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Abstract. The theoretical formalism of local density approximation (LDA) to density functional the-
ory (DFT) has been used to study the electronic and geometric structures of Si,,C;l (1 < m, n < 4)
cationic clusters. An all electron 6-3114++4G™* basis set has been used and complete geometry optimiza-
tions of different possible structures for a specific cluster have been carried out. Binding energies, relative
energies, fragmentation energies, vibrational frequencies, and adiabatic ionization potentials of the op-
timized clusters have been investigated and reported in detail. Results have been compared with other
experimental and theoretical results available in the literature.

PACS. 31.10.4+z Theory of electronic structure, electronic transitions, and chemical binding — 31.15.Ar
Ab initio calculations — 31.15.Ew Density-functional theory — 36.40.Qv Stability and fragmentation of

clusters

1 Introduction

Recent years have seen an explosive interest in computa-
tional, experimental, and theoretical studies of atomic and
molecular clusters [1-9]. Clusters are distinctly different
from their bulk state and exhibit many specific properties,
which distinguishes their studies as a completely different
branch of science named “Cluster Science”. Large surface
to volume ratio and quantum effects resulting from small
dimensions are usually prominent in clusters and ideas
like ‘super-atoms’, ‘magic numbers’ or ‘fission’ in clusters
have prompted a wide class of scientists to study this ‘rel-
atively’ new area of the physical sciences. Growing inter-
ests in the stabilities of small clusters and the evolution
of bulk properties from cluster properties are also due to
the emergence of new areas of research called nanoscience
and nanotechnology and the resulting potentials in indus-
trial applications, e.g. for electronic devices, for data stor-
age, or for fostering chemical reactions [10-13]. Among
various types of clusters, simple metal and semiconductor
clusters continue to be the most important and widely
studied clusters, both experimentally and theoretically.
In the area of semiconductor clusters, carbon and silicon,
though belonging to the same column of the periodic ta-
ble, vary significantly in their basic chemical and physical
properties. A combination of these two materials silicon-
carbide (SiC) or carborundum exists in many different
poly-types and, in crystalline phase is a very important
scientific and technological material. Silicon carbide (SiC)
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possesses many favorable properties making it suitable for
high-temperature, high-frequency, and high voltage inte-
grated electronics. More specifically, these properties are
wide band-gap, high thermal conductivity (better than
that for copper at room temperature), high breakdown
electric field strength (approximately 10 times that of Si),
high saturation drift velocity (higher than GaAs), high
thermal stability and chemical inertness.

Our interest in silicon-carbon clusters stems from our
recent studies where we have shown that carbon clusters
trapped inside medium sized silicon cages gave rise to
highly symmetric, stable cage clusters [14]. This work is a
continuation of these studies in the area of small cationic
silicon-carbon clusters. In the investigation of hetero-
atomic silicon-carbon clusters, it is probable that some
novel bonding arrangements might be observed yielding
lowest energy isomers and possibly “magic” SiC clus-
ters. Bulk SiC has a tetragonal bonding of carbon atom
with four nearest silicon neighbors. The bond distances
for Si—Si and Si—C are 3.08 A and 1.89 A respectively. In
all probability, this type of bonding will not be observed
for SiC clusters. Silicon is known to prefer multidimen-
sional single bonds and carbon can form single, double,
and triple bonds.

There has been considerable theoretical studies on
the structure and electronic state of neutral Si,,C,
clusters (n + m < 9) [15-23], including our recent
work [24] in which we have studied small neutral silicon-
carbon Si,,C,, (1 < m, n < 4) clusters at the
SVWN/6-311++G** level. Various cluster properties such
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as binding energies, vertical ionization potentials, verti-
cal electron affinities, fragmentation energies, and other
electronic structure properties of interest were studied in
detail. But time-of-flight mass spectrum experiments usu-
ally show the existence of only charged species, thereby
increasing the importance of investigating the electronic
and structural properties of these ionic species. In this pa-
per we extend our previous work on neutral Si,, C,, clusters
to the electronic and geometric structures and associated
properties of small cationic silicon-carbon Si,,C;" (1 < m,
n < 4) clusters.

Most of the previous theoretical studies in the litera-
ture for small SiC clusters employ small basis sets with no
diffuse functions. The lack of diffuse functions can affect
the quality of the calculations, particularly the energetics.
In fact, there is a continuing debate regarding the correct
ground state structures for these clusters with close lying
cyclic and linear isomers. Ours is the first attempt to study
these clusters on an equal footing from a completely ab ini-
tio point of view with a large basis set with added diffuse
functions. We also present detailed results on cohesive en-
ergies and fragmentation energies and report for the first
time results on adiabatic ionization potentials for small
Si, Cp clusters. Of course, wherever possible, we compare
our results with results available in the literature. First
principles simulations, based on local density approxima-
tion to density functional theory (LDA-DFT), have proved
to be a reliable and computationally tractable tool in
quantum chemistry and condensed matter physics [25-27].
This formalism is used here to investigate mixed silicon-
carbon clusters Si,,C;} (1 < m, n <4).

2 Computational details

One of the primary considerations involved in these cal-
culations is the determination of the methodology, specif-
ically the form of the exchange-correlation potential and
the type of basis set to be used. Our previous work on
SiC neutral clusters have indicated that the choice of the
SVWN functional [28] with an all-electron 6-311++G**
basis set [29] yields very reasonable results [24]. This, com-
bined with the fact that comparisons with the electronic
and geometric structure properties of equivalent neutral
clusters are helpful and necessary, have prompted us to use
these basis set and functional for all Si,,C;} cationic clus-
ters as well. The binding energy per atom for the cationic
clusters is calculated from

B, — [E(SiT) + (m — 1)E(Si) + nE(C)] - [E(SinC}))]
m+n
(1a)
B, — [MEB) + (0 = DE(C) + BCH)] ~ [B(SinCH)]

m-+n
(1b)

where F(Si,, C;l) is the optimized total energy of the clus-
ter. In these, we have assumed that the extra charge can
go either to the Si atom or to the C atom. The lower of the
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two energies is taken to be the binding energy of the clus-
ter and we have found, as detailed below, that the extra
charge usually goes to the Si atom.
The fragmentation energy of the clusters into different
binary channels is calculated from
E-‘r

n—(n—m)+m = E’r—l_—m +E’m - E;Lr’ (]- < n,m < 4) (2)

and the adiabatic ionization potential is calculated from
AIP = E(Si,,C) — E(Si,nC,) (3)

where F(Si,,,C;l") is the total energy of the cationic and the
corresponding neutral cluster at their respective optimized
geometries. All computations have been performed using
the Gaussian03 suite of programs [30] at the University
of Texas at Arlington supercomputing facilities.

3 Results

Since usually experimental data correspond to the most
stable isomers, our discussion will focus on the structures
and properties of the most stable clusters and isomers
nearly iso-energetic with these and some other selected iso-
mers of special interest. However, other isomers will also
be discussed briefly. For the sake of brevity, we have rep-
resented here in Figures 1-16 and Tables 1-16 the results
from only the three most stable isomers for each cluster,
with the bond lengths in Angstroms. However, all the iso-
mers are included in the discussion. The structures are
denoted by C.m.n.i, where 4 runs from 1 to the number of
isomers of a particular cluster in decreasing order of sta-
bility. Thus, for example, the most stable Si4CI cationic
cluster is indicated in Figure 16 by C.4.4.1. All structures
are Berny geometry and spin-optimized [31]. Tables 1—16
give the electronic state, binding energy per atom, relative
energy, and adiabatic ionization potential (all in eV) for
each structure for the three most stable isomers. Table 17
compares our theoretical vibrational frequencies in cm™!
with the results reported in the literature where available.
In the following sections, we discuss the results in detail.

