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Abstract. We present a first-principles pseudopotential optimization of the lower energy equilibrium struc-
ture of Si,,Sc™ anions for n = 14—18. We find that Si;¢Sc™ is more stable than its neighbors clusters, in
agreement with recent experimental mass spectra. We also optimize the geometry of pure Si,, neutral clus-
ters in the range n = 14—18, and compare our results with those from previous first-principles calculations.

PACS. 36.40.Cg Electronic and magnetic properties of clusters — 36.40.Qv Stability and fragmentation of

clusters

1 Introduction

The evolution with size of the electronic and structural
properties of pure and doped silicon nanoclusters is being
studied intensively because the electronic devices are ap-
proaching to the nanoscale [1]. Structural information, in-
ferred from a variety of experimental measurements [2-5]
and computational studies [1,6-13], states that the shape
of low-lying isomers of Si,, are mostly prolate for n < 27
and became near spherical for n > 27. In the range
n = 10—18 nearly all clusters contain the tricapped-
trigonal-prism (TTP) motif (Sig subunit) [1,5]. A recent
calculation [8] obtained new global minimum of Sijg and
low-lying isomers of Sij7, Si;g and Siso built on a differ-
ent generic motif based on the Sig tetragonal bipyramid
and the Sig sixfold puckered ring structural subunits. An-
other recent result, using a refined structural optimization
method [10], regain the TTP motif as the ground state of
Siyg instead of the six/six structural motif. On the experi-
mental side, photoelectron spectroscopy (PES) spectra are
used, when is possible, to elucidate the geometry of these
clusters [5]. Moreover, the morphology of the ground state
for Si, and Si, clusters in the range n = 14—20 can be
different than for Si;, [5].

Concerning the growth behavior of transition metal-
doped silicon clusters, recent first-principles calcula-
tions [14] have found that open basketlike structures are
the most favorable for n = 8—12, while for n = 13—16
the metal atom becomes completely surrounded by Si
atoms. For n = 16 results the optimal cage for the
metal-encapsulated silicon clusters. In a recent mass spec-
trometry experiment [15], Nakajima and coworkers have
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shown the size-selective formation of Si;gSc™, SijgTi, and
Si;g VT clusters.

In this work we present first-principles computational
studies of the relative stability of Si,Sc™ anions for n =
14—18. We find that Si;gSc™ is more stable than its neigh-
bors clusters, in agreement with the experiment [15]. We
have performed also an optimization of the geometry of
pure Si,, neutral clusters in the range n = 14—16. In Sec-
tion 2, we outline briefly the computational method, in
Section 3, we present and discus the results. In Section 4,
conclusions are given.

2 Computational methods

We use the first-principles code SIESTA [16] to solve fully
self-consistently the standard Kohn-Sham equations [17]
of DFT within the GGA as parametrized by Perdew,
Burke and Ernzerhof [18]. We use norm conserving scalar
relativistic pseudopotentials [19] in their fully nonlocal
form [20], generated from the atomic valence configura-
tion 3s23p? for Si (with core radii 1.9 a.u. for s and p or-
bitals), and the semi-core valence configuration 4s23p%3d*
for Sc (with core radii, in a.u., 2.57, 1.08, and 1.37 for s, p,
and d orbitals, respectively). Flexible linear combinations
of numerical (pseudo) atomic orbitals are used as the ba-
sis set, allowing for multiple-¢ and polarization orbitals. In
order to limit the range of the basis pseudoatomic orbitals
(PAO), they are slightly excited by a common energy shift
(0.068 €V in this work), and truncated at the resulting ra-
dial node. In the present calculations we used a double-(
basis (s,p for Si, and s,p,d for Sc), adding a single po-
larization orbital (d for Si and p for Sc). The maximum
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cutoff radii are 7.47 a.u. (for p of Si) and 8.85 a.u. (for s
of Sc). The basis set of Sc was used and tested in refer-
ences [21,22].

The basis functions and the electron density are pro-
jected onto a uniform real space grid in order to calculate
the Hartree and exchange-correlation potentials and ma-
trix elements. The grid fineness is controlled by the en-
ergy cutoff of the plane waves that can be represented in
it without aliasing (120 Ry in this work).

