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Growth behavior, electronic structure, and vibrational properties of Si, Y anion clusters (n = 4-20):
Metal atom as linker and endohedral dopant
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We report results of ab initio calculations on Y-doped anion Si, clusters with n = 4-20. Our results suggest
two growth behaviors in the intermediate range of n = 8 and 20: (1) There is the formation of /inked clusters in
which a metal atom links two subclusters and (2) where silicon atoms form a cage structure and the metal atom
is inside the cage to produce endohedral cages of silicon clusters. The cluster structures have been identified
by comparing the calculated spectra of the electronic states with the photoemission spectra on anion clusters.
Our results suggest that in some cases a higher energy isomer may be present in experiments. We report the
calculations of the infrared and Raman spectra as well as the dipole moments, electron affinity, and polarizability
that could provide other ways of identifying the growth behavior in these clusters.
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I. INTRODUCTION

Silicon is the most important material for the semiconductor
industry, and with continuous miniaturization of the semicon-
ductor devices, there has been great interest in understanding
the properties of its nanostructures. Moreover, bulk silicon is
not a good emitter of light, but in the early 1990s intense
light was observed! from porous silicon that created great
interest in understanding the optical properties of silicon
nanostructures. Over the past two decades, silicon clusters,
nanoparticles, and nanowires have been studied extensively,
and possibilities have been explored’ for applications in
nanoelectronics, optoelectronics, silicon laser, drug delivery,
and sensors. Early work on pure silicon clusters showed
prolate structures in the size range of 15-25 atoms>™* and
thereafter three-dimensional fullerenelike structures in which
a few silicon atoms were encapsulated in a fullerenelike cage
of silicon. However, in 2001, it was shown that doping of a
metal atom changes the atomic structure of silicon clusters
completely, and prominent new magic clusters Zr@Si;¢ and
Ti@Si;¢ with fullerene and Frank-Kasper (FK) polyhedral
structures, respectively, were predicted among others,’ and
these have been subsequently realized in laboratory.® These
findings created renewed interest in clusters of silicon and
other group 14 elements in the hope of finding new species of
silicon that could possibly be produced in high abundance. In
the past decade, much research has been done to develop and
understand the properties of metal-doped silicon nanoclusters
and their possible assemblies.

Metal doping makes it possible to prepare size-specific
silicon clusters with high abundance and tune the properties
that could make them usable for specific applications.”$ The
structural, electronic, magnetic, and vibrational properties of
metal-doped silicon clusters depend on the dopant atom. The
metal atom alters the properties of silicon clusters such as the
energy gap that, in turn, affects the optical properties. After
the first predictions of silicon fullerenes and other polyhedral
forms,’ many theoretical and experimental studies on metal-
doped silicon and other group 14 element clusters have been
done over the past few years. The detailed photoelectron
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spectroscopy (PES) studies of Koyasu et al.” on silicon clusters
doped with different metal atoms provide an opportunity to
revisit and understand the growth behavior of metal-doped
silicon clusters from first-principles calculations. Here, we
report results of such a study on Si,Y anion clusters with
n = 4-20.

Earlier Yang er al."” investigated geometries, stabilities,
and electronic properties of neutral Y-doped Si, (n = 1-16)
clusters using density functional theory. They found that up to
n = 14, the Y atom occupies a surface site and at n = 15, the
metal atom drops inside a silicon cage. Kumar et al.'' have
studied the stability of the Y @Si,( anion cluster and suggested
its structure to be a Sipo fullerene with 12 pentagonal faces
and a Y atom inside the cage. Extensive studies have been
done on metal-doped silicon clusters by Kawamura et al.'?
who studied the growth behavior of isoelectronic Si, M (n =
8-16 and M = Ti, Zr, and Hf) clusters. The main growth
behavior was predicted to be the one in which the metal atom
was exposed lying on a surface site for n up to 12, while for
n = 13, the metal atom falls inside a cage and is not able
to interact, e.g., with a water molecule.!® The encapsulation
of the metal atom in a silicon cage has been found to lead
to enhanced stability of these clusters compared with pure Si
clusters, and the strong metal-silicon interaction leads to size
selectivity for the optimal size of the silicon cage for a given
metal atom.® Structural and electronic properties of several
low-lying energy isomers of isoelectronic Si, M clusters (M =
Sc™, Ti, V*) for n = 14-18 have been studied by Torres et al.'*
using first-principles quantum mechanical calculations. The
geometries, stabilities, electronic, and magnetic properties of
the transition metal-doped Si,M (M = Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn; n = 8-16) clusters have also been
investigated.!> Kawamura et al.'> calculated the ionization
potentials and electron affinity (EA) of the Ti-, Zr-, and
Hf-doped silicon clusters, as well as Raman intensity and
infrared (IR) activity of Ti-doped silicon clusters. Kumar
et al.'® have studied in detail the bonding characteristics as
well as IR and Raman spectra for M@Si¢ clusters with M =
Ti and Zr. Reis and Pacheco'” have investigated the vibrational
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modes and IR spectra of the exceptionally stable isovalent
X @Si6, X = Ti, Zr, and Hf clusters by using first-principles
density-functional theory. Therefore, many studies have been
performed on transition metal-doped silicon clusters, but there
are very few studies on silicon clusters doped with Y and
lanthanides even though experimental results®!® on these
systems have become available in recent years.

Here, we have performed a detailed study of Y-doped silicon
anion clusters by varying the number of silicon atoms, as PES
data® are available on anion clusters. We find new growth
behavior of these clusters by comparing our calculated results
of the density of states (DOS) with the PES data. In Y-doped
silicon anion clusters, the metal atom could be a linker between
two smaller clusters, and in some other cases, cage formation
is favored as in earlier studies on transition metal-doped silicon
clusters so that it becomes an endohedral dopant such as in
Y @Si6~ (to be discussed later). As mentioned earlier, in the
size range of 25 > n > 13 clusters of elemental silicon, Si,,
have been known>* to form prolate-shaped structures in which
smaller clusters are linked. Also, for a silicon cluster, generally,
it is energetically more favorable to fragment into subclusters
rather than remove one atom at a time. For the case of Y-doped
silicon clusters, our results point to the possibility in which
in some cases the Si,, Y cluster is made of two smaller silicon
clusters Si,, and Si,., that roughly keep their identity as in
pure Si clusters but are linked with the metal atom, while in
other cases the Y-Si interaction is so strong and the number of
Si atom is appropriate that the atomic structure is completely
transformed into an endohedral cage structure. The bonding
characteristics in these growth modes are discussed. Also, we
report results of Raman and IR spectra that could provide
additional ways to experimentally identify the growth behavior
of these clusters. Our results also suggest that higher energy
isomers may be present in experiments in some cases. Neutral
clusters have also been studied and are found to be important
in understanding the experimental results.