Before explaining the geometries of Si,,C} (1 < m,
n < 4) clusters, we present very briefly our results on
the ground state of neutral Si,,C,, (1 < m, n < 4) clus-
ters. A detailed description is provided in reference [24].
Three atoms species SiCs and SioC have a Cy,, symmetry
triangle-shaped structure as the ground state. In case of
four atoms species, the ground state for SiCs cluster is a
Si-terminated linear structure, SioCs cluster has a cyclic
rhombus with 1Ag state and Si3C cluster is a Cq, sym-
metry rhomboidal structure with a Si;C sub-molecule.
In the five atom species, the ground states for SiCy
and SiyCgs clusters are Si-terminated chains. Among the
silicon-rich clusters, Si3C, is a planar pentagon with a
Cy sub-molecule and SiyC has a distorted trigonal bipyra-
mid as the ground state structure. Among the six atom
species, except for SioCy cluster, where the ground state
is a linear chain with terminal silicon atoms, both Si3Cs
and SiyCs clusters show 3D structures as ground states.
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Fig. 1. SiC cationic cluster.
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Fig. 2. SiCy cationic clusters.

Seven atom clusters Si3C4 and SizCy have distorted pla-
nar structures as ground states and eight atom cluster
SisC4 has 3D pyramid-like structure in 'A; electronic
state as the most stable structure. In general, we found a
strong tendency for the carbon-rich species to be chainlike
whereas the silicon-rich species are either planar or 3D.
Moreover, the ratio of sp? to sp® hybridization, formation
of CC bonds and several SiC bonds and coordination of
atoms directly affected the geometry of a specific cluster.

3.1 SiC,, cations
3.1.1 SiC*

The SiC* dimer (Fig. C.1.1.1) has ¥ electronic state.
The bond length is 1.826 A. Mulliken charge distribution
analysis [32] shows that the silicon atom carries most of
the positive charge (0.853¢) and carbon atom a negligible
charge (0.146¢). The dipole moment is 1.254 D. It is ap-
parent that due to the detachment of an electron from a
bonding or an anti-bonding orbital we see an increase in
the Si—C bond length and a decrease in the vibrational
frequency as compared to the corresponding quantities for
the neutral cluster.

3.1.2 SiCS

Flores et al. [33] conducted ab initio studies at both HF
and correlated levels of theory of this cluster with a 6-31G*
basis set. At the HF and at the configuration-interaction-
size-consistent CISD (SCC) levels, the linear structure was
found to be most stable but at the fourth-order many
body perturbation theory (MP4) level, the cyclic struc-
ture with Co, symmetry was the ground state. Lavendy
et al. [34] studied SiCj at different levels of theory with
6-311G* and aug-cc-pVTZ basis sets. With the first ba-
sis set, the linear set was found to be the ground state
at the B3LYP and CCSD(T) levels of theory whereas
with the second basis set, the results are mixed at the
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Table 1. Electronic state, relative energy, binding en-
ergy/atom, adiabatic ionization potential (all in eV) for
SiC™ cluster.

Structure State AFE E, AIP
C.1.1.1 iy 0.00 2279 9.612
8.7(0.2) [38]

Table 2. Electronic states, relative energies, binding ener-
gies/atom, and adiabatic ionization potentials (all in eV) for
SiCJ clusters.

Structure State AF Ey AIP

C.1.2.1 2A, 0.000 4.568 10.387
C.1.22 2% 0.116 4.530 10.321
C.1.2.3 2¥,  6.553  2.384 10.783

SVWN, B3LYP, B3PW91, CCSD (T) and MRCI levels.
Wu et al. [35] with a smaller 6-31G* basis set and B3LYP
level of theory obtained linear state as the ground state.
All these studies clearly indicate the importance of elec-
tron correlation and consistency in the level of theory for
such systems in order to obtain the true ground states of
Siy, C;f clusters. Experimental studies by Michalopoulous
et al. [36] and Parent [37] on SiCj also remain inconclusive
about the geometric structure of this cluster. We studied
all three possible isomers and conclude that the ground
state of SiC§ (Fig. C.1.2.1) is cyclic with an apical an-
gle of 39.4° in the 2A; electronic state. The Si—C bond
length is 1.866 A (greater than that of the correspond-
ing neutral structure 1.837 A) and C—C bond length
is 1.260 A (suggesting a probable double bond). Mulliken
charge distribution analysis indicates that the silicon atom
carries most of the positive charge (0.763e) and carbon
atoms, a small charge (0.118¢). The Si-terminated lin-
ear geometry (Fig. C.1.2.2) is just 0.116 eV above the
ground state followed by a centro-symmetric linear struc-
ture (Fig. C.1.2.3) 6.553 eV above the ground state. The
same trend was observed in the case of neutral clusters.
Frequency analysis (Tab. 17) indicates that our vibra-
tional frequencies are in good agreement with the results
of Lavendy et al. We do observe though that both cyclic
and linear isomers have all real frequencies.

3.1.3SiCy

An ab initio study by Lavendy et al. [34] at various levels
of theory using 6-311G* and aug-cc-pV'TZ basis sets found
a rhomboidal Ca, (A1) structure as the ground state. We
also conclude that a rhomboidal structure (Fig. C.1.3.1)
in 2A; electronic state is the ground state. The Cs sub-
molecule has bond lengths of 1.351 A each, Si—C bond
lengths are 1.930 A (longer than the typical single bond
value) and trans-annular bond angle of 67.5°. We note that
for the neutral SiCs cluster (where a Si-terminated chain
is the ground minimum) this structure was the third most
stable isomer and ionization led to the stabilization of
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1.930 ) 2007 Table 3. Electronic states, relative energies, binding ener-
-9 9 b gies/atom, and adiabatic ionization potentials (all in eV) for
- 1341 1.815 J" SiC7 clusters.
2.
C1al Claz b C133 Structure State AFE Ey AIP
oy o o C.1.3.1 2A; 0.000 5.338 8.554
‘@J‘ C132 20 0637 5179 9.833
828 170 C.1.33 2B,  0.727 5.157 9.635
C.134 C.1.3.4 ‘A 2.731 4.656 10.862
Fig. 3. SiCs cationic clusters.
1912
1.267 1.798 J_J_H‘
‘/‘ 9999 1.255 1.670 Table 4. Electronic states, relative energies, binding en-
g6 % ergies/atom, and adiabatic ionization potentials (all in
o+
c14.1 C.142 C.143 eV) for SiC{ clusters.
1387 Structure State AF Ey AIP
C.1.4.1 A1 0.000 5.617 10.445
e 9 C142 2% 1051 5407 12377
1836 1819 C.1.4.4 2y, 2312 5155 10.635
C.144 C.1.4.4 ’B;y 4716 4.674 9.986

