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Anion ion photoelectron spectroscopy and density functional theory (DFT) are used to investigate the electronic

and structural properties of ScSi;, (n = 2 ~ 6) clusters and their neutrals. We find that the structures of ScSi;, are

similar to those of Si:H_l.

The most stable isomers of ScSi,, cluster anions and their neutrals are similar for n=2, 3

and 5 but different for n=4 and 6, indicating that the charge effect on geometry is size dependent for small scandium—

silicon clusters. The low electron binding energy (EBE) tails observed in the spectra of ScSi, 4 can be explained by

the existence of less stable isomers. A comparison between ScSi,, and VSi,, clusters shows the effects of metal size and

electron configuration on cluster geometries.
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1. Introduction

Sc-doped fullerene cages possess unique electronic
and mechanical properties, which are of wide inter-
est from both scientific and technological points of

[1-4] Because of the similarities between silicon

view.
and carbon elements and the eminence of Si-based de-
vices in the microelectronics industry, particular at-
tention has been paid to Sc-doped silicon clusters.

5-10] have been conducted to

Thus, numerous studies!
unravel the complex structural and electronic prop-
erties of Sc-doped silicon clusters using experimental
and theoretical methods. Geometries, stabilities, and
bonding features of ScSi,, (n = 1 ~ 6) have been inves-
tigated by Xiao et al!8 using the density functional
method. The most stable structures of ScSiz, ScSis,
and ScSig are of substitutional types, whereas the
most stable structures of ScSi and ScSiy are of adsorp-
tion types. They also found that strong hybridization
exists between Sc d and Si orbitals in ScSi,,. Koyasu
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et al.l>%11] have studied the electronic and geometri-
cal structures of Sc-doped silicon clusters using mass
spectrometry, anion photoelectron spectroscopy, and
adsorption reactivity towards H2O. They found that
the adiabatic detachment energies (ADEs) of ScSi;,
(n = 6 ~ 20) exhibit local maxima at n=10, 16, prob-
ably due to a cooperative effect between their geomet-
ric and electronic structures.[l In particular, ScSigg
shows pronounced stability and can be considered as

[l Reveles

a superatom based on a 20-electron rule.
and Khannal'? examined the stability of ScSi,, (n =
15 ~ 17) using first-principles calculations and sug-
gested that the most stable Sc@Si; adopts a Frank—
Kasper structure with 7; symmetry. Torres et al.l”)
also provided theoretical support for their findings by
performing the calculations through using the density
functional theory (DFT) and predicted that the sta-
bility of the ScSi;, cluster is due to the spherical cage-
like structure and the [-selection rule of the spherical
potential model. Very recently, we investigated silicon
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clusters doped with two Sc atoms using photoelectron
spectroscopy combined with DFT calculations, ™! and
showed that the most stable structures of ScaSi;_g
clusters is an n-membered silicon ring capped by two
Sc atoms on the opposite sides of the ring. In order
to further explore the properties of small scandium—
silicon clusters, we perform the anion photoelectron
spectroscopic study of single Sc atom doped small sil-
icon clusters, ScSi;; (n =2 ~ 6), combined with DFT
calculations in this paper.

2. Experimental and theoretical

methods

The experiments were conducted on a home-built
apparatus consisting of a linear time-of-flight mass
spectrometer and a magnetic bottle photoelectron
spectrometer, which has been described elsewhere.'4!
Briefly, Sc-doped silicon cluster anions were generated
in a laser vaporization source by the laser ablation of
a rotating translating disk target (13-mm diameter,
Sc/Si mole ratio 1:1) with the second harmonic of a
nanosecond Nd:YAG laser.
used in this work was ~ 10 mJ/pulse. Helium gas
with ~ 4 atm (1 atm=1.01325x10° Pa) backing pres-
sure was injected by a pulsed valve into the source to

The typical laser power

cool the formed clusters. The generated cluster an-
ions were mass-analysed with the linear time-of-flight
mass spectrometer. The cluster anions of interest were
selected with a mass gate, decelerated by a momen-
tum decelerator before being photodetached by the
laser beam from a second Nd:YAG laser (266 nm)
or an excimer laser (193 nm). The electrons result-
ing from photodetachment were energy-analysed by
the magnetic-bottle photoelectron spectrometer. The
resolution of the magnetic-bottle photoelectron spec-
trometer was ~ 40 meV at an electron kinetic energy
of ~ 1 eV. The photoelectron spectra were calibrated
with known spectra of Cu™ and Au~. In this work,
both mass and photoelectron signals were amplified by
a broadband amplifier, digitized with a digital card,
and monitored with a laboratory computer. The back-
ground noise of the photoelectron spectra was sub-
tracted shot by shot.

