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ABSTRACT: AuSi,” (n = 4—12) clusters were produced with a
laser vaporization source and investigated by photoelectron
spectroscopy. The swarm-intelligence-based CALYPSO structure
search method and ab initio calculations were employed to
determine their ground-state structures. The results revealed that
the most stable isomers of AuSi,” (1 = 4—12) cluster anions are
all exohedral structures, in which the Au atom caps the vertex,
edge, or surface of the bare Si, clusters. The endohedral and
exohedral structures of neutral AuSi;, are nearly degenerate in
energy. The most stable structure of neutral AuSi,, is endohedral.
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The growth mechanism of AuSi,” cluster anions is compared with those of AuGe,~, AgSi,~, and CuSi,~ clusters. It implies that
the bond strengths of Au—Si and Au—Ge play important roles in the formation of cage structures for AuSi;,” and AuGe,”, while
the different atomic radii of coinage metals, different bond strengths, and the strong relativistic effect in Au atom are responsible

for the different growth mechanisms of Si clusters doped with different coinage metals.

1. INTRODUCTION

Silicon is a very important element with wide applications in
the catalyst industry, microelectronics, and spintronics."”
Studies showed that a transition-metal (TM) atom doped
into silicon clusters can stabilize fullerene-like cage structures
and may lead to unusual properties, such as size selectivity,
different charge transfer, Iar§e HOMO-LUMO gap, and
tunable magnetic properties.” ® The TM-doped silicon clusters
with special structures may be used as potential building blocks
to fabricate the novel nanostructured materials with tunable
optical, electronic, and magnetic properties. Thus, the
structures and properties of TM-doped silicon clusters have
been investigated extensively by experiments and theoretical
calculations in the past decades.”*

Gold is widely used in catalysis, medicine, electron transport,
nonlinear optics, luminescence, and electronics.’*™* The
chemical properties of gold are very different from those of
the other metals due to its large electronegativity, high electron
affinity, and strong relativistic effects.*”** Hence, the structural
and electronic properties of Au-doped silicon clusters may be
different from the silicon clusters doped with the other
transition metals. Previous theoretical studies suggested that
Schottky junctions can be formed in nanoscale Au—Si
systems,”’ which are important for developing high-perform-
ance solar cells. It has also been found that the vapor—liquid—
solid growth of high-quality Si nanowires strongly relies on the
stability of the liquid Au seed and liquid AuSi layers."*** Very
recently, an investigation of the metal—semiconductor alloying
reaction revealed that the formation of ultrathin AuSi eutectic
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liquid layers can strongly enhance the alloying reaction rate due
to the strain-induced chemical potential increase.”® Exploring
the structural and electronic properties of Au-doped silicon
clusters not only can provide valuable information for the
production of functional materials for microelectronic devices
and solar cells, but also is important for understanding the
microscopic mechanisms in gold-catalyzed growth of Si
nanowires and metal—semiconductor alloys.

The structures of Au-doped silicon clusters and the low-lying
states of the AuSi molecule were studied by theoretical
calculations previously,”’~>° and the far-infrared spectra of
AuSi," (n = 2—11, 14, 15)°" and the photoelectron spectra of
SiAu,", Si,Au,” (n = 2 and 4), and Si;Au;~ were measured by
experiments.””>* To obtain more detailed information about
the structural and electronic properties of AuSi, clusters, here
we investigated the AuSi,” (n = 4—12) clusters with anion
photoelectron spectroscopy and ab initio calculations.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Experimental Method. The experiments were carried
out on a home-built apparatus composed of a laser vaporization
supersonic cluster source, a time-of-flight mass spectrometer,
and a magnetic-bottle photoelectron spectrometer, which has
been described elsewhere.”® The AuSi,~ cluster anions were
produced in the laser vaporization source by laser ablation of a
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rotating and translating isotopically enriched (**Si 99.989%)
Au/*Si disk target (Au:**Si mole ratios 2:1 and 1:8, 13 mm
diameter) with the second harmonic (532 nm) light pulses
from a Nd:YAG laser (Continuum Surelite II-10), while helium
carrier gas with ~0.4 MPa backpressure was allowed to expand
through a pulsed valve (General Valve Series 9) over the AuSi
target to cool the AuSi,” clusters. The produced cluster anions
were mass-analyzed by the time-of-flight mass spectrometer.
The AuSi,” (n = 4—12) clusters were each selected by a mass
gate, decelerated by a momentum decelerator, and crossed by
the laser beam of another Nd:YAG laser (Continuum Surelite
1I-10, 266 nm) at the photodetachment region. The electrons
from photodetachment were energy-analyzed by the magnetic-
bottle photoelectron spectrometer. The photoelectron spectra
were calibrated with the spectra of Cu™ and Au™ anions taken
under similar conditions. The resolution of the magnetic-bottle
photoelectron spectrometer was ~40 meV for electrons with 1
eV kinetic energy.