Fig. 4. SiCy cationic clusters.

this structure into the cationic ground minimum. Mulliken
charge distribution shows strong electrostatic interaction
between Si and Cs sub-molecule, as most of the posi-
tive charge is carried by the apical silicon atom (0.71e).
Next, lying 0.637 eV above is a silicon-terminated chain
(Fig. C.1.3.2) with C—C bond lengths of 1.341 A each and
SiC bond length of 1.815 A. The energy difference in the
neutral linear and cyclic isomers (0.642 eV) is more than
the cationic isomers and the structure ordering is reversed.
The dipole moment is 4 D for the cationic linear isomer
as compared to 0.956 D for the cyclic minimum. For the
linear structure, the charge on the silicon atom (0.636¢)
and on the neighboring carbon atom (—3.326e) renders
a strong ionic character to the Si—C bond. Following
the energetics, close lying 0.727 eV above the minimum
is another rhomboidal structure (Fig. C.1.3.3), with a
trans-annular bond angle of 135.2°. A 3D rhomboidal
structure (Fig. C.3.1.4) lies 2.731 eV above the ground
state. Frequency analysis (Tab. 17) indicates that our vi-
brational frequencies are in good agreement with the re-
sults of Lavendy et al. [34].

3.1.4 SiCf

B3LYP/6-31G* study by Pascoli and Lavendy [34]
found a Si-terminated linear structure in 2%+ electronic
state (Cooy Symmetry) to be the global minimum with
Si-capped bent C4 chain structure lying 2 kcal/mol
above the ground state. We explored these as well as
various other structures and conclude instead that the
fan-shaped planar structure (Fig. C.1.4.1), derived essen-
tially from SiCy isomer (Fig. C.1.3.3) to be the ground
state structure. The binding energy per atom increases
from 5.338 eV (SiCy) to 5.617 eV (SiCJ) by the addition
of an extra carbon atom. This structure has Si—C bonds

of 1.912 A and 1.970 A (slightly higher than the typical
Si—C single bond value) and C—C bond lengths between
1.264—1.386 A. Several strong Si—C bonds contribute to-
wards the stability of this particular geometry. Mulliken
charge distribution shows that the silicon atom bears most
of the charge (0.756¢) and terminal carbon atoms car-
ries slight charge of (0.116e) each. The Si-terminated lin-
ear chain (Fig. C.1.4.2) is 1.051 eV above the minimum,
with Si—C linkage of 1.798 A and C—C bond lengths
are 1.267 A, 1.291 A, and 1.282 A. There are few other
low lying states but mostly planar or linear showing the
preference of these C-rich clusters not to take part in mul-
tiple bonding. All these structures have doublet states.
Frequency analysis (Tab. 17) gives our vibrational fre-
quencies, all real, for the predicted fan-shaped ground
minimum. The existence of all real frequencies tends to
indicate that ours indeed is the global minimum structure.
Pascoli and Lavendy [34] obtained negative frequencies for
this structure.

3.2 Si,C,, cations
3.2.1 Si,C*

MP2 optimizations by Boldyrev et al. [38] indicated two
linear geometries in 2II, and 2%, states, with an en-
ergy difference of the order of 4.6 &+ 4 kcal/mol. Lavendy
et al. [34] showed with an AVTZ basis set that, the
2y}, (Linear) -2By (cyclic) transition energy is quite small
at SVWN and B3LYP levels, 1.1 kcal/mol (B3PW91),
1 keal/mol (CCSD(T)), and 0.5 kecal/mol (MRCI) in favor
of the cyclic isomer. With a 6-311G* basis set, the linear
structure was the ground state and the authors concluded
that the basis set was not flexible or polarized enough.
Jiang et al. [35], using B3LYP/6-311G (d) method, ob-
tained the 2%} state linear isomer to be 187.72 kJ/mol
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Fig. 5. SioC cationic clusters.
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Fig. 6. SioCz cationic clusters.

more stable than the 4Bs state cyclic isomer. Our results
indicate that the linear isomer is 2.054 eV below the cyclic
isomer. Grev and Schaefer [16] mentioned in the case of
neutral SioC clusters that addition of polarization func-
tions can lead to a bent structure even at HF level. Our ba-
sis set has added diffuse and polarization functions and we
believe that the predicted ground state for SiaC* cation
is correct. Another carbon terminated asymmetric linear
structure (Fig. C.2.1.2) is about 3.821 ¢V above the global
minimum. Frequency analysis (Tab. 17) gives real vibra-
tional frequencies for the predicted linear ground mini-
mum. Our theoretical frequencies do not agree well with
the results by Lavendy et al. [34], possibly due to the dif-
ferences in the basis set and ground state geometries and
experimental results will be very welcome.

3.2.2 Sib,Cf

Ignatyev and Schaefer [16] at ROHF, CISD, and UB3LYP
levels with DZP basis set identified three low lying min-
ima. The ground state was a linear chain followed by a
distorted rhomboid structure lying 17 kcal/mol above the
minimum. Lavendy et al. [34] at various levels of the-
ory like B3LYP, B3PW91, and SVWN using 6-311G*
basis set found the lowest lying structure to be a lin-
ear chain with carbon atoms between silicon atoms and
a cyclic 2A; rhombus structure was found to be the
second most stable structure, the difference in energies
being 20 kcal/mol. Mass spectroscopy experiments [37]
reveal unusual kinetic behavior (i.e. non-linearity of the

T
VN o o

397

Table 5. Electronic states, relative energies, binding ener-
gies/atom, and adiabatic ionization potentials (all in eV) for
SioCt clusters.

Structure State AF Ey AIP

C2.1.1 2y, 0.00 4.029 9.626
9.2(0.2) [38]

C.2.1.2 4B, 2.054 3.344 11.681

C.2.1.3 2y 3.821 2.755 10.083

Table 6. Electronic states, relative energies, binding ener-
gies/atom, and adiabatic ionization potentials (all in eV) for
SigC;' clusters.

Structure State AFE Ey AIP

C.2.2.1 M, 000 5.125 8259
8.24(0.20) [37]

C.2.2.2 27’ 0.498 5.001 8.691

C.2.2.3 2A; 1.015 4.872 9.547
9.25(0.20) [37]