The rest of the paper is organized as follows. In Sec. II,
we present the computational details of our calculations. The
results and discussion are given in Sec. II1, and the conclusions
are given in Sec. IV.

II. COMPUTATIONAL METHODS

All the calculations have been performed using the ab initio
projector-augmented wave (PAW) pseudopotential method!”
within the density functional theory and the generalized
gradient approximation?’ (GGA) for the exchange-correlation
energy. For neutral clusters, we performed spin-polarized
calculations, and in all cases the optimized structures are
doublets due to an odd number of electrons. The pseudopo-
tentials have been taken as implemented in the Vienna Ab
initio Simulation Package (VASP).2! A simple cubic unit cell
with a side of 20 A has been used for all clusters. For such
large unit cells, the I point is used for the Brillouin zone
integrations. For some cluster sizes, particularly in the range
of n = 10-20, we adopted a simulated annealing approach
and heated the clusters to a temperature of 1800 K for
5 ps. In this approach, the velocities of the ions were set
randomly according to the Maxwell-Boltzmann distribution
at a temperature of 1800 K. The temperature is defined from
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T = X; M; |v;|?/[3kg(N — 1)] with i = 1 to N, M;, the mass
of the i™ ion, and v;, the velocity of the i th jon. Here, N is
the total number of atoms in the system, and we have taken
here (N — 1) as the center of mass is conserved. Note that
the cluster could rotate, keeping the center of mass fixed. The
contribution from this rotation to the temperature is likely to
be much smaller than the vibrational contribution and has been
neglected. This is unlikely to play an important role in our case,
as our purpose is to explore different configurations and not the
accurate value of the temperature. From the trajectories of this
run, some low-lying structures were selected and optimized
using the conjugate gradient method without any symmetry
constraint. In general, for all sizes a few structures were
prepared either from intuition or from the available results
in literature and optimized to find structures whose electronic
spectra agreed with the available PES data. The lowest energy
isomer of the anion is not necessarily the one that always
matched the PES data.

We further reoptimized the geometries using the Gaussian
03 code,?? particularly for cases in which (1) a slightly higher
energy isomer gave better agreement with the PES results than
the lowest energy isomer, and (2) some isomers were nearly
degenerate in energy and whose calculated DOS, determined
by PAW method, are in agreement with the experimental PES.
We used the SDD?* (Stuttgart) basis set and B3PW91 hy-
brid exchange-correlation functional (Becke’s three-parameter
hybrid functional for exchange®* and generalized gradient
functional of Perdew and Wang for correlation®’) in the
Gaussian 03 program. Calculations of the vibrational spectra
with IR intensity and Raman activity have been done using
the Gaussian code for the isomers whose experimental PES is
in agreement with the calculated DOS, with the same level of
accuracy as that for the geometry optimization to check their
dynamic stability. The mode description has been made by
visual inspection of the individual modes using the GaussView
program. The dipole moments, polarizability, hyperpolariz-
ability, and EA for these clusters have also been calculated.

III. RESULTS AND DISCUSSION

A. Atomic and electronic structure

We optimized a few isomers for each size of the yttrium-
doped silicon anion clusters to search for the lowest energy
configuration. The structural arrangements of Si,Y anion
clusters for which the calculated DOS spectra are in agreement
with the available experimental PES are presented in Fig. 1,
and their corresponding calculated DOS spectra are shown
in Fig. 2 along with the experimental results from Ref. 9.
Most of these structures are of the lowest energy, except for
SizY~,Sij0Y ™, Sij; Y, and Sij, Y~ for which a higher energy
isomer gives better agreement with PES data. We also found
some isomers of Si, Y~ whose energies are very close to the
lowest energy isomers. The geometrical configurations of these
clusters with the lowest energy and other low-lying isomers,
as obtained from VASP calculations, are shown in Fig. 3, and
their corresponding DOS spectra are presented in Fig. 4. In
Gaussian calculations, often the lowest energy isomer obtained
from VASP calculations was also of the lowest energy. In some
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FIG. 1. (Color online) Atomic structures of Si, Y~ (n = 4-20)
clusters for which the calculated DOS are in agreement with the ex-
perimental PES data. The sky blue (gray) balls represent Y (Si) atoms.
Numbers on each structure show the number of silicon atoms, 7, and
the isomer. “a” corresponds to the lowest energy isomer and then b, c,

. are in increasing order of energy. The metal atom has the number
n + 1. As the size of the clusters increases, two types of growth
behaviors can be noted (1) where the metal atom links two smaller
clusters and (2) where the metal atom is endohedrally encapsulated
by silicon atoms. In all cases, the magnetic moment is zero.

cases, the energy ordering was slightly affected, and the energy
changes in such cases were up to about 0.2 eV.

For n = 4, the lowest energy isomer (4a) is a trigonal
bipyramid. Its base is an equilateral triangle with the bond
length of 2.774 A. The distance between the apex metal atom
and the base Si atoms is 2.713 A, while the distance between
the apex Si atom and the base Si atoms is 2.516 A. The lowest
energy isomer (5a) for n =5 is derived by capping the lowest
energy isomer of Siy Y. Capping of silicon atom distorts the
geometry of the trigonal bipyramid and decreases slightly the
side of the base triangle facing it to 2.687 A and results into an
isosceles triangle with a side of 2.611 A. These structures
of small clusters are similar to those reported in Ref. 10.
The addition of one Si atom to the lowest energy isomer of
Sis Y~ leads to the rearrangement of atoms and results into a
pentagonal bipyramid structure with the metal atom capping
one side of the pentagon, and it results into the lowest energy
isomer (6a) for n = 6. The length of the Si-Si bonds forming the
pentagon base is 2.570 A, while the other Si-Si bond distances
are 2.701 A. These Si-Si bond distances are significantly
longer compared with the bond length in tetrahedrally bonded
bulk Si due to the relatively close-packed structures of these
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clusters. The bond length between the capping metal atom and
the linked Si atoms is 2.898 A. The calculated DOS of this
isomer is in excellent agreement with the experimental PES as
shown in Fig. 2. The isomer in which the metal atom is on the
pentagonal base lies about 0.4 eV higher in energy. Another
isomer (6b) derived by capping the lowest energy isomer of
Sig Y~ cluster (4a) by two Si atoms [Fig. 3(a)] is 0.42 eV higher
in energy than (6a).