2.2. Theoretical Method. The geometric optimizations
and frequency analyses of AuSi,” (n = 4—12) and their neutral
counterparts were conducted using density-functional theory
(DFT) with Becker’s three-parameter and Lee—Yang—Parr’s
gradient-corrected correlation hybrid functional (B3LYP),S6 S7
as implemented in the Gaussian 09 program package.”® We
used Pople’s all-electron 6-311+G(d) basis set for the Si atoms
and the scalar relativistic effective core potential Stuttgart/
Dresden(SDD) basis set” for the Au atom. The initial
structures of AuSi,” cluster anions for geometry optimizations
were obtained from the AuSi,”*, AgSi,””*, and CuSi,”"*
clusters reported in the hterature(’ 5,303149-51,60-62 and also by
putting the Au atom to different adsorption or substitution sites
of the low-lying isomers of pure silicon clusters. Additionally,
we have also used the swarm- intelligence-based CALYPSO
structure search method® to construct initial structures. This
method is based on the generalization of particle swarm
optimization (PSO). A large number of low-energy initial
structures are randomly generated with the constraint of
symmetries. The Metropolis criterion and bond character-
ization matrix (BCM) are incorporated into the method to
further enhance the structural evolution and measure of the
structural similarity toward low-energy regions of potential
energy surfaces. All the geometric optimizations were
conducted without any symmetry constraint. As a Au atom
has only one unpaired electron (5d'°6s'), the spin singlet states
of AuSi,” cluster anions and the doublet states of their neutral
counterparts were taken into account. Harmonic vibrational
frequencies were analyzed to make sure that each structure
corresponds to a real local minimum on the potential energy
surfaces. The generalized gradient apprommatlon in the
Perdew—Burke—Ernzerhof (PBE) functional®* was also tested
for comparison. We found that the results from the B3LYP
functional are in better agreement with the experiments than
those from the PBE functional, so we only present the results
from the B3LYP functional in this paper. To obtain the relative
energies for the low-lying isomers of AuSi,” more precisely, the
single-point energies of AuSi,~ were calculated with the
coupled-cluster methods including s1n§1e, double, and
perturbative triple exc1tat10n [CCSD(T)]™ combining the
aug-cc- pVTZ -PP basis set®® (for the Au atom) and cc-pVDZ
basis set®”” (for the Si atoms). The relative energies were
corrected by the zero-point vibrational energies obtained with
the B3LYP functional. The natural population analysis (NPA)
of AuSi,” (n = 4—12) cluster anions was performed with the

Natural Bond Orbital (NBO) version 3.1 program®™"* in the
Gaussian 09 program package.

3. EXPERIMENTAL RESULTS

The photoelectron spectra of AuSi,” (n = 4—12) clusters
recorded with 266 nm photons are presented in Figure 1. The
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Figure 1. Photoelectron spectra of AuSi,~ (n = 4—12) clusters

recorded with 266 nm photons.

experimental vertical detachment energies (VDEs) and
adiabatic detachment energies (ADEs) of AuSi,” (n = 4—12)
estimated from the photoelectron spectra are shown in Table 1.
As shown in Figure 1, the spectrum of AuSi,~ reveals a
relatively sharp peak at 3.14 eV, and two barely resolved peaks
at 3.71 and 3.91 eV. The spectrum of AuSi;~ has a prominent
peak at 3.16 eV and two closely spaced peaks at 3.55 and 3.82
eV. In additional, the onset of the fourth peak is observed above
4.2 eV. The spectrum of AuSis~ displays two high-intensity
peaks at 2.96 and 3.77 eV, and two low-intensity peaks at 3.47
and 4.13 eV. The spectrum of AuSi,” shows a broad, weak peak
at 3.55 eV and a broad, strong peak at 3.99 eV. In the spectrum
of AuSig~, there is a shoulder peak at 3.39 eV, followed by three
barely resolved peaks at 3.60, 3.91, and 4.05 eV, respectively.
The spectrum of AuSiy~ presents four congested peaks at 3.17,
3.57, 3.73, and 4.04 eV, respectively. The spectrum of AuSi,~
reveals a broad, low electron binding energy (EBE) feature in
the range of 3.00—3.65 eV, followed by two high-intensity
peaks at 3.95 and 4.18 eV in the high-EBE region. For the
spectrum of AuSi;;”, there are three not well-separated peaks at
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Table 1. Relative Energies, Theoretical VDEs and ADEs of the Low-Lying Isomers of AuSi,” (n = 4—12) Clusters, as well as the
Experimental VDEs and ADEs Estimated from Their Photoelectron Spectra®

