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Abstract

The growth behavior and electronic properties of the lowest energy structures of neutral LaSi,, (n = 6-20) and their anions
were explored by means of the ABCluster global structure searching strategy combined with the mPW2PLYP double-
hybrid density functional. The results revealed that the growth behavior of the lowest energy structures of anionic LaSi,,
(n = 10-20) clusters choose La-linked two silicon subclusters to La-encapsulated in silicon cages. For neutral LaSi,
(n = 6-20), the growth behavior of the lowest energy structures from substitutional structure to linked motifs and finally to
encapsulated configurations occurs at n = 14 and 20, respectively. The simulated photoelectron spectroscopy, adiabatic
electron affinities, vertical detachment energies, relative stability and HOMO-LUMO energy gaps were presented.
Analyses of HOMO-LUMO energy gaps, relative stability, and chemical bonding reveal that the LaSi,,~ possesses ideal
thermodynamic and chemical stability in a high I,-symmetry endohedral motif, which can turn it into suitable constitu-
tional units for cluster-assembled nanomaterials.

Keywords The lowest energy structure of La-doped Si clusters - Structural growth behavior - Simulated photoelectron
spectroscopy - Relative stability - mPW2PLYP

Introduction

Study of equilibrium geometries, electronic structures and
properties of atomic clusters, especially silicon based on
semiconductor clusters, has been an extraordinarily active
area of research in the last few decades because of its
importance nanoscience and nanotechnology [1-15]. The-
oretical modeling and experimental probing of silicon
nanoclusters with modified new geometries show possi-
bility of using them as nano-devices in opto-electronics,
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tunable lasers, etc. Especially, rare-earth modified silicon-
based nanomaterals as “industrial vitamins” have been
widely used in various fields such as metallurgy, military,
petrochemical, glass ceramics, and new materials owing to
their novel magnetic, optical and electrical properties and
chemical stability [16-29]. The functional properties with a
combination of good flexural strength, fracture toughness,
hardness and low Schottky barrier heights make lanthanum
modified silicon-based nanomaterials are ideal in devices
such as substrates of the integrated circuits, host lattices for
light emitting phosphors, ohmic contacts and rectifying
contacts [30, 31]. The unique structures and properties of
nanoclusters make they are one of the central issues in
nanomaterials sciences. Therefore, it is very significant to
probe the evolution of lanthanum-silicon aggregates in the
transition from the molecular to condensed phase.

Only growth behavior of neutral LaSi,, clusters with n up
to 21 has been studied by single-hybrid density functional
and concluded that La atom prefers locating on the surface
site of the clusters in the size range of n < 10 or n < 12,
surrounded by Si atom with basketlike structures with
11 < n < 15, and completely encapsulated into fullerene
cage geometries with 16 < n <21 [32-34]. It is well
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known that the functional dependence on the predicted
lowest-energy structure always occur for small- or med-
ium-clusters, especially for clusters including rare earth- or
transition- metal atoms. So the calculation method adopted
is quite important. In light of our experience [35-40],
performances of prediction structures and properties of
double-hybrid density functional are better than those of
pure or single-hybrid density functional for rare earth-
metal atom doped silicon clusters. In this paper, the
ABCluster global search technique combined with a dou-
ble-hybrid density functional scheme was adopted to
optimize geometries of La-doped Siy ™ (n = 6-20) clusters
with the goal of illuminating the growth behavior of the
ground states, exploring the electronic properties, knowing
the bonding characteristics, and furnishing important
information for further studies of introducing other transi-
tion or rare-earth metals into semiconductor nanoclusters.
We will see that the growth behavior of the ground states
predicted in this paper is different from those reported
previously [32-34].