For n =7, the lowest energy isomer (7a) forms a basketlike
structure of Si atoms obtained by fusing two rhombi, and it
is capped by the metal atom as shown in Fig. 3(a). Another
nearly degenerate stable isomer (7b) for Si; Y~ is derived by
capping the lowest energy isomer of SigY ™ by a silicon atom
away from the metal atom (Fig. 1), and it is 0.01 eV higher in
energy than (7a). Capping of Si atom distorts the geometry of
the pentagonal bipyramid structure. An isomer (7c) is obtained
by fusing two silicon triangles that are linked by the metal atom
and adding a silicon atom Si5 (here, the number after the Si
atom is the number of the atom in the figure), as shown in
Fig. 3(a). The two silicon triangles interact strongly with Si5
and the metal atom. This structure can also be viewed as two
tetrahedra of Si fused together at one atom. Its energy is only
slightly (0.04 eV) higher than the value for (7a); therefore, this
isomer is nearly degenerate with the lowest energy structure we
have obtained. Another isomer (7d) [Fig. 3(a)] originates from
the lowest energy isomer of SigY ~ by capping a Si atom near
the metal atom, and it is 0.25 eV higher in energy than (7a). For
a pure Siy cluster, the lowest energy structure is a pentagonal
bipyramid. The calculated DOS (Fig. 2) of isomers (7a) and
(7b) reproduce the PES well, suggesting that these two isomers
coexist in the experiment. For n = §, the lowest energy isomer
(8a) is derived by linking two silicon tetrahedra via the metal
atom (Fig. 1). The two tetrahedra also interact with each other.
The geometrical structures of the two tetrahedra are the same.
The calculated DOS of the lowest energy isomer is in good
agreement with the experimental PES (Fig. 2). The addition
of one Si atom to the isomer (7d) leads to the rearrangement
of atoms, and it forms the distorted structure of a pentagonal
bipyramid containing a metal atom with the capping of two
silicon atoms (Si2 and Si7). This gives rise to isomer (8b)
shown in Fig. 3(a), and itis 0.23 eV higher in energy than (8a).

The lowest energy isomer (9a) for n = 9 is a bicapped
tetragonal antiprism, and it is shown in Fig. 1. In this structure
one side is capped by the metal atom and the other side
by Si. The Si-Si bond lengths are in the range of 2.536—
2.966 A, while the Si-Y bond distances are 2.753 A. Two
higher energy isomers have also been obtained for SigY . The
first one (9b) is a pentagonal pyramid capped by three Si atoms
(Si4, Si5, and Si9), which are further capped by the metal atom
[Fig. 3(a)], and it is 0.28 eV higher in energy than (9a). The
calculated DOS of the lowest energy isomer (9a) is in reason-
able agreement with the experimental PES as shown in Fig. 2.
Another isomer (9¢), shown in Fig. 3(a), is 0.34 eV higher
in energy than (9a), and it is derived by capping the isomer
(7d) by two silicon atoms (Si9 and Si2). Capping of Si atoms
distorts the geometry of the pentagonal bipyramid structure.

For n = 10, the lowest energy isomer (10a) is originated
by linking a trigonal bipyramid and a square pyramid of Si
through a metal atom, as shown in Fig. 3(a). The two silicon
clusters interact with each other. Another stable isomer (10b)
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FIG. 2. (Color online) The calculated DOS of Si, Y~ clusters with n = 6-20 for isomers shown in Fig. 1 for which the calculated electronic
spectra are close to the experimental PES data, which are shown in the extreme right column taken from Ref. 9 with permission from AIP. The
calculated electronic spectra are obtained by Gaussian broadening of the electronic levels with the width of 0.25 eV. The vertical broken line
shows the HOMO. In the calculated curves, a HOMO-LUMO energy gap is generally not seen at the HOMO, or it is very small compared
with the actual value because of the large Gaussian broadening for the sake of comparison with the experimental PES data. Also the calculated

energies are given without -ve sign.

is originated from linking of two silicon trigonal bipyramids
through the metal atom, and it is shown in Fig. 3(a). It
lies 0.06 eV higher in energy than (10a); therefore, it is
nearly degenerate. The two Si clusters are not interacting
directly with each other. The geometrical structures of the
two trigonal bipyramids are identical. These results show
the importance of linked clusters that compete with some
close-packed basketlike structures that have been studied by
Kawamura et al.'” for the Zr doping case. Note that the
neutral Zr-doped clusters are isoelectronic with anion Y-doped
clusters. Another nearly degenerate isomer (10c) for which
the calculated DOS is in agreement with the PES is derived
from the lowest energy isomer (8a) of SigY . In this isomer,
two Si tetrahedra are linked by a metal atom along with two
more Si atoms (Sil and Si6) as shown in Fig. 1. The two
silicon tetrahedra interact strongly with Sil and Si6 atoms.
The geometrical structures of the two tetrahedra are the same.
The distance between the two added Si atoms is 3.472 A, and
they do not interact with each other directly. This structure can
also be viewed in the form of two interacting Si4 rhombi, each

of which is capped by a Si atom. Note that elemental Si4 has a
rhombus structure. Another isomer (10d) is 0.19 eV higher in
energy than isomer (10a), and it forms a basketlike structure
with the metal atom on top of it [Fig. 3(a)].

For n = 11, the lowest energy isomer (11a) adopts a partial
cagelike structure in which the metal atom caps on the basket
of the silicon cluster shown in Fig. 3(a). A nearly degenerate
isomer (11b), whose calculated DOS is in agreement with the
experimental PES, is found to originate from the linking of two
silicon trigonal bipyramids through the metal atom with the
addition of one more Si atom (Sil 1), and this is shown in Fig. 1.
The two silicon trigonal bipyramids interact strongly with
Sil1, and the linking Si atom is also interacting with the metal
atom. Another stable nearly degenerate isomer (11c) also exists
for Si;; Y™, and it is a linked cluster derived from a silicon
octahedron and a silicon trigonal bipyramid that are linked
through the metal atom, but the two silicon clusters are not
interacting directly with each other, as can be seen in Fig. 3(a).