VDE (eV) ADE (eV)
isomer AE" (eV)  theor” expt? theor® expt?
AuSi,~ 4A 0.00 3.06 3.14 2.74 2.86
4B 0.30 3.12 2.75
4C 0.35 3.06 2.76
4D 0.69 2.38 2.26
AuSis~ SA 0.00 3.06 3.16 2.80 2.88
5B 0.22 341 2.80
SC 031 3.34 3.09
SD 0.61 3.14 2.82
AuSig~ 6A 0.00 3.35 3.47 291 2.90
6B 0.09 2.99 2.96 293 2.72
6C 0.36 2.76 2.54
6D 0.44 2.77 2.66
AuSi,~ 7A 0.00 3.52 3.55 321 3.0
7B 0.46 3.05 2.53
7C 0.50 3.26 3.09
7D 0.74 3.38 3.20
AuSig~ S8A 0.00 3.22 3.39 3.11 3.04
8B 0.04 3.15 291
8C 0.05 3.48 3.21
8D 0.19 3.58 321

VDE (eV) ADE (eV)
isomer AE? (eV) theor® exptd theor® exptd
AuSig— 9A 0.00 3.24 3.17 293 2.94
9B 0.10 3.05 2.86
9C 0.18 3.28 3.02
9D 0.19 3.60 3.33
AuSiy 10A 0.00 3.89 3.95 3.39 3.60
10B 0.15 341 3.52 3.18 3.02
10C 0.37 3.54 321
10D 0.38 3.66 3.12
AuSi;,” 11A 0.00 3.39 3.54 3.20 321
11B 0.11 3.17 2.99
11C 0.26 3.36 3.16
11D 0.34 3.22 2.83
AuSi,,” 12A 0.00 3.61 3.46 3.30 3.09
12B 0.01 2.64 2.57
12C 0.17 3.33 3.17
12D 043 3.28 2.12

“The isomers labeled in bold are the most probable ones in the experiments. bThe AEs values are calculated at the CCSD('I:) /aug-cc-pVTZ-PP/Au/

cc-pVDZ/Si level of theory. “The ADEs and VDEs are calculated at the B3LYP/SDD/Au/6-311+G(d)/Si level of theory.

experimental VDEs and ADEs are +0.08 eV.

The uncertainties of the

3.54, 3.77, and 3.98 eV, respectively. In the spectrum of
AuSij,”, we can roughly distinguish a low-intensity, broad peak
at ~3.46 eV and a high-intensity, broad peak at ~4.06 eV.

It is worth mentioning that Au**Si,” is heavier than **Si,,,~
(n > 0) by only 1 amu and it is also lighter than Au,*Si,,” (n
> 7) by only 1 amu. Thus, the mass peaks of 2Si,,,” and
Au*Si,” are separated by only one amu in the order of **Si,,,”
< Au®®Si,”, and for n > 7, the mass peaks of Au®Si,” and
Au,?Si, .~ are separated by only one amu in the order of
Au*Si,” < Au,®Si, ,~. Our TOF mass spectrometer was able to
resolve the mass peaks of Au*®Si,” with n up to 12. To make
sure that the photoelectron spectra of Au®®Si,” are not
contaminated by the spectra of **Si,,,”, we have also compared
the spectra of Au*®Si,” clusters with the photoelectron spectra
of Si,,,” clusters in the literature.” Additionally, we have
measured the photoelectron spectra of Au,*Si,” (n = 0-5)
which were produced by ablating an isotopically enriched (**Si
99.989%) Au/**Si disk target of much higher Au:**Si mole ratio
and compared them with those of Au*Si,_;,” to ensure that
the spectra of Au®®Si,_;,” are not contaminated by the signals
from Au,”Siy_~.