To further understand the experimental results,
the geometry optimization and frequency calculations
of ScSi;; and ScSi, (n = 2 ~ 6) were conducted by
using the DFT at B3LYP/6-311+G(d) level with the

Gaussian03 program package.!'”] All geometry opti-
mizations were performed without any symmetry con-
straint, and harmonic vibrational frequencies were cal-
culated to verify the dynamic stability of the opti-
mized structures.

3. Experimental results

Figure 1 presents a typical anion mass spectrum
The
resolution of the mass spectrometer is about ~ 400,

of Sc—Si clusters obtained in our experiments.

the isotopic peaks of silicon can be well resolved within
the scope of our interest. Three major series of clus-

ter anions, Si;, ScSi,;, and SceSi;, are observed. In

n s no
the spectrum, the relative intensities of Si,, ScSi,,
and ScySi;; clusters are in the order of Si; > ScSi,; >
ScaSi . Due to the oxidation of the silicon and scan-
dium sample or the tiny amount of oxygen in the car-
rier gas, some small peaks of ScSiO;; can also be de-

tected.
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Fig. 1. Typical anion mass spectrum of mixed Sc—Si clus-
ters. The mass unit is in atomic unit (a.u.).

The photoelectron spectra of ScSi,; (n =2 ~ 6)
recorded with 266-nm and 193-nm photons are shown
in Fig. 2. The spectral peaks in the 193-nm spectra
are broader than those in the 266-nm spectra since the
kinetic energies of the photoelectrons generated by the
193-nm photons are higher than those by the 266-nm
photons. The vertical detachment energies (VDEs)
and the ADEs of cluster anions estimated from the
spectra are listed in Table 1. To account for the broad-
ening of the photoelectron spectrum (PES) peaks due
to instrumental resolution, the ADEs are calculated
by adding half of the value of instrumental resolution
to the onset of the first peaks in the spectra.
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Fig. 2. Photoelectron spectra of ScSi,, (2 < n < 6) cluster anions recorded with 266-nm and 193-nm photons.

Table 1. Measured VDEs and ADEs from the photoelec-
tron spectra of ScSi, (n =2 ~ 6) clusters. The numbers
in parentheses indicate the uncertainties in the last digit.

cluster VDE/eV ADE/eV
ScSiy 1.44 (8) 1.28 (8)
ScSiy 1.95 (8) 1.78 (8)
ScSij 2.57 (8) 2.19 (8)
ScSiz 2.35 (8) 2.15 (8)
ScSig 3.28 (8) 2.85 (8)

Due to the low ion intensity of ScSi;, only the
266-nm photoelectron spectrum for ScSi; could be
recorded. As shown in Fig. 2, the photoelectron spec-
trum of ScSi; reveals two major bands. The first band
is split into two resolved peaks centred at 1.44 eV and
1.69 eV, and the second band is composed of three re-
solved peaks centred at 2.57, 2.75, and 2.97 eV. There
are more unresolved features at an electron binding en-
ergy higher than 3 eV due to the overlapping of many
electronic states. The ADE of ScSi; is estimated to
be 1.28 eV.

The spectrum of ScoSiz at 266 nm displays a

prominent peak centred at 1.95 eV, followed by a weak
peak at 2.76 eV and three strong peaks at 3.17, 3.35,
and 3.94 eV. The 193-nm spectrum has a slightly low
resolution, thus the details of the features are indis-
tinguishable. The ADE of ScySi; is estimated to be
1.78 €V from the 266-nm spectrum.

Three major peaks centred at 2.57, 3.0 and
3.74 eV are observed in the spectra of ScSi; . In addi-
tion to the major peaks, we can also observe a weak
tail (hot band) in the range of 1.5 eV-2.0 eV. The
weak tail may be attributed to the existence of mi-
nor isomers. It also indicates that there is a larger
geometrical change from the anion to the neutral. We
determine the ADE of ScSi; to be 2.19 eV by ignoring
the hot band.

In the spectrum of ScSi; , we are able to distin-
guish five peaks centred at 2.35, 3.07, 3.25, 3.53 and
4.2 eV. The peak at 2.35 €V is quite sharp, suggesting
that the geometric change between the ground states
of ScSi; and ScSis is minor. The gap between the
first and second peaks is about 0.8 eV. The electron
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affinity of ScSis is estimated to be 2.15 eV. ScSi; has
a strong broad feature centred at 3.28 eV and a slight
weak feature centred at 4.47 eV. Note that the pho-
toelectron spectrum of ScSig at 213-nm photons has

(6]

been investigated by Koyasu et al.,'°) and their mea-

sured spectrum is consistent with the results of our
work.