For n = 12, the lowest energy isomer (12a) is derived
from the linking of a Sij triangle and a Siy tricapped trigonal
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FIG. 3. (Color online) (a) Structural arrangements of some low-
lying isomers of Si, Y~ clusters with n = 6-15. Other details are as
in Fig. 1. (b) Atomic structures of some low-lying isomers of Si, Y~
clusters, n = 16-20. Other details are the same as in Fig. 1.

prism (TTP) via the metal atom as shown in Fig. 3(a). The
triangle and TTP interact very strongly with each other. A
few low-lying isomers and their DOS are given in Fig. S1 in
the Supplemental Material.”> Among these, a linked isomer
[(12b) in Fig. S1 in the Supplemental Material®’] with a
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rhombus-shaped Sis and a Si; subcluster interacting with the
metal atom lies only 0.08 eV higher in energy than the lowest
energy isomer, while a slightly different isomer [(12c¢) in
Fig. S1 in the Supplemental Material>’], in which the metal
atom becomes part of the rhombus and interacts with a TTP,
lies 0.16 eV higher in energy than (12a). Another stable isomer
shown as (12b) in Fig. 3(a) lies 0.39 eV higher in energy than
(12a) and is originated by the addition of two Si atoms (Sill
and Si5) to a higher energy isomer (10d) of SijoY~. The two
Si clusters interact with Sill and Si5 atoms. The geometrical
structures of the two trigonal bipyramids are different. The
isomer (12c), shown in Fig. 1, whose DOS is in agreement
with the PES is, however, 0.94 eV higher in energy than (12a),
and it is found to originate from a silicon triangle and a Siy
TTP linked through the metal atom, as shown in Fig. 1, but
these two silicon clusters do not interact with each other. This
higher energy isomer is possible because the TTP Sig cluster is
a very stable structure® for elemental silicon clusters. The DOS
of this isomer has features similar to the one observed in PES
spectra, but the peak at around 5 eV in Fig. 2 is broader. This
indicates that other isomers are likely to coexist. Note that the
DOS of isomer (12¢) in Fig. S1 (see Supplemental Material®)
also has similar characteristics, and this isomer is quite likely
to coexist. In most cases for which the calculated DOS of anion
agrees with the PES data, the neutral is generally of the lowest
energy, even though the corresponding anion isomer may not
have the lowest energy. This shows the importance of how the
clusters are produced. The neutral of isomer (12a) is also of
the lowest energy, but the neutral of isomer (12¢) in Fig. S1
(see Supplemental Material®®) is only 0.08 eV higher in energy
than the neutral of (12a) and is nearly degenerate, while the
neutral of (12b) in Fig. S1 (see Supplemental Material®) is
0.24 eV higher in energy than (12a). The lowest energy isomer
(13a) for n = 13 is originated from the linking of a silicon
rhombus and a distorted capped tetragonal antiprism via the
metal atom. The rhombus and antiprism interact with each
other. The computed DOS for this isomer is in good agreement
with the experimental PES, as seen in Fig. 2. Another isomer
(13b) is 1.04 eV higher in energy, and it is obtained by linking
the Sig TTP and the Si bent thombus through the metal atom
[Fig. 3(a)]. The two Si subclusters do not interact directly with
each other. Note that these cluster sizes are small so that it is
not favorable to have the metal atom endohedrally doped in a
cage.

For n = 14, the lowest energy isomer (14a) is derived from
the higher energy isomer (13b) of Si;3Y ™, and it is shown in
Fig. 1. In this isomer one Si atom is added to the Si rhombus
of the Si;3Y™ cluster. The two Si subclusters interact very
strongly with each other and with the metal atom. Another
stable isomer (14b) is 0.15 eV higher in energy [Fig. 3(a)] and
is obtained by linking a Sig TTP and a Si trigonal bipyramid
through a metal atom. These two silicon subclusters interact
strongly with the metal atom but not with each other. The
computed DOS of the two isomers together (Figs. 2 and 4)
reproduce the PES spectrum well, suggesting that both the
isomers may contribute to the experimental PES spectrum.
For n = 15, the lowest energy isomer (15a) is derived from the
lowest energy isomer (14a) of Sij4 Y~ (Fig. 1). In this isomer,
one Si atom is added to the Sis subcluster of Sij4Y~. The
computed DOS for this isomer is in good agreement with the
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experimental PES, as seen in Fig. 2. Two other isomers (15b
and 15c) are 0.54 and 0.73 eV higher in energy, respectively,
than (15a). These isomers have cagelike structures, with the
metal atom located inside the cage, as shown in Fig. 3(a).
These results suggest that 15 Si atoms are not enough to
form a lowest energy cage structure. Another isomer (15d) lies
0.89 eV higher in energy than (15a), and it is found to originate
from a Si octahedron and a capped tetragonal antiprism (Fig. 1)
both of which are linked through the metal atom. The two
silicon subclusters do not interact with each other.

The lowest energy isomer (16a) for n = 16 adopts a
symmetric cage structure, and the metal atom is located at

the center of the cage. The cage has fullerenelike structure
with eight pentagons and two squares, as was obtained by
Kumar and Kawazoe® for Zr@Si;¢, which is isoelectronic to
SijY~. The Si-Si bond lengths in this structure are in the
range of 2.339-2.461 A, while the Si-Y bond lengths are
3.0 A. The Si-Si bond lengths are much shorter than the values
in smaller clusters as each Si atom has three nearest-neighbor
Si atoms besides the central metal atom, and the bonding is
close to the one in tetrahedrally bonded Si, which is reflected in
the bond lengths. The computed DOS of this isomer is in good
agreement with the measured PES (Fig. 2). Another isomer
(16b), shown in Fig. 3(b), s 0.35 eV higher in energy than (16a)
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and has the FK polyhedron structure with the 16 coordination
and the metal atom inside. This Si polyhedron has been shown>
to be the lowest energy structure for Ti@Si;q. However, its
DOS (Fig. 4) is different from the one (Fig. 2) obtained for
(16a). When compared with the PES data, it appears that both
the isomers may be present in the spectrum, but the FK isomer
is likely to be in a small quantity. Guo et al.?® have studied
doping of a lanthanide atom in Si;¢ cage and also obtained the
fullerene structure to be lower in energy. We also studied a
linked cluster isomer in which a capped tetragonal antiprism
of Sig and a pentagonal bicapped Si; with some variations are
linked with the metal atom. However, this isomer lies about
0.5 eV higher in energy than the fullerene isomer (16a). Forn =
17, the lowest energy isomer (17a) whose DOS is in agreement
with the PES is derived from the lowest energy isomer (16a)
for n = 16 by capping one Si atom as shown in Fig. 1. Ithas a
distorted cagelike structure. Two other isomers (17b and 17c)
are nearly degenerate in energy. Both of them have a distorted
cagelike structure with the metal atom inside [Fig. 3(b)]. For
n = 18, the lowest energy isomer (18a), whose calculated
DOS is in agreement with the PES data, is obtained from two
Si capped tetragonal antiprisms that are linked through the
metal atom (Fig. 1). The two silicon antiprism clusters also
interact with each other. The geometrical structures of the two
antiprisms are slightly different. Another stable isomer (18b)
is 0.20 eV higher in energy than (18a). It adopts a cagelike
structure with the metal atom located inside the cage, as shown
in Fig. 3(b). Another isomer (18c) is 0.41 eV higher in energy
than (18a). Its structure is similar to the structure of (18a), but
in this case the two Si antiprisms are not interacting with each
other, and the geometrical structures of the two antiprisms are
the same [Fig. 3(b)].

