~ anionic
isomer.*® This agrees with a previous finding that the geo-
metric shapes of Si,Li are similar to those of the correspond-
ing Si,~ anions if we neglect the Li atom in Si,Li.?! 11-1B
and 11-1C are formed by adding Li on different positions of
the penta-capped trigonal prism Si;;. The cationic isomer 11-
1D+, which is found to be the most stable form of the Si;;Li™,
is, in fact, an edge-capped Sij;. The Si;; framework of this
isomer is geometrically similar to the ground state of the neu-
tral Si; cluster.*®42

Fig. 2(c) shows the PIE curve of Si;;Li. The experiment
yields an ionization threshold energy of 6.01 £0.16eV and a
VIE above 6.20 eV. Accordingly, our B3LYP values for 11-
1A of 5.96 and 6.89 eV, respectively, are comparable with the
experiment. Calculated AIE values for isomers 11-1C and 11-
1D are significantly below 6.01 eV, excluding them as ground
state structures. However, based on the calculated ionization
energies, isomer 11-1B cannot be ruled out.

Based on the B3LYP calculations, the lowest energy iso-
mer 11-2A of Sij;Li, has the shape of hexa-capped trigonal
prism and one Li atom substitutes a Si position of the trigonal
prism of Sij, (Ref. 40), whereas the other Li atom adds on dif-
ferent face. According to the CCSD(T) results, however, both
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FIG. 8. The growth pattern of the neutral and cationic Si,Li systems com-
pared with Si,~ and Si, ground state structures. Geometries of the bare Si
clusters are taken from Refs. 39, 40, and 43 and reoptimized at the B3LYP/6-
3114+G(d) level.

isomers 11-2C and 11-2D which are energetically degener-
ate are the most stable isomers and they both are only 0.08
eV lower in energy than 11-2A. Structurally, the 11-2C and
11-2D also have the hexa-capped trigonal prism framework
of Sij, (Ref. 40) in which one Li atom substitutes a capped Si
position and the other Li atom adds on different positions. In
contrast, the B3LYP predicts that the cation Sij;Li»* adopts
11-2E+ as its most preferred form where both Li atoms bind
on the surface of the silicon framework. However, 11-2F+
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becomes the most stable isomer at the CCSD(T) level. 11-
2F+ has both Li atoms added on two surfaces of silicon core
of the most stable Si;; ~ anion.*®

B. Growth mechanisms of Si,Li,%*

Based on the comparison between the available exper-
imental ionization energies and the calculated values for
Si,Lij, it is reasonable to assume that the lowest energy
isomers located at the B3LYP level are the isomers that are
present in the experiment (at least none of the lowest energy
isomers found could be excluded on the basis of this com-
parison). From here on, we therefore focus on the lowest en-
ergy isomers found for Si,Li;»** and analyze their growth
patterns.

To facilitate the comparison, Figs. 8 and 9 summarize
the ground state structures of Si,Li, Si,Li*, Si,Li,, and
Si,Li* with n = 2-11 and compare them with those of the
bare clusters Si,,~, Si,, and Si,,,; whose structures are taken
from previous studies***!:4% and reoptimized at the B3LYP/6-
3114G(d) level. We find that the Li dopant atoms adopt quite
different behaviors depending on the number of Li atoms and
on the charge state.

In the singly doped neutral Si,Li clusters, the Li atom
favors addition on either an edge or a face of a Si, frame-
work that is similar to the ground state structure of the anionic
Si,,~. In some cases, the additive position can alternatively be
described as substituting a silicon atom in Si,y;, such as in
SisLi, SigLi, SigLi, and SijoLi. Generally, if the Li atom is lo-
cated at the additive positions, it preferentially chooses a po-
sition which is also a substitution to the corresponding Si, |
framework.

For the cations Si,Li*, Li seems to either bind with one
Si atom of the bare Si, cluster or adds on one of its edges.
There is no exception on this empirical rule in the size range
n = 2-11. In the positive charged state, the Li atom moves
more freely due to the less negative charge distribution on the
silicon frame; therefore, it has fewer bonds with the silicon
atoms than in the neutral.

Fig. 9 shows that the doubly doped Si,Li, species bear
the shape of the Si,,;; counterparts. One Li atom actually sub-
stitutes into a Si position of Si, |, whereas the other Li atom
is adding on an edge or a face. SijoLi; is an exception on this
observation. The ground state of SijoLi, has both Li atoms
added on the surface of the dianionic Sijo2~.*° This is due to
the high stability of the dianion counterpart. The substitution
mechanism appears to persist in the doubly doped system, in
particular for the larger sizes.

In contrast to the neutrals, the Si,Li,™ cations have both
Li atoms being added on an edge or a face of the Si,,~ frame-
work. Again, the substitution is disfavored in this charged
state.

Concerning the charge distribution, the natural net
charges of the atoms on the lowest-lying Si,Li clusters are
listed in Table S9 of the supplementary material.*> The Li
atom consistently has a large positive charge; the charge trans-
fer from Li to the Si,, amounts from 0.7 in SiLi up to 0.9 elec-
tron in Sij;Li. Thus, the charge transfer from the alkali metal
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FIG. 9. The growth pattern of the neutral and cationic Si,Liy systems. Ge-
ometries of the bare Si clusters are taken from Refs. 39, 40, and 43 and reop-
timized at the B3LYP/6-3114+G(d) level.

atom to the silicon core is nearly complete, irrespectively of
the cluster size.