Computational Details

Three techniques were adopted to search the initial
geometries for LaSi?,/ ~ (n = 6-20) clusters. First, using the
ABCluster global search technique [41] coupled with PBE
functional [42] and with the 6-31G basis set for Si atoms
and ECP46MWB basis set [43, 44] for La atoms, more than
300 geometries for each cluster were optimized. The
detailed description of ABCluster global search technique
is elsewhere [36, 38, 39]. Second, the substitutional
structure schemes were adopted, in which a Si atom in the
most stable structure of Si,,, ; was replaced with a La atom.
Third, geometries already presented in the preceding pub-
lications [20, 24] were adopted. The obtained low-lying
candidate structures of the global minimum for each size
were reoptimized using PBE functional in collaboration
with the Stuttgart/Dresden ECPs (i.e., SDD) basis set
[44, 45] for La atoms and all-electron cc-pVTZ basis set
[46] for Si atoms. The vibrational frequency calculations
were carried out at the same level to assure the nature of
the stationary points. After accomplishment of the initial
structure optimization using PBE, the low-lying isomers
are again selected and reoptimiezed by means of a double
hybrid mPW2PLYP functional [47] with the same basis
sets. Vibrational frequency was not carried out at the
mPW2PLYP level. In order to farther refine the energies,
calculations of single-point energy were carried out at the
mPW2PLYP level with aug-cc-pVTZ basis set [46] for Si
atoms (basis set for La atoms unchanged). According to
Koopmans® theorem [48, 49], we simulated the photo-
electron spectroscopy (PES) of anionic species at the
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mPW2PLYP level with the Multiwfn program [50]. To
further understand the interaction between La atom and
silicon clusters, the chemical bonding analyses in light of
AdNDP (adaptive natural density partitioning) [51] were
also performed. All of the calculations were implemented
using the Gaussian 09 package [52].

To examine the relativistic effects and the reliability of
the methods used in this work, single-point energy calcu-
lations were also executed by means of the
ROCCSD(T) scheme with the aug-cc-pVTZ-DK basis set
[46] for Si atoms and cc-pVTZ-DK3 basis set [53] for La
atoms and the Douglas-Kroll-Hess scalar relativistic cor-
rection [54-56] for LaSi¥~ (n = 1-5) small clusters. The
ground-state structure and several low-lying isomers of
LaSiY~ (n = 1-5) together with their point ground, elec-
tronic state, and relatively energies are exhibited in Fig-
ure S1 in Supplementary Information. The adiabatic
electron affinity (AEA) and the vertical detachment energy
(VDE) of LaSi?~ (n = 1-5) are also listed in Table S1 in
Supplementary Information. From Figure S1 we can see
that the ground state structure and energetic order of iso-
mers evaluated by the mPW2PLYP and
ROCCSD(T) schemes are identical. From Table S1 we can
see that the AEAs and VDEs calculated by the
mPW2PLPY scheme are in good agreement with the
results predicted by the ROCCSD(T) scheme. The mean
absolute deviations of mPW2PLYP result from
ROCCSD(T) data are by 0.10 eV. The largest deviation is
that of LaSi;~, which is off by 0.29 eV for AEA and
0.19 eV for VDE. If LaSi; ™ is removed, the mean absolute
deviation is only 0.07 eV. All of these indicate that the
results of mPW2PLYP are reliable.

Results and Discussion
The Lowest Energy Structures

The lowest energy geometries of LaSi, (n = 6-20) clusters
and their anions are exhibited in Figs. 1 and 2, respectively.
The electronic state, average binding energies, HOMO-
LUMO energy gap, and NPA charges on the La atom for
the lowest energy structure are scheduled in Table 1. The
corresponding low-lying structures, point ground and rel-
ative energies are exhibited in Figures S2 and S3 in Sup-
plementary Information. For negatively charge ions, the
predicted spin states of LaSi, (1 <n < 20) are single
excluded LaSi™ and LaSi,™ which is triplet as can be seen
in Figure S1. For neutral clusters, the evaluated spin states
are double.