For n = 19, the lowest energy isomer (19a) is derived
from the lowest energy isomer of Sijg’Y ~. In this configuration
the two Si antiprisms are linked by the metal atom with the
addition of one Si atom Sil9, as shown in Fig. 1. The two
Si antiprisms are interacting with Sil9 atom and with each
other. The geometrical structures of the two antiprisms are
different. The computed DOS of the lowest energy isomer is in
excellent agreement with the PES result (Fig. 2). Three isomers
of higher energy for the Si;o Y™ cluster are shown in Fig. 3(b).
The two isomers (19b) and (19¢) have cagelike structures
with the metal atom inside the cage, and these are 0.06 and
0.33 eV higher in energy than (19a), respectively. These results
show that the cage and linked clusters compete in this size
range. This finding is very interesting as the subclusters are
very stable for elemental Si clusters; therefore, our results
demonstrate a new growth behavior for metal-doped silicon
clusters by linking of smaller clusters, and this result could
have important implication for other systems as well. The
structure of the isomer (19d) is similar to that of (19a) with a
slightly different orientation, and it is 0.53 eV higher in energy
than (19a).

For n =20, the lowest energy isomer (20a) adopts a cagelike
structure with the metal atom inside (Fig. 1). The slightly
distorted icosahedral cage has 12 pentagons. The Si-Si bond
lengths in the slightly distorted structure have the values in
the range of 2.323-2.434 A. This icosahedral cage structure is
similar to Cg, but it is made of all pentagonal faces. Silicon
likes pentagonal faces unlike carbon because the bonding in

PHYSICAL REVIEW B 88, 085412 (2013)

Si is sp® type, whereas in carbon fullerenes sp> bonding is
favored. Another isomer of nearly degenerate energy (20b) also
exists for the SigY ™ cluster. It has an icosahedral symmetric
cage structure, and the metal atom is placed inside the cage.
This is similar to the earlier work of Kumar et al.'! However,
we found that an icosahedral symmetric structure as reported
by Kumar et al. had a negative frequency, indicating its
instability and a slightly distorted cage structure (20a) has no
negative frequency. The computed DOS of the lowest energy
isomer (20a) reproduces well the PES spectrum, except that
in the calculated spectra there is one relatively sharp peak in
between —4 and —5 eV, while in experiments there are two
peaks. The DOS of isomer (20b), which is nearly degenerate
with (20a), has a broader peak in the energy range of —4 to
—5 eV, and the two isomers could coexist giving rise to the
possibility of two peaks. Also, we found that the DOS of an
isomer of SipY ™ in which two clusters are linked has a peak
around — 5 eV. This isomer lies about 1 eV higher in energy
than isomer (20a). However, since linked clusters are favorable
for smaller sizes, it is quite possible that a linked cluster
isomer for Siyo Y~ is formed even though this isomer lies much
higher in energy, and this can give rise to the peak just around
—5eV.

B. Stability of linked and endohedral caged structures

In the above discussed clusters, note that the linked cluster
structures have tetrahedron as well as rhombus structure,
with trigonal bipyramid, octahedron, and capped tetragonal
antiprisms as subclusters, some of which are the stable
structures of silicon clusters. In order to understand the
stability of the linked clusters, we calculated the electronic
structure of the subclusters with spin polarization, and these
are shown in Fig. 5. Note that the up-spin spectrum of the

-10
-12
-14
-16
-18

Energy [eV]

Sig Sis Sig Sig

FIG. 5. (Color online) Kohn-Sham eigenstates of Siy, Sis, Sig,
and Siy clusters that are found to exist in linked clusters. Broken lines
show unoccupied states. The numbers 4, 2, 2, 2 show the number of
unoccupied states in the down-spin spectra below a large energy gap.
These are the number of electrons that would be needed to bind in
linked clusters. Atomic structures are shown above the energy spectra.
The arrows show up-spin and down-spin spectra for Siy and similarly
for other cases.
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Siy tetrahedron has a large gap between the occupied and
the unoccupied states, while in the down-spin spectrum, there
are four unoccupied states, and after that there is a large
energy gap. Therefore, this cluster needs four electrons to be
stabilized. In the linked structure of (8a), four electrons (two
electrons to each tetrahedron) are given (or shared) by Y,
whereas the two tetrahedra are linked through two Si atoms;
therefore, two electrons on each sharing Si atom contribute to
the two tetrahedra, and this leads to the stability of (8a). For
the trigonal bipyramid of Sis, again the up-spin spectrum has
a large gap between the occupied and the unoccupied states,
while in the down-spin spectrum, there are two unoccupied
states and then a large gap exists. Therefore, this isomer needs
two electrons to complete a shell. As Y~ has four valence
electrons, it can link two such clusters with each having two
holes in the highest occupied molecular orbital (HOMO).
The two trigonal bipyramids interact with Y~ so that each
shares two electrons from Y~. The electronic structure of Sig
octahedron has features similar to those of Sis, and accordingly
in the (11b) linked isomer, two electrons of Y~ are shared with
the silicon trigonal bipyramid, while the other two electrons
are shared with the Sig octahedron. For the capped trigonal
antiprism structure of Sig, again the up-spin spectrum has a
gap though smaller between the occupied and the unoccupied
states, while the down-spin spectrum has two unoccupied
states before a significant gap. Accordingly, this cluster needs
two electrons to stabilize. This is provided by Y~ in the linked
structures, as in the case of (18b). In Fig. 6, we have shown
the difference in the charge density of the Si;sY™ cluster and
the sum of the charge densities of Sig, Sig, and Y~ species.
There is some charge transfer to Si subclusters, and there is
also some covalent bonding character between the metal atom
and the Si subclusters.