C.2.24 2A, 1.104 4.849 7.794

C.2.2.5 2A; 1.714  4.697 8.744

C.2.2.6 2B, 3.142  4.340 9.202

C.2.2.7 2Biy  3.294 4302 8.872

C.2.2.8 4y 3.818 4.171 9.675

C.2.2.9 ) 5.194 3.827 9.552

first order plot) exhibited by SipCJ cation. A possible
reason for this behavior maybe the co-existence of two
forms of this cation. We studied various geometries for this
cation, essentially based on the neutral SioCs cluster [24].
The low-lying stable six isomers are given in Figure 6.
The most stable neutral SioCy isomer was a planar rhom-
bus (1.422 A, 1.834 A) and the ionization of this isomer
led to a 2A, structure (Fig. C.2.2.3) with an increase in
C—C distance to 1.446 A and a decrease in Si—C dis-
tance to 1.831 A. This structure lies about 1.015 eV above
the ground state linear isomer. Detachment of an electron
from the neutral SipCs linear isomer (1.276 A, 1.737 A)
led to the most stable cationic ground state, a centro-
symmetric linear chain (Fig. C.2.2.1) with 2II, electronic
state. Ionization led to the shortening of the C—C bond
length to 1.255 A, between the typical double bond (1.35 A
in ethylene) and triple bond (1.21 A in acetylene). The
Si—C bond length increased to 1.786 A indicating a sin-
gle bond. Thus, ionization of this cluster in fact reduces
the electrostatic repulsion and led to the preference for
sp hybridization. Mulliken charge distribution shows that
the two silicon atoms bear equal charges of about 0.474e
each and the carbon atoms carry slight positive charge
of about 0.025e¢ each. Thus, the nearest-neighbor elec-
trostatic repulsion is not very significant. On the other
hand, Lavendy et al. [34] found that silicon atoms carried
charges of 0.8e each and the carbon atoms —0.3e each.
A planar distorted trapezoidal structure (Fig. C.2.2.2) is
the second most stable structure and is just 0.498 eV
above the ground state. The C—C bond length is 1.286 A
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1745 1282 1.269 1720 2.257 Table 7. Electronic states, relative energies, bind-
1.877 ing energies/atom, and adiabatic ionization poten-
C231 C232 €233 tials (all in eV) for Si>C3 clusters.
1400 2258 Structure State AF Ey AIP
1532 ;%J—J P p‘_‘_‘, 99999 C231  °m, 0000 5673 9.034
o RIER C.2.3.2 ZA; 2891 5.095 9.261
C234 C235 C236 C.2.3.3 zHg 3.865 4.900 9.386
0235 ‘A ses 4% 1200
.2.9. 1 . . .
s 9 é ol €236 20, 6237 4425 12334
L Lo C.2.37 2By 7480 4177 9.888
C.2.3.7 C2.38 C.2.3.8 A, 9.570 3.759 9.407
Fig. 7. Si2Cs cationic clusters.
39009 1o 1.848
1.302
L0130 j 1.521 -9~ 24 Table 8. Electronic states, relative energies, binding en-
9 ergies/atom, and adiabatic ionization potentials (all in
C241 C242 C243 eV) for SisC} clusters.
1.801 1.413 l‘szk‘* e L Kf 2o Structure State AF Ey AIP
J‘(p—,) ‘\f ‘_'1‘2;9‘_ o C.24.1 2. 0.000 6.089 7.962
1259 ' C.2.4.2 2A, 2071 5.744 8.068
C.2.4.3 A1 2198 5722 8.671
C244 €245 C246 C.244 2By, 2554 5.663 7.463
(‘\ 1791 ‘_<‘k . C.2.45 2A; 2557 5.663  8.750
/J ‘,,.a- C.24.6 2By 3410 5520 8.430
g A e C247  “*Bs, 3501 5505 9.364
12 C.2.4.8 2A; 3.839  5.449 9.097
C247 C24.8 C249 C.2.49 2Boy 4.025 5.418 9.811

Fig. 8. Si»Cy cationic clusters.

(0.03 A shorter than the corresponding neutral geome-
try). Among the other low-lying isomers are a trapezoid
(Fig. C.2.2.4) and two T-shaped structures (Figs. C.2.2.5,
C.2.2.6) as shown in Figure 6. The energetic ordering is
well in agreement with the B3LYP/6-311G (d) results by
Jiang et al. [35]. We note that, in general, the SizCy clus-
ter, with equal numbers of silicon and carbon atoms, fa-
vors planar geometry. Frequency analysis confirms that
the linear isomer with all real vibrational frequencies is in
fact the ground state. Our calculated frequencies (Tab. 17)
are in fair agreement with other results in the literature.

3.2.3 SipCT

A B3LYP/6-311G* study by Pascoli and Lavendy [34] for
this cluster reports only two isomers, one symmetric lin-
ear arrangement with (Deop, 2II,) as the lowest energy
isomer followed by a T-shaped structure (Ca,, B2) about
81 kcal/mol above the minimum. We also conclude that,
the most stable isomer (Fig. C.2.3.1) is the Si-terminated
linear chain in 2II, electronic state. The Si—C linkage
is 1.745 A and the C—C bonds are 1.282 A suggest-
ing a probable double bond. Mulliken charge distribu-
tion analysis shows that the two terminal silicon atoms
carry slightly positive charges of (0.414e) each. Among

the carbon atoms, the centermost carbon atom bears a
large charge of (2.574e) whereas the other two carbon
atoms carry fairly large negative charge of (—1.201e) each.
Similar trend was observed in case of neutral SioCs clus-
ter. We can see a strong oscillation of charge along the
chain. Next, we observed several low-lying isomers (Fig. 7)
for this cluster. Most favored geometries were linear or
planar T-shaped Si-terminated structures. This indicates
silicon non-preference to participate in multiple bonding
(sp hybridization). In Table 17, we have compared our
vibrational frequencies with other published in the litera-
ture [34]. For the ground state structure, we detected some
additional lower modes of vibrational frequencies, but in
general the predicted values compare favorably. For all
other isomers, we found one or two imaginary frequencies
indicating they are possibly saddle points on the potential
energy curve.

3.2.4 Si,Cf

The ground state structure for the SioCj cation is a lin-
ear chain with terminal silicon atoms and a C4 chain
in between (Fig. C.2.4.1). It is derived by the detach-
ment of an electron from the ground state SioCy clus-
ter also of the same geometry. Ionization led to a change
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Fig. 9. Si3C cationic clusters.

in the C—C bond lengths, the lengths being 1.255 A,
1.309 A, and 1.255 A for the cation, as opposed to
1.274 A, 1.291 A, and 1.274 A for the neutral clus-
ter. Mulliken charge distribution analysis shows that the
two terminal silicon atoms bear slightly positive charges
of (0.383e) each. Among the carbon atoms, the center-
most two carbon atoms bear a large charge of (1.705¢)
each whereas the other two carbon atoms carry large neg-
ative charge of (—1.588¢) each. We find strong ionic bond-
ing in the terminal Si—C atoms. B3LYP/6-311G* study
by Pascoli and Lavendy [34] predicts the same ground
state, but the next stable isomer is a Si-capped bi-cyclic
C4 structure located 72 kcal/mol above the ground min-
imum. Our studies predict two more intermediate states
before the Si-capped bi-cyclic Cy4 structure 2.554 eV above
the minimum (Fig. C.2.4.4). Lying just 2.071 eV above the
ground state is a 3D structure (Fig. C.2.4.2) followed by
a T-shape structure (Fig. C.2.4.3) with three C—C bonds
(1.302 A, 1,271 A, 1.309 A), and 2.198 eV above than the
stable minima. A distorted hexagonal ring (Fig. C.2.4.5),
derived essentially from Cg ground state is 2.557 eV above
the ground minima. Some of the other low-lying isomers
are also given in Figure 8. Frequency analysis (Tab. 17) in-
dicates that our vibrational frequencies are in good agree-
ment with theoretical results published in the literature.