The growth behavior of the lowest energy structures of
anionic lanthanum doped Si clusters choose linked to
encapsulated configuration in light of the results of the
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Fig. 1 The lowest energy structures of LaSi,, (n = 6-20) and their point group

Fig. 2 The lowest energy
structures of LaSi, (n = 6-20)
and their point group
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16n (Cy) 17n (Cy) 18n (C) 19n (C;) 20n (Ds))

double-hybrid mPW2PLYP scheme. For n = 6, the lowest
energy structure is a pentagonal bipyramid with La atom
located on the quintuple axis. For n = 7, three topological
isomers (7al, 7a2 and 7a3) compete with each other for the
lowest energy structure due to the fact that their energy is
nearly degenerate. Their maximum energy differences are
only 0.03 eV (see Figures S2). For n = 8, the situation is
similar to n = 7, three geometries (8al, 8a2 and 8a3) are
also compete with each other for the lowest energy struc-
ture. In fact the 8al, 8a2 and 8a3 isomers can be regarded
as attaching a Si atom to the 7al, 7a2 and 7a3 geometries,
respectively. The 8a2 structure is linked configuration in
which La atom links to two tetrahedron Si4 subclusters. For
n =9, the lowest energy structure is a C,,-Symmetry bi-
face-capped tetragonal antiprism. For n = 10-19, the low-
est-energy structure is linked configurations. The La atom

in LaSijo~ links two orthogonal trigonal bipyramid Sis
subclusters, in LaSiy;~ connects a trigonal bipyramid Sis
and a face-capped trigonal bipyramid Sis, in LaSij3~
connects a trigonal bipyramid Sis and a distorted bicapped
octahedron Sig, in LaSi;4~ connects a trigonal bipyramid
Sis and a TTP (tricapped trigonal prism) motif of Sig, in
LaSi;s~ connects an octahedron Sig and a TTP Sig, in
LaSi;¢ links a pentagonal bipyramid Si; and a TTP Sio, in
LaSi;; links a Sig subcluster and a TTP Siy, in LaSijg—
links to two TTP Sig, in LaSijo , along with a Si atom,
links to two TTP Sig. For n = 12, both 12al and 12a2
isomer compete with each other for the lowest energy
structure. The energy difference between 12al and 12a2 is
only 0.03 eV (see Figures S2). The 12a2 structure is linked
configuration in which La atom links to two orthogonal
face-capped trigonal bipyramid Sig subclusters. The 12al
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Table 1 Electronic state, average bonding energy E,, (eV), HOMO-
LUMO energy gap E,,, (¢V), and the charge on the La atom Q(La)
(a.u.) of the lowest energy structure of LaSig/ ~ (n = 6-20) clusters

n LaSi,, LaSi,

State Eb Egap Q(La) State Eb Egap Q(La)
6 'A, 440 328 024 %A, 431 273 0.52
7 A, 449 343 0.07 'A 436 3.82 0.42
8 A’ 458 324 0.16 %A, 446 277 0.51
9 'A, 467 3.19 042 2A’ 453 2388 0.50

10 'A 466 451 071 2A" 454 337 0.48
11 'A" 469 439 042 2A" 457 340 0.15
12 A 471 344 023 °2A 459 352 0.56
13 'AY 472 434 034 2A 462 3.0 0.43
14 A" 476 385 022 2A" 464 420 0.47
15 A" 476 381 024 2A" 464 3381 0.15
16 A" 476 372 032 2A" 465 3.17 0.25
17 ‘A 476 3.80 0.19 2A 465 4.10 0.31
18 A 479 276 017 %A’ 468 333 0.33
19 'A 479 371 042 2A 468 3.58 0.50
20 'A, 491 242 —255 A, 477 231 —297

geometry can be viewed as linked configuration in which
La atom connects a rhombus Si, and a Sig subcluster. For
n = 20, the lowest energy structure is encapsulated con-
figuration with La atom located in the silicon cage.