The stability of the cage structures has been discussed
earlier by Kumar et al.,'® and for the fullerene structure
of Y@Si g anion in which each Si atom has three nearest-
neighbor Si atoms, one can see that each Si atom has three
sigma bonds with the neighboring Si atoms in the picture of
sp? bonding, while the fourth orbital points towards outside
the cage and, therefore, one can consider such 16 w-bonded
electrons. Considering a spherical symmetric potential to be
representative of such cages, the stability arises'® from the

FIG. 6. (Color online) The difference of the charge densities
between the Si;sY™ cluster and sum of the charge densities of
Sijs and Y~ separately keeping the Si atoms and Y~ ion at the
respective positions as in the Si;s Y~ linked cluster. There is an excess
charge between the Y atom and Si subclusters and depletion of the

charge around the Y ion. The bonding is covalent ionic. The value of
the charge density isosurface is 0.05 (e/A3).
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filling of the 1D shell of the spherical potential. On the other
hand, the stability of a close-packed FK structure [(16b) in
Fig. 3(b)] can be understood'® from the filling of the 2D shell
in a spherical potential corresponding to 68 valence electrons.

Cluster size SijsY~ is at the boundary after which cage
structures start becoming favorable or the linked clusters
compete with the cage isomers. We have calculated the IR
and Raman spectra for the two isomers of the n = 15 case
(Fig. 7). The calculated spectra are quite different, and this
can be helpful in the identification of the isomers and the
growth behavior.

C. IR and Raman Spectra

IR and Raman spectra of those isomers of Si,Y anion
clusters, for which the calculated DOS is in agreement
with the experimental PES, have been calculated using the
B3PWO91/SDD method in the Gaussian program and are shown
in Fig. 8. The absence of any imaginary frequency in the
spectra shows that the structures are stable. We have also
calculated IR and Raman spectra for the corresponding neutral
clusters, and the atomic structures for the neutral and anion
clusters are nearly the same. However, a significant shift in
frequency is noticed between neutral and anion clusters for
some modes of vibration.

Our calculations predict that the Si, Y~ cluster belongs to
the Cs, point group symmetry. Two angle-bending modes of
vibrations calculated at frequencies of 163 and 272 cm™!
and one stretching vibrational mode frequency at 288 cm™!
are doubly degenerate. The highly intense IR frequency at
220 cm™~! corresponds to an angle-bending vibration of the
Siy cluster, whereas the highly intense Raman frequency at
312 cm~! corresponds to the stretching of the three Si-Y bonds.
The SisY~ cluster belongs to the Cy point group symmetry.
The stretching of the Si2-Y6 bond gives rise to the most
intense IR peak frequency at 352 cm™!, whereas the most
intense peak at 237 cm~! in the Raman spectrum results
from the stretching of the Si5-Y6 bond. The SicY™ cluster
belongs to the Cs, point group symmetry with six doubly
degenerate modes of vibration. The lowest doubly degenerate
vibration mode at 123 cm™! is an angle-bending mode and
results in the most intense IR frequency. Three sharp peaks
in the Raman spectrum calculated at frequencies 216, 262,
and 348 cm~! result from the angle-bending, symmetric
stretching of Si-Si bonds, and breathing mode, respectively.
The Si; Y~ cluster belongs to the C; point group symmetry.
The highest frequency at 411 cm ™! has the maximum intensity
in the IR spectrum, and it corresponds to the stretching
vibration of the Si7-Si5 bond, while the maximum Raman
activity at 317 cm™! results from the stretching vibration of
Si6-Y8, Si4-Y8, and Si3-Y8 bonds.

The IR intensity and Raman activity for Si, Y~ clusters with
n = 8-11 are shown in Fig. 8(b). The SigY ~ cluster belongs to
the C, point group symmetry. The frequency of the butterfly
mode is calculated to be 112 cm ™. The strongest IR frequency
at 340 cm~! results from the antisymmetric stretching of
Si3-Y9 and Si5-Y9 bonds, as well as antisymmetric angle
bending of Si8-Y9-Si3 and Si7-Y9-Si5 together. Two sharp
peaks are calculated at frequencies 354 and 457 cm™! in
the Raman spectrum. The first one is found to be a coupled
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FIG. 7. (Color online) The IR intensities and Raman activities of the cage and linked isomers of the Si;s Y~ cluster.

mode that results from the symmetric stretching of Si3-Y9
and Si5-Y9 bonds, as well as symmetric angle bending of the
Si8-Y9-Si3 and Si7-Y9-Si5 together. The second mode results
from the symmetric stretching of Si2-Si5 and Si3-Si6 bonds.
The SigY ™ cluster belongs to the Cy4, point group symmetry
with six doubly degenerate modes of vibration. The highest
intensity peak at 184 cm~! in the IR spectrum corresponds
to the symmetric angle bending of the cluster. On the other
hand, in the Raman spectrum, the strongest peak at 302 cm™!
corresponds to the symmetric stretching of all the Si atoms
linked with the metal atom. The Si;(Y ™ cluster belongs to the
C, point group symmetry. The frequency of the butterfly mode
is calculated to be 113 cm™! for the Si; Y~ cluster and is found
to be similar to the Sig Y~ cluster. The strongest IR and Raman
peaks are found at the same frequency (428 cm™') as a result
of the antisymmetric and symmetric stretching of triangles
Si8-Si9-Si10 and Si3-Si4-Si5, respectively. The Sij; Y~ cluster
belongs to the C; point group symmetry. The stretching of
Sil-Si5 and Sil-Sil0 bonds gives rise to the most intense IR
peak at 337 cm~ !, whereas the stretching of Si3-Sil 1, Si9-Si7,
and Si3-Si7 bonds gives rise to the strongest Raman peak at
439 cm™!. The butterfly mode for this cluster is calculated at
35cm~.