3.3 Si3C,, cations
3.3.1Si3C*

B3LYP/6-311G* study by Jiang et al. [35] predicts the
ground state structure to be a rhomboidal C,, structure
with two equivalent silicon atoms and a trans-annular
Si—C bond, similar to the neutral SizC cluster. On the
other hand, Lavendy et al. [34] at B3LYP, B3PW091,
SVWN // 6-311G* level and Boldyrev et al. [38] at
MP2 (full)/6-3114+G* level obtained a T-shaped structure
with central carbon atom to be most stable. We studied
various geometries and find that in fact a T-shaped struc-
ture with central carbon atom surrounded by three silicon
atoms (Fig. C.3.1.1) is the ground state. This can be ex-
plained as a result of ionization of the neutral rhomboidal
isomer which led to a stretching of the Si—C linkages
(1.769 A, 1.769 A, 1.845 A). Strong interaction between
the terminal and bridged silicon atoms thus further leads
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Table 9. Electronic states, relative energies, binding ener-
gies/atom, and adiabatic ionization potentials (all in eV) for
SisCt clusters.

Structure State AF Ey AIP
C.3.1.1 B, 0.000 4.462 8.679
7.8(0.2) [38]

C.3.1.2 2A, 0.027 4.455 7.645
C.3.1.3 2A, 1.621 4.056 8.212
C.3.14 1A 2771  3.769  9.317
C.3.1.5 2A; 5.032 3.204 8.962
C.3.1.6 M, 6.151 2964 8.989

to the breaking of stretched Si—Si bonds and separation
into a separate SisC sub-molecule with a Si—C—Si an-
gle of 164.4°. Mulliken charge distribution analysis in-
dicates the two silicon atoms in the SioC sub-molecule
bear charge of (0.48¢) each. The remaining silicon and
carbon atoms carry almost equal and opposite charges
of (0.339¢) and (—0.301le) respectively. Next, 0.027 eV
above the minimum is a close-lying T-shaped structure
with a SizC sub-molecule and silicon on top (Fig. C.3.1.2).
The Si5C sub-molecule has a Si—C—Si angle of 85.07°.
A rhomboidal Cs, isomer (Fig. C.3.1.3) with a Siz sili-
con sub-molecule is 1.621 eV above the minimum. A few
other isomers are given in Figure 9. As observed in case of
the neutral Si3C cluster, carbon-terminated chain cluster
(Fig. C.3.1.6) is the least stable structure among all the
clusters considered in this group. In general, we conclude
that a cluster with more Si—C linkage or a cluster with
SioC sub-molecule is more energetically preferred than the
one with Sig sub-molecule. Also, silicon-terminated chains
are energetically preferred over carbon-terminated clus-
ters. The bonding preference thus appears to be in the
order Si—C and Si—Si. Frequency analysis (Tab. 17) indi-
cates that our vibrational frequencies are in good agree-
ment with other theoretical results.

3.3.2 SisCS

We spin-optimized various geometries based on the neu-
tral isomers for this cation. We conclude, in agreement
with Pascoli and Lavendy [34] and Jiang et al. [35], that
a planar pentagon with a Cy sub molecule (Fig. C.3.2.1)
is the ground state structure showing strong multi-center
bonding. The same structure was found to be the ground
state in case of the neutral Si3Cs cluster. The two
Si—C bonds of 1.773 A (typical double bond) and an-
other two Si—C bonds of 1.959 A (typical single bond
each increased upon ionization (1.727 A and 1.909

for neutral SizCsy cluster). The C—C bond shortened
to 1.321 A. Several Si—C bonds along with a stronger
C—C bond contribute towards the stability of this clus-
ter. The Si—Si bonds of 2.648 A are stretched and are
almost too weak for any bonding. Mulliken charge dis-
tribution shows the three silicon atoms share all of the
charge (0.357¢, 0.319¢, 0.319¢) whereas in case of the neu-
tral cluster, carbons atoms gained some negative charge.
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1.839 Table 10. Electronic states, relative energies, bind-
J/J « Y ing energies/atom, and adiabatic ionization poten-
SRR EY 1.877 tials (all in eV) for SizCy clusters.
C.3.2.1 C.3.2.2 C3.23
2407 127 Structure State AFE Ey AIP
1.266 M 2331 2.091 T\ C.3.2.1 ZA, 0.00 5.185 8.144
1.944 ) 1912 > C.3.2.2 A 2.438 4.699 9.216
C.3.2.3 By 2.733  4.639 8.491
€324 €325 C3.2.6 C.3.2.4 A1 3.848 4416 8.887
1282 3;;-;-3 2433 0325 YAy 4042 4377 9.340
L 22 — C.3.2.6 2A1 4.087 4.368 9.153
' 1818 1750 C.3.2.7 B1 4694 4246 9.058
C3.27 C3.238 C.3.2.8 Ay 6193 3.947 8.844
Fig. 10. Si3Cs cationic clusters.
Table 11. Electronic states, relative energies, bind-
ing energies/atom, and adiabatic ionization poten-
1250 2021 1080 tials (all in eV) for SizCd clusters.
2,403 P‘.‘_\‘_‘ e Structure State AFE By AIP
1727 r/‘”“‘ e C331  °A; 0000 5576 7.673
2
331 1305 . 335 C333 C.3.3.2 2B1 0.370 5.515 7.891
C.3.3.3 Ay 0.386 5.512 7.117
2.565 2.532 2.540 )
C.3.34 A 1.194 5.377 9.297
S oo C.335 A 1534 5321 7.522
1.849 1.581 1370 C.3.3.6 2A 1.845 5269 9.151
C3.34 C.3.35 C33.6 C.3.3.7 A 2.557  5.150 8.907

Fig. 11. Si3Cs cationic clusters.

At this point, our results differ in energetic ordering from
the previous two studies [34,35]. We find several inter-
mediate isomers between the ground minimum and the
Si-capped bi-cyclic ring observed by others as next most
stable structure. The next stable structure (Fig. C.3.2.2) is
a distorted 3D trapezoid. The two next stable structures
are a prism (Fig. C.3.2.3) lying 2.733 eV and a planer
dumbbell-shaped structure (Fig. C.3.2.4) lying 3.848 eV
above the global minimum. Other less favored structures
are also shown in Figure 10. We note again that the stabil-
ity of a cluster depends on the formation of strong C—C
and Si—C bonds, which are more energetically favorable
than the Si—Si bonds. Frequency analysis (Tab. 17) indi-
cates that our vibrational frequencies are in fair agreement
with other theoretical results.

3.3.3 SisCT

Lavendy et al. [34] reported the global minimum en-
ergy isomer as a distorted SiC3Si chain capped by a
Si atom. We obtained this isomer (Fig. C.3.3.3) to
be 0.386 eV above the ground state planar T-shaped
structure (Fig. C.3.3.1). Next, 0.37 eV above is a planar
fan-shaped structure (Fig. C.3.3.2). All these three struc-
tures have real vibrational frequencies. This indicates that
the two close lying isomers are local minima. As com-
pared to the ground state structure with a dipole moment

of 0.937 D, both of these structures have higher dipole mo-
ments of 1.149 D (Fig. C.3.3.2) and 1.182 D (Fig. C.3.3.3).
A distorted pentagonal pyramid with a Cs sub-molecule
(Fig. C.3.3.4) observed as the ground state in case of neu-
tral SigCs cluster is 1.194 eV above the cationic minimum.
Here C—C and Si—Si bonds appear to be stretched as com-
pared to the neutral cluster. The Si—C bonds of 1.849 A
lie within the range for Si—C single bond length. Thus,
SigC})|r cation in contrast to its neutral counterpart prefers
planar geometries. The frequencies are shown in Table 17.