The growth behavior of the lowest energy structures of
neutral LaSi, (n = 6-20) from substitutional geometries to
linked structures and finally to encapsulated configurations
happens at n = 14 and 20, respectively. The lowest energy
structure of LaSig belongs to substutional structure in
which a La atom was substituted for a horizontal Si atom of
the lowest energy pentagonal bipyramidal structure of Si;
[2—4, 6]. For n = 7, similarly to its anion, three topological
isomers (7nl1, 7n2 and 7n3) compete with each other for
the lowest energy structure. The 7n3 is substitutional
structure in which a La atom was substituted for a Si atom
of the lowest energy Sig bicapped octahedron [3, 4, 6]. The
energy difference between 7n3 and 7nl is only 0.03 eV
(see Figures S3). Practically the capped Si atom connected
the La atom in 7n3 isomer is weakly bound and moves
almost freely to the position of 7nl geometry. The lowest
energy structures 8n, 9n, 10n, 11n, 12n1, 12n2 and 13n
also belong to substitutional structures, which can be
viewed as the lowest energy structure of Sio, Sijg, Sijy,
Siy,, Sijz and Siyy, [3-6], respectively, with a Si atom
replaced by a La atom. The lowest energy structures 8n,
9n, 10n, 11n, 12n1, and 13n are different from those of
their corresponding anions. The 12n2 geometry, corre-
sponding to anionic 12al, belongs to not only linked
structure, but also subsitutional structure. The energy
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difference between 12n1 and 12n2 is only 0.01 eV, indi-
cating the energy of both is degenerate. For n = 14-19, the
lowest energy structures are linked configurations. And
excluded LaSi ¢ they are similar to those of their anions.
The La atom in the lowest energy structure of LaSi;¢ links
an anomalous Si; and an anomalous Sig subclusters.
Starting from n =20, the lowest energy structure is
encapsulated framework with La atom centered in the sil-
icon cage. It is noted that most the lowest energy structures
are different from those reported previously [32], for
example n = 11-19.

Simulated PES of Anionic Clusters

PES as a powerful can examine the lowest energy struc-
tures due to the fact that the PES is susceptible to changes
of the structure. Therefore, in light of theoretical general-
ized Koopman theorem [48, 49], we simulated the PES
spectra of the lowest energy structure of the anions at the
mPW2PLYP level with the Multiwfn program [50]. First,
the relative energy of the orbital (AEn) is computed by the
equation during the simulation:

AE, = AEnomo-n — AEHoMo (1)

Second, the first peak associated with the HOMO is set
at the VDE position, and the peaks associated with the
deeper orbitals are shifted to higher binding energy based
on the value of — AE,,. Third, the peaks are fitted with a
Gaussian function of 0.25 eV full widths at half maximum.
The simulated PES is accomplished and shown in Fig. 3. It
can be seen from the simulated PES of LaSis ™ that there
are three major peaks located at 2.78, 3.39, and 4.56 eV in
the range of < 5.0 eV, respectively. For n = 7, three iso-
mers are simulated. The simulated PES of 7al has two
double peaks. One is located at 2.74 and 2.94 eV, and
another is centered at 4.37 and 4.58 eV. The simulated PES
of 7a2 shows four peaks centered at 2.51, 3.22, 3.97 and
4.80 eV, respectively. Six peaks centered at 2.51, 3.13,
3.55, 3.91, 4.15 and 4.56 eV are observed in the simulated
PES of 7a3. For n = 8, three isomers are also simulated.
The simulated PES of 8al and 8a3 has five peaks, located
at 2.76, 3.05, 3.47, 4.29 and 4.64 eV and 2.74, 2.95, 3.24,
3.75 and 4.56 eV, respectively. Six peaks located at 2.91,
3.24, 3.62, 3.99, 4.30 and 4.75 eV are inspected for 8a2.
For n=9, 11, 14, and 18, they all have three peaks,
locating at 3.08, 3.94 and 4.34 eV, 3.71, 4.10 and 4.96 eV,
3.60, 4.07 and 4.63 eV, and 3.65, 4.19 and 4.81 eV,
respectively. For n = 10, 13, 16, and 17, they all have two
peaks, centering at 3.96 and 4.33 eV, 4.32 and 4.80 eV,
3.97 and 4.36 eV, and 3.36 and 4.14 eV, respectively. For
n = 12, two isomers are simulated. There are four peaks for
12al located at 3.14, 3.44, 3.82, and 4.27 eV, and two
peaks for 12a2 centered at 3.49 and 4.46 eV, respectively.
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Fig. 3 Simulated PES spectra of the lowest energy LaSi, (n = 6-20) clusters