4. Theoretical results and discus-
sion

The optimized geometries of the low-lying isomers
of ScSi;; and ScSi,, (n =2 ~ 6) clusters obtained with

3A 0 3B

6A 0 6B

+0.38 eV 3C

+0.45eV 6C

DFT calculations are presented in Figs. 3 and 4 with
the most stable structures on the left. The relative
energies between these isomers as well as their VDEs
and ADEs from theoretical calculations are summa-
rized in Table 2. The structures of ScSi,, (n =1 ~ 6)
neutrals have been reported by Xiao et al.[¥l The most
stable structures of ScSi, (n = 2 ~ 6) neutral found
by our calculations are consistent with their results.
Figure 3 shows the first report on the structures of
ScSi;, (n = 2 ~ 6) cluster anions. We find that the
most stable isomers of ScSi; 5 5 clusters have struc-
tures similar to the neutral structures while the most
stable isomers of ScSi; and ScSig have structures dif-
ferent from those of ScSiy and ScSig neutral clusters.
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Fig. 3. Optimized geometries of the low-lying isomers of ScSi;, (n = 2 ~ 6) clusters, and relative energies to the most stable

isomers.
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Fig. 4. Optimized geometries of the low-lying isomers of neutral ScSi, (n = 2 ~ 6) clusters, and relative

energies to the most stable isomers.

(i) ScSiy

As shown in Fig. 3, theoretical calculations show
that ScSi; has three stable isomers 2A, 2B, and 2C
with Cy,, Cs, and Cy, symmetry. The total energies
of isomers 2B and 2C are 0.46 ¢V and 1.30 eV higher
than that of isomer 2A, respectively. The calculated
VDE and ADE for isomer 2A are 1.46 eV and 1.41 eV,
respectively, which are in agreement with the experi-
mental measurements (1.44 eV and 1.28 eV). The cal-
culated VDEs and ADEs of isomers 2B and 2C deviate
from the experimental measurements. Therefore, iso-
mer 2A is the most likely structure for ScSi; .

(ii) ScSig

The most stable structure of ScSi; is a planar
kite structure with Cs, symmetry. The second stable
isomer 3B has a tetrahedron structure. Isomers 3B
and 3C are 0.38 eV and 0.83 eV higher in energy than
isomer 3A, respectively, so they are less stable than
the isomer 3A. The calculated VDEs of both isomer
3A (1.91 eV) and isomer 3B (1.86 eV) are close to
the experimental value (1.95 eV), indicating that the
existence of isomers 3A and 3B is possible in our ex-
periments, while isomer 3C can be ruled out because
its VDE (1.53 eV) is much lower than the experimen-
tal value (1.95 V).
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Table 2. Relative energies of the low energy isomers of ScSi,, (n = 2 ~ 6) clusters as well as their VDEs and ADEs

obtained by DFT calculations.

VDE/eV ADE/eV
isomer state sym. AE/[eV theor.? expt. theor.? theor.P expt.
ScSiy 2A 3By Cao 0 1.46 1.44 1.41 1.182 1.28
2B 1A/ Cs 0.46 1.11 0.95
2C 5A; Cay 1.30 2.69 1.26
ScSiz 3A 3By Cav 0 1.91 1.95 1.88 1.697 1.78
3B 1A/ Cs 0.38 1.86 1.80
3C 1A/ Cs 0.83 1.53 1.46
ScSi, 4A TA; C3y 0 2.58 2.57 2.50 2.19
4B 1A Cay 0.31 1.97 1.81 1.812
4c 1A/ Cs 0.41 2.17 2.13
ScSiy 5A 1A/ Cs 0 2.18 2.35 2.09 2.087 2.15
5B Ay Civ 0.31 2.54 2.21
5C 1A/ Cs 0.73 1.76 1.63
ScSig 6A A, Cs, 0 3.31 3.28 3.04 2.85
6B LAY C, 0.45 2.24 2.18
6C !By Cy, 1.01 1.55 1.43 1.649

2 Theoretical calculations of this work.

b Theoretical AEAs of the neutrals in Ref. [8], which might be slightly different from the ADEs in this work due to the

geometry differences between the anions and neutrals.