3.3.4 SisC/

As far as we know, mo results have been reported on
these clusters, theoretically or experimentally. We exam-
ined various planar, quasi-planar and 3D structures based
on the geometries of the neutral clusters [24]. We con-
clude that a slightly distorted pyramid-shaped planar
cyclic structure (Fig. C.3.4.1) is the ground state struc-
ture. The same structure was observed as the ground
state structure in the case of neutral SizCy clusters. The
C—C bond length is 1.273 A between the typical dou-
ble bond (1.35 A in ethylene) and triple bond (1.21 A in
acetylene). Ionization led to an increase in the C—C bond-
ing and the Si—Si bond length stretched to 2.361 A (typ-
ical single bond value). Following this, is a close lying
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Table 12. Electronic states, relative energies, binding
energies/atom, and adiabatic ionization potentials (all in
eV) for SisCJ clusters.

C.34.1 C.34.2 C.34.3 Structure State AFE Ey AIP

1759 (T\ . . . 2"”"1 C341 zA” 0.000 5.735 8.809
o] S E " C342 B 0040 5730 7190
1301 i A C.3.43 A 0598 5.650 7.828

‘ C.3.44 2B, 1.078 5.581 8.069

C344 C345 C.3.4.6 C.3.45 2% 1.475 5.525 7.862

121 1297 . -0 C346  °Bi 1528 5517 8.532
—o-aeo 2215 C.3.4.7 2A7 2702 5.349  7.918

2192 1742 C.3.4.8 2B, 3.001 5.307 7.633

C347 C3438 C349 C.3.4.9 By 3.593  5.222 8.407

Fig. 12. SizCy cationic clusters.
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Fig. 13. Si4C cationic clusters.

3D structure (Fig. C.3.4.2) based on the most stable struc-
ture found in SigCs cluster, a pyramid-like structure with
Cs symmetry. It is just 0.04 eV above the minimum.
The carbon bonds are relaxed in this structure (1.612 A,
1.612 A, 1.387 A, 1.387 A). The Si—Si distance is 2.962 A,
too large for any kind of bonding. The next stable struc-
ture is also 3D (Fig. C.3.4.3) with carbon atoms arranged
in planar trapezoidal shape and an energy 0.598 eV above
the ground state structure. Other low lying structures ob-
served for this cluster (Fig. 12) are mostly linear or planar.
Owing to the large cluster size, many isomers are possi-
ble. For the sake of brevity, we have reported here only the
low-lying isomers. It is important to note that this clus-
ter has isomers preferring planar geometry. In contrast to
other small clusters like SipCs or SiaCy the stability no
longer is dependent on formation of multiple C—C bonds.
It is dependent on the coordination of the silicon atoms in
the cluster. As this is a carbon-rich cluster we see mostly
sp? hybridization, with some sp? hybridization. Our calcu-
lated frequencies for the ground state structure are given
in Table 17.

3.4 SiyC,, cations

3.4.1 Si,Ct

We investigated various geometries and report here siz
most stable isomers. The initial geometries for the iso-

2.376

Table 13. Electronic states, relative energies, binding
energies/atom, and adiabatic ionization potentials (all in
eV) for Si4CT clusters.

Structure State AF Ey AIP
C.4.1.1 B, 0.000 4.551 10.280
C.4.1.2 2A; 0.072 4.537 7.550
C.4.1.3 2B, 0.572 4.437 8.007
C.4.1.4 1A, 2.809 3972 8.962
C.4.1.5 2B, 5.026 3.546 8.776
C.4.16 ‘A, 5615 3.314 8.614
C.4.1.7 Qi 7.201 3.111 8.683

mers were based on Si;f, Si;‘, and C;’ clusters. The most
stable structure based on the Sij ground state is found
to be a 3D rhombus with a carbon atom at the apex
(Fig. C.4.1.1). The Si—Si bond lengths are 2.457 A and
all SiC bonds are 1.86 A. Mulliken charge distribution
shows the four silicon atoms carry symmetrical charges
of (0.250e, 0.186e) and the carbon atom, a slight posi-
tive charge (0.125¢). Pascoli et al. [34] obtained a simi-
lar structure as the ground state, but as a quasi-rhombus
with a large negative charge of (—0.99¢) for the carbon
atom. Since we obtained a more symmetrical structure
the charges are distributed in a more symmetric fashion.
A close lying isomer, a planar structure, is just 0.072 eV
above (Fig. C.4.1.2).

However, frequency analysis shows that the second
most stable structure has an imaginary frequency and
is not a local minimum. Also, another planar structure
(Fig. C.4.1.3) is 0.572 ¢V above than the ground state
structure. It is interesting to note that this structure
consisting of a SisC sub-molecule is more stable than
another planar (Fig. C.4.1.4) structure with a Siz sub-
molecule. We observed same ordering in the case of neu-
tral clusters. As expected, these silicon rich clusters prefer
three-dimensional bonding as compared to linear or planar
structures and a major reason contributing to the stabil-
ity is the formation of several Si—C bonds followed by
Si—Si bonds. The frequencies are given in Table 17.
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Fig. 14. Si4Cy cationic clusters.

3.4.2 Si,CS

We studied wvarious structures including both two-
dimensional as well as three-dimensional geometries. The
initial geometries for the isomers were based on Sié|r
and Cf clusters. The ground state structure of SisCj
can be viewed as a Siy tetrahedron, but with Cy cap-
ping (Fig. C.4.2.1). The C—C bond length is 1.321 A,
between typical double (1.35 A in ethylene) and triple
(1.21 A in acetylene) bond length value. A similar struc-
ture was observed for the neutral species but with a
shorter C—C bond length of 1.307 A [24]. Tonization led
to increase in the C—C bond length. Mulliken charge
distribution shows that all four Si atoms are all posi-
tively charged (0.199¢ and 0.317¢), and the two carbons
are slightly negatively charged (—0.016e). Next, 0.678 eV
above is another 3D structure (Fig. C.4.2.2) derived from
SioCo planar rhombic isomer with Si atoms at the end.
The Si—C bonds in the rhombic subsystem are length-
ened as compared to the SioCs isomer and appear to be
strongly polarized. The silicon atoms have positive charge
(0.55€) whereas carbon atoms are quasi-anionic (—0.669¢).
The frequency analysis shows all real vibrational frequen-
cies for this isomer, indicating it is a local minimum of the
energy surface. Next, 1.245 eV above is another 3D struc-
ture; a trigonal bipyramid with two carbon atoms cap-
ping (Fig. C.4.2.3) with Cg, symmetry. Similar structure
was observed for the neutral clusters [24]. A dumbbell
shaped planar structure (Fig. C.4.2.4) observed as the sec-
ond most stable structure by Pascoli et al. [34] appears to
be 1.810 eV above the minimum. The C—C bond length
for this planar isomer is smaller than the one obtained in
the ground state 3D structure (Fig. C.4.2.1). The other
low-lying isomers of Si4C3‘ located higher in energy are
shown in Figure 14. Most of the low-lying isomers have
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Table 14. Electronic states, relative energies, binding
energies/atom, and adiabatic ionization potentials (all in
eV) for SisCJ clusters.