To obtain the equilibrium geometries, an uncon-
strained conjugate-gradient structural relaxation using
the DFT forces [23] was performed for several initial
structures (typically more than twenty) until the force on
each atom was smaller than 0.010 eV/A. For Si,,Sc™ an-
ions we start with several geometries for doped Si,,TM
isomers (TM = transition metal) obtained in previous
works [14,24,25], and we also use our optimized low-
lying geometries of neutral Si,, adding a Sc™ at different
sites, as well as other configurations that we invented. For
pure Si, we optimize the low-lying isomeric geometries
which we previously obtained using a genetic algorithms
code [26], as well as those suggested by previous calcula-
tions [1,8,10,27], and many other variants of these which
we have imagined.

3 Results and discussion
3.1 ScSi, anions (n = 14-18)

In Figure 1 is represented the geometry of the lower en-
ergy isomer of Si,,Sc™ clusters for n = 14—18. In all these
cases the Sc impurity is surrounded by Si atoms. The com-
mon structural motif, except for n = 15—16, is a distorted
hexagonal prism (DHP) of Si atoms, which can be also
viewed as two intertwined trigonal prisms, surrounding
the Sc impurity, and subsequent Si atoms and dimers are
added around the lateral prism faces. This DHP structure
resembles the isomers Cy (ground state) and Cgy, reported
recently for SijaNi [28].

In our lower energy isomer for n = 14 the DHP struc-
ture is decorated with a Sis dimer. That structure is sim-
ilar to the first isomer of ZrSij4 found in reference [29]
(which is the second isomer of ZrSiy4 found in Ref. [25]).
The cubic structure for neutral FeSiy4 obtained in refer-
ences [30,31], is a stable isomer of Sij4Sc™ with 1.42 eV
excess energy. Our ground state for Sij5Sc™ is similar to
the second isomer of SijsTi in reference [14] and to the
third isomer of Sij5sCr in reference [24]. For SijgSc™ we
obtain the Frank-Kasper (FK) polyhedral structure ob-
tained previously for SijgTi and SijgHf [14,30]. This is a
more compact, near spherical, geometry. For Si;7Sc™, a
dimer and a trimer binds the lateral faces of the DHP
motif, and for SijgSc™ three silicon dimers decorate alter-
nating lateral faces of the DHP structure. These geome-
tries can not be related to the neutral pure clusters Siy7
and Sijg given in reference [8,10].

In the inset of Figure 1 we plot the second difference
of the cluster energy,

Ao E, = En—i—l +En 1 —-2E,,
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Fig. 1. Two views of the geometry of the lower energy isomer
of Si,,Sc™ anions for n = 14—18. The small sphere represents
the Sc atom. In the inset is plotted the second derivative of the
total cluster energy, showing a positive peak at n = 16 as a
signature of the special stability detected in experiments [12].

Table 1. Binding energy per atom (Ep, in eV), addition en-
ergy of a Sc™ anion to Si, (ESL | in eV), addition energy of
a Si atom to a Si,—1Sc™ anion (EZZ, in eV), the Homo-Lumo
Gap (A%°?, in eV), and the average distance Sc-Si (in A), for
the lower energy state of Si,Sc™ anions.

n B, E B AP i
14 419  8.32 0.65  2.90-2.83
15 421 865 4.63 0.92 2.88
16 4.25 10.03 4.95 2.12 2.87
17 422 929 3.60 0.78 3.12-2.97
18 423 960 442 0.81 3.23-3.08

where F,, is the total energy of the Si,Sc™ cluster. This
second difference is proportional to log(1, /I +1), where I,
is the intensity of the Si,Sc™ signal in the experimental
mass spectra [32]. We see in Figure 1 that AsE, is neg-
ative for n = 15 and n = 17, and is positive for n = 16,
corresponding to the peak detected at n = 16 in the ex-
periments [15].