C. Dissociation energies

Dissociation energies of the Si,Li and Si,Lit with n
= 1-11 clusters are calculated using the B3LYP/6-3114+G(d)
method for different fragmentation paths and illustrated in
Fig. 10.
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FIG. 10. Dissociation energies (corrected by ZPE) of Si,Li (Si,Li — Si,
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— Si,* + Li) and the electron affinity of Si, calculated using the B3LYP
method as a function of the number of Si atoms.

The dissociation energy D.; is defined as the energy re-
quired in the reaction Si,L.i — Si,, + Li. This quantity has
local minima for n = 1, 4, and 7 and is maximal for n = 2,
5, and 8. This means that SiLi, Si4Li, and Si;Li are relatively
less stable and the Si,Li, SisLi, and SigLi are relatively more
stable Si, Li clusters. It is interesting to note a remarkable sim-
ilarity between the evolution of the dissociation energy D of
binary Si,Li clusters and the electron affinity (EA) of bare
Si,, with the size (n = 1-11). Both curves show local minima
for n = 1, 4, and 7 and local maxima for n = 5 and 8 (see
Fig. 10). This parallelism, which can be understood by the
correspondence between the HOMO of Si,Li and the LUMO
of Si, had already been noticed by Kishi et al.?® and was ver-
ified by Sporea et al.?*> for small Si,Li (n = 3-6). While the
energy of the LUMO is relevant for the EA, the HOMO en-
ergy scales with the bond dissociation energy.

The D, values, which are defined as the energy required
in the heterolytic bond cleavage reaction Si,Li — Si,~ + Li*,
are also calculated. The size dependence of this heterolytic re-
action path is not pronounced. Fig. 10 shows that all dissocia-
tion energies according to the Si,Li — Si,~ + Li" process are
much larger than those of the corresponding homolytic disso-
ciation energies in the reaction Si,Li — Si,, + Li. This means
that the homolytic bond cleavage is largely favored over the
heterolytic processes.

D3 and D4 are defined as the energy required for the
Si,Lit — Si, + Li* and Si,Lit — Si,™ + Li reactions, re-
spectively. D.3 has a local minimum for » = 3 and local max-
ima for n = 2 and 11. The D.4 is local minima for n = 6,
8, and 11 and local maxima for n = 2, 7, and 10. The D4
values are larger than D,z for all Si,Li* sizes. Accordingly,
the Si,Li* cations favor cationic Li™ ejection over neutral Li
elimination.

Proceeding in the opposite directions, namely, Si,~
+ Li* — Si,Li and Si, + Lit — Si,Li*, the correspond-
ing D, and D3 values represent the lithium cation affinities
(LiCAs) of the anionic and neutral bare Si clusters, respec-
tively. It is obvious from Fig. 10 that the LiCAs of the charged
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species are much larger than those of the neutral counterparts.
Similarly, the D; and D4 values define the Li atom affini-
ties (LiAs) of the neutral and cationic bare Si clusters, re-
spectively. In this case, the charged species have consistently
larger LiAs than the neutrals. This suggests that the electro-
static attraction plays an important role in the addition process
of the dopant.

V. CONCLUDING REMARKS

In the present combined theoretical and experimental
study, the geometric and electronic structures of both neutral
and cationic Si,Li,, clusters, with n = 2-11 and m = 1, 2,
were determined using quantum chemical methods including
the B3LYP/6-3114+G(d), G3B3, and CCSD(T)/aug-cc-pVnZ
(n = D,T) levels. It is found that the shape of the cationic iso-
mers does not differ much from their corresponding neutrals
isomers following ionization. However, in a number of cases
a reversed energy ordering between isomeric forms occurs.

We also determine the AIEs and VIEs of the Si,Li,,
clusters. The calculated AIE and VIE values at the
B3LYP/6/311+G(d) level of SigLi,, Si;Li, SijoLi, and Sij;Li
compare quite well with the corresponding experimental re-
sults obtained using the photoionization efficiency measure-
ments. These are the only clusters of the investigated Si,Li,,
(n = 2-11 and m = 1, 2) series for which the experimental
ionization energies were found to be lower than 6.25 eV.

The growth mechanism of the singly and doubly lithium
doped silicon clusters can be understood on the basis of the
following empirical observations:

(i)  In the neutral Si,Li, the Li atom favors addition on ei-
ther an edge or a face of the anionic Si,,~, while in the
cationic Si,LiT, it connects one Si atom of the bare Si,
cluster or adds on one of its edges.

(i) The neutral Si,Li, clusters have the shape of the Si,
counterparts. One Li atom adds on an edge or a face
of it, whereas the other Li substitutes into a Si posi-
tion of Si, ;. This differs from the growth pattern of
the cationic Si,Li,*, where both Li atoms add on an
edge or a face.

(iii) The neutral Sij;Li and SijgLi, and cationic SigLi,™
clusters represent exceptions with Li atoms behaving
differently. Their different structures can, in part, be
understood from the stability of the relevant core Si
clusters.
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