Structure State AFE Ey AIP
C.4.21 A, 0.000 5.137 8.523
C.A4.2.2 2A” 0.678 5.024 5.383
C.4.2.3 2B, 1.245 4.929 9.428
C.4.2.4 ’By, 1.810 4.835 7.692
C.4.2.5 1A, 2.836 4.664 8.518
C.4.2.6 M,  3.854 4.495 7.949
C.4.2.7 2A" 4578  4.374  8.497
C.4.28 2Bo., 4792 4.338 7.788
C.4.2.9 2A, 5.243  4.263 8.674
C.4.2.10  *A, 5674 4.191 10.390

symmetrical distribution of charges and as many as four
imaginary frequencies.

3.4.3 Si,C§

There are no studies in the literature about this cluster.
We examined various planar, quasi-planar and 3D struc-
tures based on the neutral geometry. The ground state
structure is a triangular planar pyramid-like structure
(Fig. C.4.3.1). A similar structure was found to be
the ground state structure in the case of the neutral
species [24]. The C—C bond lengths are 1.346 A (dou-
ble bond) and 1.499 A (single bond). The Si—Si linkage
is 2.360 A indicating a single bond formation. The next
structure is a 3D structure (Fig. C.4.3.2) at 0.195 eV above
the ground minima. The C—C bond length is 1.278 A.
Several Si—C bonds and strong C—C bond of 1.278 A
contribute to the stability of this structure. Among the
chain structures silicon terminated chains are found to be
more stable that carbon terminated chains. A chain struc-
ture with three carbon atoms in center (Fig. C.4.3.3) and
C—C bonds each of 1.277 A in length is 0.565 eV above
the minimum and is the most stable among the linear
chains. Other less stable planar structures are also shown
in Figure 15. In general low-lying Si4C3 structures tend
to be planar. This is also true for the neutral species [24].
Carbon atoms play an important role in stabilizing these
structures into planar and quasi-planar geometries. Most
of the 3D geometries considered for this particular cluster
turned out to be open-ended at the end of optimization
process. Our frequencies are given in Table 17.

3.4.4 Si,Cf

There are also no studies in the literature about this
cluster. We have studied various isomers and report here
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Table 15. Electronic states, relative energies, bind-

2.360 1.858 «f ;2:;‘._*:;*‘—‘ ing energies/atom, and adiabatic ionization poten-
4 ! ; N _ - ’ tials (all in eV) for Si4C3 clusters.
1346 9 Structure State AF Ey AIP
C4.3.1 C4.3.2 C4.33 C.4.3.1 ZA" 0.000 5.418 8.216
. (‘\ . 1651 C432  2A 0195 5390 6.391
4 ﬁ 9-0-0-0-0-0-9 C433 A 0565 5337 7.082
1856 " 1672 1676 C4.34 ‘A 2769 5.022 8.636
C.434 CA435 C.4.3.6 C.4.3.5 I, 3.106 4974 7.866
C.4.3.6 AN 3.383 4935 9.244
2 L e o009 C43.7  2A 3603 4.903 7.863
C.4.3.8 211, 3.973 4.851 8.612
C4.3.7 C.4.3.9 1A 5.510 4.631 8.722

Fig. 15. Si4Cs cationic clusters.
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Table 16. Electronic states, relative energies, bind-
ing energies/atom, and adiabatic ionization poten-
tials (all in eV) for Si4CJ clusters.

C44.1 C.4.4.2 C443
*\ Lo Structure 2State AE Ey AIP
1871 - C.4.4.1 A 0.000 5.543 7.658
o \ o g C442 2N 0372 5497  9.649
9 1494 1960 C.4.4.3 “A; 0536 5.476 8.314
C4.4.4 C.445 C.4.4.6 C.4.44 ’Bi.,  0.558 5473 6.172
S - 1249 1871 C.4.45 ‘A 1.931 5.302 8.041
707 61 1sm 236 so-a09 . C446  *A 2058 5286 8538
1.655 C.4.4.7 M, 2692 5206 7.373
C.4.48 2A; 3791 5.069 8.236
C.44.7 C4438 C449 C.4.4.9 1A 4.160 5.023 9.061

Fig. 16. Si4Cy4 cationic clusters.

the most stable isomers. As previously observed when
the number of silicon atoms is equal to number of car-
bon atoms, symmetry of a particular cluster played an
important role in the overall stability. We obtained a
3D cube-like structure (Fig. C.4.4.1) in 2A electronic
state is the most stable structure. There is a formation
of two C—C bonds, of 1.341 A each. The SiC linkage
is 1.925 A. The Si—Si distance is 2.50 A (can form a
stretched Si—Si bond). Next, is another 3D pyramid-like
structure (Fig. C.4.4.2) with a Siz sub-molecule 0.372 eV
above the ground state\. This structure was found to be
the most stable structure in case of the neutral clusters.
Next, about 0.536 eV above is a T-shaped planar struc-
ture (Fig. C.4.4.3) with four carbon atoms in a row with
C—C bond lengths of 1.254 A, 1.304 A, and 1.254 A,
respectively. Silicon termination contributes towards the
high stability of this structure. Following in the ener-
getic ordering is a planar star-shaped structure (0.558 eV
above) with four C—C bonds of 1.494 A. With increas-
ing cluster size, the formation of C—C bonds and several
strong SiC bonds contribute towards the stability of the
cluster. Several other planar and linear structures were ob-
served as shown in Figure 16. Our theoretical frequencies
for the most stable structure are given in Table 17.

4 Discussions
4.1 Bonding and energetics

We now summarize the major trends observed for the low-
est energy isomers. For the SiC;" series all structures are
cyclic, whereas for the Siy Cj{ series we have linear chains
as the ground state structures. For the chain structures
silicon always preferred terminal position, indicating pref-
erence for sp hybridization. For the Si3C; series all struc-
tures are planar while in the Si4CI series SizCt, Si4C§'
and SiyCJ are 3D while SiyC7 is quasi-planar. In the neu-
tral species [24] the most stable structure SizCs was a
3D structure with multi-centered bonding. This structure
had high cohesion and co-ordination. After ionization the
SigC;,r cluster was found to be planar. The dimensionality
of this cluster reduced from 3D to 2D. Ionization leads to
increases in SiC bond lengths and decreases in C—C bond
lengths, although the decrement in C—C bonds is much
higher than the increment in SiC bonds.

Figure 17a shows the size dependence of the binding
energy per atom for the most stable isomers of Si,,C;}
cationic clusters. For comparison, the size dependence of
the corresponding stable neutral isomers is also shown.
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Table 17. Harmonic vibrational frequencies (in cm™!) for the ground state Si,,C,, cationic clusters. Results are compared with

the theoretical frequencies for identical structures.