For n = 15 and 19, both have four peaks located at 3.70,
4.12, 449 and 491 eV, and 3.74, 4.26, 4.72 and 4.94 eV,
respectively. Only one peak centered at 4.75 eV is
observed for simulated PES of LaSiy,  in the range of
< 5.0 eV. We expect that these simulations will give
forceful motivation for experimental studies of La-doped
silicon clusters and their anions.

Electron affinity is also a key spectral data and extre-
mely significant for use in the chemical reaction process to
determine charge transfer, bond dissociation energies and
so on. AEA is defined as the energy difference in the
manner [35]:

AEA = Eneutral - Eanion + AESC (2)

where Eeupar and Egjon are the lowest energy of the
neutral and anionic clusters, respectively. And AE,, is an
empirical structural correction factor based on the result of
ScSi,, clusters [35]. The charge of a metal atom in a cluster
generally inclines to be positive or slightly negative.
However, it will be negatively charged when the numbers
of silicon atom increase and the cluster becomes a cage
structure. In light of the charge’s change, the structures of
cluster are categorized into three types: no-cage, half-cage,
and cage. The numerical numbers of AE,. are assigned to
be 0.00, — 0.20 and — 0.40 eV for no-cage, half-cage and
cage structures, respectively [35]. The calculated AEAs of
ScSi,, with structural correction factor are in excellent
agreement with the experimental data, and the average
absolute error is only 0.08 eV [35]. Therefore, we took the
structural correction factor into account when we

calculated the AEAs of YSi,, clusters. The charges on the
La atom are positive for n = 6-19 as can be seen from
Table 1, while n = 20 are large negatively charged. So the
lowest energy structure of LaSi,, with n = 619 is no-cage,
but cage motif with n = 20. Because the radius of La is
larger than that of Sc, the La-doped Si clusters do not
appear as the half-cage like the Sc-doped Si clusters [35].
Hence, the AE is 0.00 eV for n = 6-19 and -0.40 eV for
n =20. The theoretical AEA and VDE are listed in
Table 2. There are no experimental values for comparison.

Table 2 The theoretical adia-
batic electron affinity (AEA)
and vertical detachment energy 6al 278 202
(VDE) for LaSi,, (n = 6-20)

Species VDE AEA

7al 2.74 2.40
8al 2.76 2.40
9al 3.08 2.77
10al 3.96 2.59
11al 3.71 2.71
12al 3.14 2.95
13al 4.32 2.74
14al 3.60 3.20
15a1 3.70 3.28
16al 3.97 3.26
17al 3.36 3.21
18al 3.65 3.47
19al 3.74 3.56
20al 4.75 3.82
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Relative Stability 5.0
(a) —e— LaSi,,
Both atomization energy (AE) and second energy differ- s LaSi:
ence (A’E) associated with thermodynamic and relative s 48 "
stability have been calculated for the lowest energy struc- §
ture of LaSi”~ (n = 6-20) clusters. The AE is the energy 2
. . . w 46
required for the following reactions: c
LaSi, — nSi + La 3) ®
LaSi; — (n—1)Si+Si~ +La (4) & 4a
<
The A’E is the energy required the following reactions:
2LaSi, — LaSip; + LaSi,_; (5) 4.2 bbbttt
 (b) —e—LaSi,
2LaSi — LaSi_, +LaSi_, (6)
10 —e—LaSi,
The evaluated AE and A’E are pictured in Fig. 4. It can
be seen from Fig. 4a that (1) the AE values of negatively -y
charged ions are all larger than those of their neutrals due E '
to the fact that the LaSi,, is open-shell clusters, while LaSi,, w
is closed-shell clusters. The closed shell configurations S 1oF
minimize the electronic repulsions according to the Pauli
exclusion principle. The higher data of the AE, the more 2.0

stable the clusters. The most stable structure is anionic
LaSiry . (2) The cluster size distributions starting from
n =12 for LaSi, anions and n = 14 for LaSi, neutral
display even—odd alternations. The clusters with an odd
numbers of silicon atoms are less stable than those with an
even numbers. However, for small clusters, LaSig~ is
obviously more stable than its adjacent clusters. These
consequences are distinctly reproduced in Fig. 4b due to
the fact that the A’E are a susceptive measure for relative
stability.