The IR and Raman spectra of Si, Y~ clusters with n =
12-15 are shown in Fig. 8(c). The Si;; Y~ cluster belongs to
the C; point group symmetry. The most intense IR peak at
245 cm™! corresponds to the symmetric angle bending of the
Siz cluster, whereas in the Raman spectrum the strongest peak
at 307 cm™! corresponds to the stretching of all the Si atoms
that are linked with the metal atom. The butterfly mode is

calculated at 18 cm™!. The Si;3 Y~ cluster belongs to the C,
point group symmetry. The stretching of Si3-Si4 and Si4-Sill
bonds give rise to the most intense peak at 325 cm~' in the
IR spectrum, whereas the stretching of Si6-Sil3 and Si2-Sil3
bonds gives rise to the strongest Raman peak at 447 cm™!.
The Sij4 Y™ cluster belongs to the C; point group symmetry.
The most intense IR peak at 342 cm™! corresponds to the
stretching of the triangle formed by atoms Sil0, Si7, and Si3,
as well as the Si4-Sil1 bond, whereas in the Raman spectrum
the strongest peak at 291 cm™! corresponds to the stretching
of the triangle Si3-Si4-Si5 and triangle Si3-Si4-Si9. In this
case, the twisting mode of SigY~™ is found to be strongly
coupled with the twisting mode of the SisY~ cluster. The
butterfly mode frequency is calculated to be the same for
Si;3Y ™ and Sij4 Y™ clusters at nearly 100 cm~!. The Si;sY~
cluster belongs to the C; point group symmetry. The most
intense peak at 226 cm ™' in the IR spectrum corresponds to the
stretching of Si13-Si8 and Si14-Si8 bonds, while the strongest
Raman peak at 396 cm~! corresponds to the stretching of Sil,
Si2, Si4, and Si5 atoms.

The IR and Raman spectra of Si, Y~ clusters withn = 16-19
are shown in Fig. 8(d). The Sij¢ Y~ fullerene belongs to the D4y
point group symmetry with 16 doubly degenerate modes of vi-
bration. Two peaks at 285 and 337 cm ™! in the Raman spectrum
correspond to outer ring (made of eight atoms) breathing and
the inner rings (formed by the two squares) breathing modes,
respectively. The most intense IR peak at 212 cm ™" is a doubly
degenerate mode. It results from the stretching of the outer
ring atoms and the stretching of all the Si atoms that are linked
with the metal atom. The Sij; Y™ cluster belongs to the C;
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point group symmetry. The most intense IR peak at 231 cm™!

corresponds to the angle bending of the cluster, whereas in the
Raman spectrum the strongest peak at 277 cm ™! corresponds to
cluster breathing. The Sijg Y~ cluster belongs to the C, point
group symmetry. In this case, the strongest IR and Raman
peaks are found at the same frequency (228 cm™!) that corre-
sponds to the coupled angle bending of both the Sig Y~ clusters.
The butterfly mode for this cluster is calculated at 62 cm~!. The
twisting modes of the two Sig Y™ are coupled with each other.
The SijoY ™ cluster belongs to the C; point group symmetry.
Similar to Si;3 Y, the strongest IR and Raman peaks are found
at the same frequency (327 cm™"), which corresponds to the
stretching of one of the two SigY™ clusters (Si 13, 18, 12,
10, 11, 15, and 17). The second strongest Raman peak at 313
cm™! is dominantly due to stretching of the Si3-Si4 bond. The
frequency at 51 cm~! corresponds to the butterfly mode.

The Sixg Y™ cluster belongs to the C; point group symmetry
with 19 doubly degenerate modes of vibration. In VASP
calculations, an icosahedrally symmetric isomer was also
obtained, but it had negative frequencies. Therefore, a slightly
deformed structure is lower in energy. IR and Raman spectra
are shown in Fig. 8(c). The strongly intense peak in the IR
spectrum at 212 cm ™' is a doubly degenerate mode, resulting

PHYSICAL REVIEW B 88, 085412 (2013)

from the stretching of the outer ring and stretching of all the
Si atoms that are linked with the metal atom. The strongest
peak in the Raman spectrum at 256 cm™! corresponds to the
breathing mode of the cluster.

D. HOMO-LUMO gap and the adiabatic and vertical
detachment energies

The energy gap between the HOMO and the lowest unoc-
cupied molecular orbital (LUMO) has been calculated using
B3PW91/SDD, and it is shown in Fig. 9 for each cluster size
whose experimental PES is in agreement with the calculated
DOS. Note that the values of the HOMO-LUMO gap with
the B3PWO1 hybrid functional is higher compared with those
obtained with VASP. A small HOMO-LUMO gap could mean
enhanced reactivity and hence reduced stability. As seen from
Fig. 9, the SijoY ™, Si;3Y ™, Sij Y, and Sijo Y™~ clusters have
relatively larger gaps than their neighboring clusters. In other
words, from n = 10 onwards the successive addition of three
silicon atoms results in an increase in the energy gap. A
significantly large value of the HOMO-LUMO gap of 2.21 eV
has been calculated for n = 10 within the B3PW91 hybrid
functional; hence, Si;( Y~ is more stable and less reactive as
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FIG. 8. (a) IR and Raman spectra of isomers of Si, Y~ (n = 4-7) clusters whose calculated DOS is in agreement with the experimental
PES. (b) IR and Raman spectra of isomers of Si, Y~ (n = 8-11) clusters whose calculated DOS is in agreement with the experimental PES.
(c) IR and Raman spectra of Si, Y~ (n = 12-15) clusters whose calculated DOS is in agreement with the experimental PES. (d) IR and Raman
spectra of isomers of Si, Y~ (n = 16—-19) clusters whose calculated DOS is in agreement with the experimental PES. (e) IR and Raman spectra
of the lowest energy isomer of the Si»gY ™ cluster whose calculated DOS is in agreement with the experimental PES.
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FIG. 8. (Continued.)

compared to other clusters. In addition to n = 10, a large gap
is found for n = 13, 16, and 19 from our calculations.

The EA has been calculated using the B3PW91/SDD
method for the neutral clusters, taking the difference of
the energies of the optimized neutral and anion clusters.
Its variation with the cluster size is shown in Fig. 9.
The EA exhibits an approximate odd-even oscillation. No-
ticeable peaks are found at n = 6, 10, 12, 16, and 19, and dips
are found at n = 11, 14, 17, and 20. The EA of the clusters
with n = 12, 13, 16, 18, and 19 is found to be larger than the
values for halogen atoms such as Cl, which has the highest EA
in the periodic table, and thus, the neutral clusters behave as
superhalogens.