Cluster Vibrational frequencies

Sict 808.0 890 [38]

Co

SiCy 253.7, 610.9, 1830.9 250, 607, 1831 [34]

CQU

SiCy 269.5, 440.9, 573.9, 889.4, 1290.9, 1615.2 294, 434, 583, 883, 1310, 1636 [34]

C2v

Sicy 210.2, 276.8, 418.9, 493.6, 505.4, 539.2, 1098.5, 1755.5,  484i, 209i, 344, 349, 441, 467, 1122, 1683, 1941 [34]
Cay 1906.0

Si,C* 102.8, 102.8, 572.3, 1289.9 81, 705, 1931 [34]

Dooh

Si,C3 85.5, 108.6, 233.6, 448.5, 803.2, 1959.5 96, 115, 199, 297, 453, 789, 1989 [34]

Dap 105, 122, 218, 303, 447, 776, 1953 [16]

Si,C 67.5, 67.9, 162.9, 178.5, 424.3, 437.0, 447.2, 801.7, 79, 187, 443, 498, 812, 1535, 1878 [28]

Deoon 1525.4, 1969.7

Si.C; 59.3, 66.0, 137.7, 161.4, 320.9, 350.4, 396.5, 550.2, 61, 67, 142, 167, 318, 349, 396, 505, 662, 667, 1204,
Doon 678.5, 717.0, 1212.4, 1945.8, 2117.5 1969, 2103 [34]

SisC™ 63.5, 140.4, 182.3, 501.5, 723.5, 1017.9 49, 169, 187, 509, 696, 1016 [34]

C2v

SisC 113.5, 151.7, 195.7, 321.2, 432.7, 568.9, 637.6, 876.4, 103, 122, 124, 348, 441, 538, 591, 911, 1632 [34]
Cay 1642.1

SisC 57.9, 71.4, 143.2, 194.5, 247.6, 371.0, 434.9, 483.5,

Cay 573.2, 785.7, 1417.0, 2057.2

SisCy 58.7, 105.1, 173.9, 238.8, 303.4, 310.3, 330.4, 398.3,

Cs 434.5, 491.4, 529.8, 756.0, 816.6, 1739.6, 1796.7

SisCT 147.2, 163.1, 208.4, 222.9, 251.7, 360.4, 599.5, 807.2,

Cay 875.6, 599.5, 807.2, 875.6

SisCy 146.4, 159.6, 214.5, 386.4, 426.6, 526.3, 616.4, 822.8, 123, 126, 151, 231, 238, 332, 380, 421, 528, 581, 881,
Cay 1593.1 1589 [34]

SisCF 83.7, 136.0, 165.4, 210.4, 235.8, 247.7, 353.5, 431.8,

Cs 441.1, 492.6, 603.4, 656.9, 860.8, 1033.6, 1509.8

Si,Cf 119.7, 194.7, 263.7, 298.5, 310.2, 348.7, 355.0, 374.8,

C1 390.9, 414.9, 421.3, 563.9, 598.6, 605.2, 628.2, 639.4,

1393.9, 1401.8

In cases where the number of atoms is equal in two clus-
ters, we have chosen the cluster with the higher binding
energy per atom. In case of the neutral clusters we see
enhanced stabilities at n = 3 and n = 5 whereas for
the cationic cluster we see significantly enhanced stabil-
ity at n = 6. Figure 17b shows the binding energy per
atom vs. the carbon content. As observed in case of neu-
tral clusters [24] for a particular set of clusters with fixed
number of silicon atoms, the binding energy per atom
usually increases with the increase in the number of car-
bon atoms. The clusters with equal number of silicon
and carbon atoms are usually highly stable. We do ob-
serve a noticeable peak for the six-atom cluster SioC} . As
noted before, this carbon-rich hexa-atomic cluster SioCj
is a linear chain with three C—C bonds for the ground
state structure and the highest binding energy per atom
of 6.089 eV. Next, most stable structure is the seven-
atom cluster Sing{. The ground state structure is a planar
structure with two C—C bonds and a binding energy per
atom of 5.735 eV. In general, all these clusters exhibit high
binding energies similar to their neutral counterparts.

We also calculated the fragmentation energies of the
ground state cationic clusters into different possible bi-
nary channels. These are not reported here, in tabular
form, for the sake of brevity. Out of sixteen clusters, eleven
of them decays into channels in which one fragment is a
Sit atom, four into channels in which one fragment is a
Si atom. Thus, in general, the preferred mode of decay for
SiC cations carries either a positively charged silicon atom
or a neutral silicon atom. This is to be expected, given
the fact that the ionization potential for Si is 3.1 eV lower
than C. Mass spectroscopic experiments by Parent [37]
also showed Sit as the abundant species. Figure 18b shows
the graph of bond dissociation energy versus the num-
ber of carbon atoms. The SiC;} and SixC;! series show
an even-odd oscillatory behavior with peaks at odd and
even number of clusters respectively. In Figure 18a as well
as 18b we can see that for SizC; and SisC;} species, the
stability tends to decrease with increase in cluster size /
carbon content. The SioC™ cluster has the highest dissoci-
ation energy of 6.581 eV. The cationic species have lesser
dissociation energies than the neutral species.
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4.2 Adiabatic ionization potentials

The adiabatic ionization potentials (AIP) of the clus-
ters are also shown in Tables 1—16 and the results
have been compared with available results in the liter-
ature wherever possible. Parent [37] by bracketing tech-
nique estimated the ionization potentials of two forms
of SiQCSr in the study of charge transfer reactions be-
tween the ion and the neutral. Their adiabatic ioniza-
tion potentials for the rhombic (Fig. C.2.2.3) and linear
(Fig. C.2.2.1) forms are given in Table 6. Our values indi-
cate slight overestimations of the AIP’s from experimen-
tal [37] and theoretical [38] results, but follow the same
trends. Jiang et al. [35] report that for the SiC;} and Sio Gt
(n = 1-T7) series the IP values peak for cluster size =3.
On SiC | (m = 3—16) series Wu et al. [35] have claimed
that for odd m the IP’s values peak for m < 13. Both stud-
ies conclude that the stability decreases with increase in
cluster size. We have shown our adiabatic ionization po-
tentials as a function of cluster size in Figure 19. The saw-
tooth behavior is indicated by higher IP’s for odd number
of atoms: SiCy, SioC§ and SizCJ. The five-atom clus-
ter SiCj{ has highest ionization potential of 10.445 eV. As
indicated in Figure 19b, the SiC;} and Si,C; series show
an even-odd oscillatory behavior with peaks at odd and
even number of clusters respectively.
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5 Conclusions

In this work, we have reported a comprehensive study
of the geometric, energetic, and bonding properties of
cationic hetero-atomic silicon-carbide clusters using the
theoretical formalism of LDA-DFT. Energetic properties
show that the stability, from the point of view of bind-
ing energy per atom, shows an oscillatory pattern with
cluster size. However, carbon-rich species tend to be more
stable. In comparison to the neutral clusters, the cationic
species are more open ended structures. In particular, as
observed in case of Si3Cj cluster; which was identified
as a most stable cluster in the neutral form, ionization
led to the reduction in dimensionality. In contrast to the
neutral clusters, formation of C—C bonds is not the most
important criteria affecting the stability, but stability also
largely depends on the charge distribution. For example,
in the Si;C;l series, the ground states all have linear ge-
ometries and show strong charge oscillation as compared
to cyclic structures. Silicon’s ability to act as an electron
donor play a dominant role in stability.

Finally, the authors gratefully acknowledge partial sup-
port from the Welch Foundation, Houston, Texas (Grant
No. Y-1525).
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