(iii) ScSiy

The first two isomers of ScSi, , 4A and 4B, each
have a trigonal bipyramid structure. Isomer 4A has
C3, symmetry with the Sc atom capped on the tetra-
hedron formed by the four silicon atoms. Isomer 4B
has Cy, symmetry, and it may be considered as the Sc
atom above the bended tetragon composed of four sil-
icon atoms. Isomer 4C has a W-shaped planar struc-
ture. The energies of isomers 4B and 4C are 0.31 eV
and 0.41 eV higher than that of isomer 4A, respec-
tively. The VDE of isomer 4A is calculated to be
2.58 eV, which is in agreement with the experimental
value (2.57 eV). The calculated VDEs of isomer 4B
(1.97 €V) and 4C (2.17 €V) are much lower than the
experiment measurement. The most stable structure
of ScSi; anion (4A) is different from that of ScSiy
neutral. Instead, the geometry of isomer 4B of ScSij
anion is similar to the ground state structure of ScSiy
neutral found by our calculations (Fig. 4 (4A’)) and
Xiao et al.[®l where they found that the AEA of neu-
tral ScSis is about 1.812 eV that is close to the ADE
(1.81 €V) of isomer 4B. We suggest that isomer 4A
is the dominating species observed in our experiments
but a small amount of isomer 4B might also contribute
to the weak tail in the spectrum in the range of 1.5 eV—
2.0 eV.

(iv) ScSig

The most stable isomer of ScSiy (5A) may be

considered as the addition of an Si atom to face cap
isomer 4A, the trigonal bipyramid structure of ScSi, .
The second isomer 5B has a tetragonal bipyramidal
structure with Cy,, symmetry. Isomer 5C is formed by
capping the Sis trigonal bipyramid with an Sc atom.
Isomer 5C probably does not contribute to the ex-
perimental photoelectron spectrum of ScSi; since it
is 0.73 eV higher in energy than isomer 5A, it is less
stable than the isomer 5A and its theoretical VDE
(1.76 €V) is much lower than the experimental value
(2.35 eV). The VDEs of isomers 5A (2.18 ¢V) and 5B
(2.54 eV) are both close to the experimental measure-
ment (2.35 eV). Since isomer 5B is 0.3 eV higher in en-
ergy than isomer 5A, the isomer 5A might be the most
possible isomer detected in the experiments. However,
the existence of isomer 5B cannot be excluded.

(v) ScSig

The most stable isomer of ScSig (6A) has a pen-
tagonal bipyramid structure with C5, symmetry. This
is a close-packed compressed structure with the apex
atoms (Sc and Si) only ~ 3.22 A (1 A=0.1 nm) apart
in between. The total energy of isomer 6A is 0.45 eV
and 1.01 eV lower than those of isomers 6B and 6C
respectively. The calculated VDE and ADE of iso-
mer 6A are 3.31 eV and 3.04 eV, respectively, which
are consistent with the experimental measurements
(3.28 eV and 2.85 eV). Hence, the existence of iso-

mer 6A in our experiments can be confirmed. Isomer
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6B may be considered as isomer 5B capped with a
silicon atom. The structure of isomer 6C may be con-
sidered as one of silicon atom in the Si; pentagonal
bipyramid, replaced by an Sc atom. The energies of
isomer 6B and 6C are 0.45 eV and 1.01 eV higher than
that of isomer 6A, respectively, indicating these that
two isomers are more unstable compared with isomer
6A. The calculated VDEs of isomer 6B (2.24 ¢V) and
6C (1.55 eV) are much lower than the experimental
value. Note that the ground state geometry of ScSiy
is different from that of ScSig neutral. Both our calcu-
lations and Xiao et al.’s 18] show that the most stable
structure of ScSig neutral (Fig. 4(6A’)) is similar to
that of the third isomer of ScSig (Fig. 3(6C)). The
calculated EA of 6A’ by Xiao et all®! is close to the
ADE of 6C in this work. That explains why the EA
of ScSig does not match the major PES peak observed
in the experiment. However, in the 266-nm spectrum
of ScSig , there are some very weak signals spreading
out from 1.40 eV to 2.90 eV. That is due probably to
the existence of a small number of isomers such as iso-
mers 6B and 6C. They are less populated since they
are more unstable than isomer 6A.