In Table 1 is given the binding (atomization) energy
per atom of Si,,Sc—,

Ey(n) = [E(Sc™) + nE(Si) — E,(Si,Sc™)]/(n+ 1),
the addition energy of a Sc™ anion to a Si,, cluster,
E$% (n) = E(Si,) + E(Sc™) — En(SinSc™),
the addition energy of a Si atom to a Si,,_1Sc™ anion,
E$*(n) = E(Si,—1Sc¢™) + E(Si) — E,(Si,Sc™),

and the energy difference between the LUMO and HOMO
orbital eigenvalues, A9°?, of the Si,Sc™ cluster. The sec-
ond difference energy, AsE,, is equivalent to E!(n) —
E&(n 4 1). As for this second difference, we see in Ta-
ble 1 a peak at n = 16 in Ey(n), in E%(n) (X = Sc™, Si),
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Fig. 2. Geometry of a few low energy isomers of SiigSc™. The
energy excess with respect to the lower energy isomer, and
the Homo-Lumo gap (in parenthesis) are also given (in eV).
Note the different specular structure of the host silicon clus-
ter for the first and last isomers in the second row, which are
related to the ground state structure of Sii¢ reported in refer-
ences [1,26], respectively.

and in A9*P. The average bond distance Sc-Si is also given
in Table 1. Two distances are given, corresponding to con-
sider in the average all atoms (first number) or only the
first neighbors (second number). We see that SijgSc™ is
more compact and with smaller distance Sc-Si than the
other clusters.

The magnetic moment of the lower energy isomer of
Si,Sc™ in our calculations (n = 14—16) is null. More
details for other isomers will be given in a forthcoming
publication [26]. The calculated vertical (adiabatic) elec-
tron detachment energy of SijgSc™ is 3.62 (3.29) eV, to
be compared with the experimental value 4.25 (3.41) eV
[15].

Several low energy isomers of Si;gSc™ are represented
in Figure 2. The excess energy with respect to the ground
state and the Homo-Lumo gap are also given in Figure 2.
The geometries of isomers 1, 3, and 5, are related to those
of pure Siyg isomers or doped Si;gTM obtained in previous
works [1,8,10,27,24,30,29], but the others are reported
here for the first time.

3.2 Neutral Si, clusters (n = 14-18)

The geometries of the few lowest energy isomers of neutral
Si,, clusters are represented in Figure 3. The binding en-
ergy per atom (Ejp(n)), the addition energy of a Si atom to
a Si,, cluster (E%), the second difference of the total en-
ergy (AzF,), and the Homo-Lumo gap (AZP), are given
in Table 2 for the lower energy isomer.

The geometry for the lower energy isomer of Si, in
Figure 3, except for Siyg, is similar to the one reported by
Ho and coworkers [1], and is based on the TTP motif. The
first and second isomers of Sij4 incorporate to the TTP a
group of four Si atoms, and differs in the site were the fifth
Si atom is added. The first isomer of Siy5 is a TTP unit
plus a ring of six atoms, similarly to the first isomer re-
ported in references [1,7]. The second and third isomers of
Siy5 are the union of two TTP sharing a triangular face but
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i 0.000 (1.76)  Siy,: 0.204 (1.68)

Si,y: 0.255 (1.76) Sy 0,000 (1.51)

i,z 0109 (0.75)

iy 0.000 (1.46)

Siyz 0203 (LO7)  Siyg: 0.000 (1.81) Siyg: 0.199 (1.08) Sigy: 0.238 (1.31)

Fig. 3. Geometry of the few lowest energy isomers of Si,, clus-
ters for n = 14—18. For each isomer is given (in eV) the excess
energy with respect to the ground state and, in parenthesis,

the Homo-Lumo gap.

Table 2. Binding energy per atom (Ey, in eV), addition energy
of a Si atom to Si, (in eV) the second derivative of the total
energy (A2 E,, in eV), and the Homo-Lumo Gap (A%%?, in eV)
for the lower energy state of silicon clusters. The E} for the
second isomer is given in parenthesis.