To some extent, HOMO-LUMO energy gap (Egap) can
be viewed as a significant criterion to reflect the chemical
reactivity, especially for a substance containing rare earth
elements which sometimes possess novel photochemical
sensitivity. The larger the Egap, the weaker the chemical
reactivity. The Egap of LaSiy~ (n = 6-20) clusters are
drawn in Fig. 4c. There are no the odd-even oscillation
behavior for Egap. For LaSi, , the Egap of n = 10,11 and
13 is relatively large and range from 4.34 to 4.51 eV. For
n = 20, the Egap is the smallest, and by 2.42 eV. For
neutral LaSi,, the Egap for n = 14 and 17 is relatively large
and range from 4.10 to 4.20 eV. The smallest Egap is
2.31 eV of LaSiy, cluster. The Egap of anion YSiy ™ is
very close to that of the corresponding neutral, showing
that an extra electron does not change its chemical reac-
tivity, but improves its thermodynamic stability.

Chemical Bonding Analysis

To gain an in-depth understanding of the ideal thermody-
namic stability and chemical reactivity of anionic LaSisy~
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Fig. 4 Size dependences of a atomization energy (AE), b second
energy difference (A’E), and ¢ HOMO-LUMO energy gap for the
lowest energy LaSi, (n = 6-20) clusters

as mentioned above, the AANDP method [51] is employed
to perform quantitative insight into the nature of the
bonding between the La atom and Si clusters. From Fig. 5
we can see that the chemical bonding of 84 valence elec-
trons can be divided to two types: 2c—2e and 6¢c—2e. The
Sip outer fullerene cages are characterized by 30 2c—2e
localized & Si—Si bonds with 1.95 lel in each bond. The 12
delocalized 6¢c—2e bonds with 1.96 lel in each bond are
responsible for the conjugation between the central La
atom and the Si,, outer Fullerene shell and stabilize the
encapsulated LaSi,,~ species. In addition, the valence
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30x 2c-2e
ON=1.95|eV|

12x 6¢-2e
ON=1.96|eV|

Fig. 5 AdANDP analysis of the LaSiy,~ cluster. ON stands for the
occupation number

electron filling of 84 magic number electrons for LaSi,y~ is
described as 1S*IP°ID'1F'"*1G*25°1G'*2P°2D'°38%2F "
in terms of spherical jellium model and the molecular
orbital energies, which similar to that of superatom also
stabilizes it.

Conclusions

The growth behavior and electronic properties of the
lowest energy structures of neutral LaSi, (n = 6-20) and
their anions have been explored by means of the ABCluster
structure  searching method combined with the
mPW2PLYP double-hybrid density functional. The results
revealed that the growth behavior of the lowest energy
structures of anionic LaSi, (n = 10-20) clusters choose
La-linked two silicon subclusters to La-encapsulated in
silicon cages. For neutral LaSi, (n = 6-20), the growth
behavior of the lowest energy structures from substitutional
structure to linked motifs and finally to encapsulated con-
figurations occurs at n = 14 and 20, respectively. The
simulated photoelectron spectroscopy, adiabatic electron
affinities, vertical detachment energies, relative stability
and HOMO-LUMO energy gaps were presented. Analyses
of HOMO-LUMO energy gaps, relative stability, and
chemical bonding reveal that the LaSi,,  possesses fault-
less thermodynamic and chemical stability in a high -
symmetry endohedral motif, which can turn it into suit-
able  constitutional  units  for  cluster-assembled
nanomaterials.
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