The ground state geometric differences between
ScSiy ¢ clusters and their neutrals found by our cal-
culations are consistent with the low EBE tails ob-
served in the spectra of ScSi; and ScSig. Ohara et
al.'%) conducted photoelectron spectroscopy studies of
TbSi;, (n =6~ 16). They also found that ThSig has
a relatively high VDE but there is a small tail be-
side the low EBE side of the main peak. Grubisic
et al.17) reported the photoelectron spectra of LnSi,,
(n = 3 ~ 13; Ln=Ho, Gd, Pr, Sm, Eu, Yb) and
found similar tails in the spectra of HoSig , GdSi; and
PrSi; . However, they suggested that the low EBE
tail is an integral part of the electronic structure of
LnSi, instead of that originating from impurities, or
isomers, or hot bands. Our theoretical calculations
disagree with their conclusions. We suggest that the
similar tails observed in the spectra of MSi; systems
by Ohara et al.l'f! and Grubisic et al.l'” are due to
the existence of less stable isomers. It is true, as sug-
gested by Grubisic et al.,['”] that the less stable iso-
mers observed in the experiments correspond to the
most stable isomers of the neutrals.

The ground-state structures of Sii, (n =3 ~ 7)
have been investigated by experiments!®19 and the-

oretical calculations20:21) in detail. A comparison be-

tween Si; (n =3 ~ 7) and ScSi;, (n =2 ~ 6) shows
that the most stable structure of the ScSi;; cluster is
similar to that of Si_; except that the structure of
ScSi;; has lower symmetry. For example, the structure
of ScSi, is similar to that of Sig". They both have Cy,
symmetry trigonal structure. The structures of both
ScSi; and Si; are planar. ScSiy and Si; each have a
trigonal bipyramidal structure. Sig has two nearly de-
generated structures, a face-capped trigonal bipyrami-
dal (Cy,) structure and a tetragonal bipramid (Dyp)
structure, to which the isomers of ScSi; are similar.
The lowest energy structures of ScSi; and Si; each are
pentagonal bipyramid. Thus, the most stable struc-
tures of ScSi, (n =2 ~ 6) may be considered as one
of the silicon atom in the silicon clusters, substituted
by an Sc atom followed by a slight change in the Sc—
Si bond length. This result is in agreement with the
findings of Xiao et al[®l It is also interesting to com-
pare the structure of ScSi;, with that of ScoSi;,_;. Our
previous studies showed that the most stable structure
of ScpSi; is a Oy, tetrahedron structure and that of
ScoSi; has a Dyj, tetragonal bipyramidal structure.
The ground state structures of ScSi; and ScSi; are
different from those of Sc,Si; and ScoSiy . But the
trigonal bipyramid structure of ScSi; and the pentag-
onal bipyramid structure of ScSig are similar to those
of SceSiz and ScoSiy , respectively.

We have investigated the structures of VSi;, (n =

(14 The most stable structures of

3 ~ 6) previously.
ScSig and VSig are similar, while those of ScSi;_5 and
VSi;_ are different. The most stable isomer of VSig
is of tetrahedron while that of ScSiz has a planar kite
structure. The lowest isomer of VSij ; is similar to the
second isomer of ScSij 5. In ScSi;; clusters, the Sc-Si
bond lengths are in a range of 2.52 A-2.73 A, longer
than the Si-Si bond lengths (2.21 A-2.56 A). This is
different from the case of VSi;, clusters, where the V-
Si bond lengths are in a range of 2.26 A-2.55 A, the
Si-Si bond lengths are between 2.38 A and 2.59 A. In
most cases, the V=Si bonds are slightly shorter than
the Si-Si bond. Briefly, the bond strength is of the
order of Sc-Si<Si-Si<V-Si.

5. Conclusions

ScSi,, cluster anions are generated by laser va-
porization and detected with a time-of-flight mass

spectrometer. The photoelectron spectra of ScSi,;
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(n = 2 ~ 6) clusters are measured at 266 nm and
193-nm photon energies. The structures of ScSi;_ g4
(n = 2 ~ 6) are determined by comparing photo-
electron spectral data with density functional calcu-
We have found that the most stable struc-

tures of SceSi;, may be considered as one of the sili-

lations.

con atom in the silicon clusters, substituted by an Sc
atom followed by a slight change in the bond length.

Comparing ScSi;; clusters with VSi, clusters, we have

shown that the Sc—Si bond is longer than the V-Si
bond due to the different atomic sizes and different
electron configurations. We have also found that the
most stable structures of ScSiy ¢ cluster anions differ
from those of ScSiy ¢ neutrals, suggesting that the ef-
fect of charge on geometry is size-dependent. The low
EBE tails observed in the spectra of ScSiy 4 are due

to the existence of less stable isomers.
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