n Ey E®  AE, AP
14 3.89 (3.87) 1.76
15 3.91(3.90) 430 072 213
16 3.89 (3.89) 358 076 1.51
17 3.92(391) 434 022 1.46
18 3.93(3.92) 4.12 1.81

with different orientations. To our knowledge, these two-
TTP structures of Sij5 are reported here for the first time,
although they have some resemblance to the third and
fourth isomers, respectively, reported by Zhu and cowork-
ers [7]. Other new isomers of Sij5 obtained within Siesta-
LDA calculations are reported in reference [13]. Our first
isomer of Sijg contains a TTP unit plus seven atoms, and
is similar to the first isomer reported by Goedecker and
coworkers [10]. Our second isomer of Sijg has a symmet-
ric and compact structure which is similar to the second
isomer in reference [10]. The third isomer of Siyg coincides
with the first isomer obtained by Yoo and coworkers [§],
and the fourth isomer coincides with the first isomer re-
ported in references [1,7]. Our first isomer of Sij7 coin-
cides with the first isomer in references [1,10], while the
second isomer of Siy7 coincides with the first isomer in ref-
erence (8], and does not contain any TTP unit. The third
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and fourth isomers of Si;7 coincide with the isomers Siy7,
and Siy7, reported in reference [10], which contain two
separated TTP units and any TTP unit, respectively. The
first, second, and third isomers of Sijg are similar to the
first isomer of references [1,8,10], respectively.

Comparing the structures in Figures 1 and 2 with those
in Figure 3 we see that there is not obvious relation be-
tween the Si,,Sc™ and Si,, or Si,, 1 geometries, at least for
the lower energy structures. On the other hand, comparing
the values quoted in Tables 1 and 2 we remark the follow-
ing facts. (i) The addition energy of a Si atom to a Si,
cluster is about a half the addition energy of a Sc™ anion,
and in both cases is larger for n = 16 than for the neighbor
clusters. (ii) The second energy difference, A3 E,,, shows a
positive peak for SijgSc™ (see Fig. 1), in agreement with
the special stability detected in the experiment [15]. How-
ever, we obtain a negative peak for Sijg, contrary to the
result in reference [12], but in agreement with the result of
Li and coworkers [33]. This points to Sijs or Sii7 as can-
didates to be magic clusters. In this respect, notice that
experiments [34] have detected Sif, and Sijg as possible
magic clusters. The binding energy of Si, clusters with
n = 14—18 fits quit well the phenomenological expres-
sion [4,35] Ey(n) = Ep(co) — en~ /3, where Ej(oc0) is the
binding energy of bulk solid (experiment: 4.63 eV /atom;
DFT-Siesta-PBE-DZbasis [16]: 4.84 eV /atom). From our
values in Table 2 and FEj(c0) = 4.84 €V, we obtain the co-
efficient ¢ = 2.34 eV, to be compared with the value ¢ =
2.23 eV resulting from a fit to experimental data for Si,
clusters in the range n = 25—70 [4,35].

4 Conclusions

We have studied the lower energy equilibrium structures
of Si, and Si,Sc™ clusters, in the range n = 14—18, by
means of first-principles DFT optimization of several ini-
tial geometries resulting from a genetic algorithm calcu-
lation [26], from modifications of previously reported ge-
ometries, and from our own imagination. We find that
Si1gSc™ is more stable than its neighbors clusters, in
agreement with experimental mass spectra [15]. The cal-
culated vertical and adiabatic electron detachment ener-
gies of SijgSc™ agree also with the experiments [15]. The
structure of the lower energy isomer of Si,,Sc™ anions, ex-
cept for n = 15—16, is based on a distorted hexagonal
prism surrounding the Sc impurity, with a belt of Sis and
Siz units. The lower energy isomer of Si;5Sc™ has similar
geometry than second isomer of SijsTi in reference [14]
and third isomer of Si;5Cr of reference [24]. For SijgSc™
the structure is more compact and consist of the Frank-
Kasper polyhedron reported previously for other doped
SiyeM clusters [14,29,30].

For pure Si, clusters with n = 14—18 we obtain a
few lowest energy structures which are similar to those
reported before [1,7,8,10], but having different isomeric
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order. We also obtain some low energy isomers which have
not been reported before. Interestingly, the addition en-
ergy of a Si atom to a Si, or a Si,Sc™ cluster is smaller
(near one half) that the addition energy of a Sc™ anion to
a Si, cluster.
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of Science (grant MAT2005-03415) and of FEDER of the Eu-

ropean Community.
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