The adiabatic detachment energy (ADE) is the difference
in the total energies of the optimized geometries of the neutral
and anion clusters, and therefore it is the same as the EA.
The vertical detachment energy (VDE) is the difference in the
total energies of the optimized geometries of the neutral cluster
fixed at the anion geometry and the optimized anion. The ADE
and VDE calculated using VASP are tabulated in Table I along
with the available experimental results (see also Supplemental
Material® for the values for different isomers). The calculated
ADE and VDE for several clusters differ by a small amount due
to the small difference in the structures of anion and neutral
clusters. The calculated ADE values are in general slightly
higher than the experimental values, and in a few cases, the

085412-11



S. JAISWAL, VASUDEO P. BABAR, AND VIJAY KUMAR

12

Electric dipole moment (D)

HOMO-LUMO gap (eV)

Electron affinity (eV)

12 14 16 18

n

10

20

Mean first

Mean polarizability (arb. units)

Polarizability anisotropy (arb. units)

PHYSICAL REVIEW B 88, 085412 (2013)

700

500

300

100

10 12 14 16 18

300}

200

100 |

0 : ‘ ‘ ‘ ‘
4 6 8 10 12 14 16 18 20
o
=
,;307
.‘é
=
=
5207
Z
%
N 10}
b
<
2
j="
3
2ol . . ‘
= 4 6 8 10 12 14 16 18 20

n

FIG. 9. Variation of the different properties of the isomers of Si, Y~ clusters as a function of the size for which the calculated DOS agrees

with the experimental PES results. The EA is for the neutral clusters.

experimental value is higher than the calculated value. The
overall agreement is fairly good. The values obtained from the
Gaussian program are slightly higher than those obtained from
the VASP program, but the trend is similar.

E. Electric dipole moments, polarizability,
and hyperpolarizability

The response of a cluster in an external field can give
very valuable information about the structure as well as other
properties such as electric dipole moments, polarizability, and
hyperpolarizability, which can be calculated. The calculated
variation in the dipole moment with cluster size is shown in
Fig. 9. The dipole moment depends mainly on the structural
arrangement of the atoms in a cluster. It reflects the symmetry
of the cluster. A small electric dipole moment represents high
symmetry of the structure. As seen from the figure, the dipole
moment for the clusters with n = 16 and 20 are nearly zero due
to their symmetric cage structures. In the case of the SigY ™
cluster, the local dipoles on all the Si atoms, except for Si3, get

cancelled out with each other, and there is a positive charge on
the metal atom and negative charge on Si3 atom. This forms
a large dipole moment for the SigY ™~ cluster. It is interesting
to note that the dipole moment shows even-odd oscillation for
Y-doped silicon anion clusters. Clusters with an odd number
of Si atoms generally have higher dipole moments than those
clusters with an even number of Si atoms, with the exception
atn = 14 and 18.

The mean polarizability oy, the anisotropy of the polariz-
ability Ac, and the mean first hyperpolarizability B, have
been calculated using the x, y, z components from Gaussian
output from the following definitions:

ag = (axx + otyy +tz,)/3
A = (o — tyy)? + (o — 02)* + (yy — 0,)°]
ﬂtot = [(,Bxxx + ﬂxyy + ,szz)2 + (ﬂyyy + ,Byzz + /3yxx)2

+ (Buzz + Boxx + Bayy) 12

The mean polarizability depends on the shape and size
of the clusters. The mean polarizability of clusters generally
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TABLE 1. The calculated ADE and VDE of the isomers of Si, Y clusters using the PAW method for which the calculated DOS agrees with

the PES data along with the available experimental results.

CLUSTER ADE (eV) (PAW) VDE (eV) (PAW) ADE (eV) (GAUSSIAN) Experiment (eV)
6a 2.798 3.008 3.012 2.5 £ 0.0043
7b 2414 2.475 2.644 2.2 £+ 0.0043
8a 2.833 2.947 3.124 2.6 = 0.0043
9a 2.865 3.078 3.242 2.7 £ 0.0043
10c 3.186 3.279 3.595 3.6 £ 0.0043
11b 2.992 3.064 3.249 3.3 £+ 0.0043
12¢ 3.529 3.615 3.903 3.2 £+ 0.0043
13a 3.612 3.857 3.705 3.0 £ 0.0043
14a 3.097 3.198 3.503 3.1 £ 0.0043
15a 3.184 3.352 3.259 3.1 £+ 0.0043
16a 3.790 3.850 4.053 297 £+ 0.15
3.20 + 0.10
17a 3.401 3.508 3.353 3.2 £+ 0.0043
18a 3.564 3.716 3.778 3.1 £ 0.0043
19a 3.484 3.645 3.982 3.2 £+ 0.0043
20a 3.333 3.485 3.573 3.0 £ 0.0043

increases with the cluster size, except at n = 13, and it slowly
increases for 14, 15, 16, and 17, and then there is also a dip
at 20. The n = 12 cluster has a very elongated structure, and
for n = 13, 14, and 15, the linked clusters are relatively less
spread, while for n = 16 there is a cage formation. Similar
to 12, the n = 18 linked cluster is also quite elongated, while
for n = 20, the polarizability reduces due to cage formation.
Earlier studies?” have shown that a prolate structure results in
to a large polarizability. Significantly prolate configurations
are preferred for n = 12, 18, and 19 clusters; thus, these show
relatively large mean polarizabilities. The compact structures
have comparatively shorter bond lengths and thus smaller
volume that results in a smaller value of the polarizability
for n = 13, 14, 15, 16, 17, and 20. Furthermore, a symmetric
structure for n = 16 and 20 results in very low asymmetry
in polarizability as well as small values of their calculated
hyperpolarizability, as shown in Fig. 9. Clusters withn =5, 9,
12, and 18 have very large mean hyperpolarizability, and they
are likely to have interesting nonlinear properties.

IV. CONCLUSIONS

In summary we have performed ab initio calculations
on Y-doped silicon anion clusters, and by comparing the
calculated DOS with the experimental PES data, we found
two growth behaviors: (1) where the metal atom acts as a
linker between two subclusters and (2) where the metal atom is
endohedrally encapsulated in a silicon cage. The smallest size
for which an endohedral cage structure becomes favorable is 16
silicon atoms. The calculated DOS in all cases agree well with
the experimental results, and this gives confidence that we have

found the structures that are likely to be present in experiments.
In some cases, our results suggest the presence of more than
one isomer. The finding of linked clusters gives a new direction
in the design of materials. Elemental silicon clusters are
known to have prolate structures for the intermediate range
of sizes from n = 14 to around 25, and their fragmentation
into two subclusters is the most favorable process rather than
removing atom by atom. Our finding that metal-doped silicon
clusters also have prolate-shaped linked clusters suggests the
possibility of new phases of materials. We may be able to
develop polymeric chains in which some clusters could be
linked with metal atoms. We have calculated the EA, and
the values compare well with the available experimental data.
Several other quantities such as the HOMO-LUMO gap, dipole
moments, polarizability as well as hyperpolarizabilities, and IR
as well as Raman spectra have been calculated, and these can
be compared with experiments to obtain additional support for
the growth behavior. Our calculations show a low-frequency
mode for the linked clusters, and if observed in experiments,
it could provide support for our finding of the linked
clusters.
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