4. THEORETICAL RESULTS

The structures of the low-lying isomers of AuSi,” (n = 4—12)
clusters obtained from the ab initio calculations are presented
in Figure 2. The relative energies (AE) and theoretical VDEs
and ADEs of these low-lying isomers are summarized in Table
1, along with the experimental VDEs and ADEs for
comparison.

We also performed simulations on the photoelectron spectra
of the low-lying isomers of AuSi,” (n = 4—12) based on the
generalized Koopmans’ theorem (GKT).”*”” In the simulated
spectra, each peak corresponds to the removal of an electron
from an individual molecular orbital of the cluster anion. We
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first set the peak from the highest occupied molecular orbital
(HOMO) at the position of the calculated VDE of each isomer,
and the other peaks related to the deeper orbitals are shifted to
the higher EBE side in terms of their relative energies to the
HOMO. For convenience, the simulated photoelectron spectra
are called density of states (DOS) spectra. The comparison of
the DOS spectra and experimental spectra of AuSi,” (n = 4—
12) are displayed in Figure 3.

4.1. AuSi,”. The first isomer of AuSi,~ (4A) has the Au
atom interacting with one Si atom of the Si, rhombus while its
second isomer (4B) has the Au atom interacting with one Si
atom of the Si, tetrahedron. Isomer 4C has a pyramid structure
with the Au atom interacting with three Si atoms. In isomer 4D,
the Au atom interacts with three Si atoms of the Si, kite-shaped
structure. The calculated VDE of isomer 4A is 3.06 eV, which is
in agreement with the experimental VDE (3.14 eV), and its
DOS spectrum fits well with the peak positions and patterns of
the experimental spectrum. Thus, we suggest that isomer 4A is
the most probable one observed in the experiments, and the
existence of isomers 4B, 4C and 4D can be ruled out because
they are higher in energy than isomer 4A by at least 0.30 eV.

4.2. AuSi5~. Our calculations showed that isomers SA, 5C,
and SD all possess a Sis trigonal bipyramid subunit with the Au
atom interacting with the surface or different Si atoms of the Si
subunit. Isomer 5B can be viewed as deriving from isomer 4A
by an additional Si atom face-capping the Si, rhombus. Isomers
5B, 5C, and 5D are higher in energy than isomer 5A by 0.22,
0.31, and 0.61 eV, respectively. The calculated VDE of isomer
SA is 3.06 eV, which is in good agreement with the
experimental value (3.16 eV), and its simulated DOS spectrum
fits the peak positions and patterns of the experimental
spectrum very well. As a result, we suggest isomer SA to be the
most probable one detected in the experiments.

DOI: 10.1021/acs.jpcc.6b08598
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Figure 2. Typical low-lying isomers of AuSi,” (n = 4—12) clusters.
The AE values are calculated at the CCSD(T)/ aug-cc-pVTZ-PP/Au/
cc-pVDZ/Si level of theory. The green and red balls stand for the Si
atoms and Au atoms, respectively.

4.3. AuSig". The most stable isomer of AuSis~ (6A) is a C,,
symmetric structure with the Au atom interacting with one Si
atom of the Sis tetragonal bipyramid. Isomer 6B can be
considered as deriving from isomer 5B by an additional Si atom
face-capping the Si, rhombus. For isomer 6C, the six Si atoms
form a face-capping trigonal bipyramid structure, and then the
Au atom interacts with the Sig motif by capping one of the
faces. Isomer 6D can be viewed as the Au atom and an
additional Si atom face-capping the Sis trigonal bipyramid. The
calculated VDE of isomer 6A (3.35 eV) is in good agreement
with the experimental peak at 3.47 eV, and that of isomer 6B
(2.99 eV) is consistent with the experimental peak at 2.96 eV.
The DOS spectrum of isomer 6A can match the experimental
peaks at higher EBE regions and that of isomer 6B is in good
agreement with the experimental peaks centered at 2.96 and

25631

4.13 V. The combination of the DOS spectra of isomers 6A
and 6B can reproduce the peak positions and patterns of the
experimental spectrum. Isomers 6C and 6D are unlikely to
present in our experiments because they are higher in energy
than isomer 6A by at least 0.36 eV. Therefore, we suggest that
isomers 6A and 6B are the most probable species observed in
our experiments. We would like to point out that the
coexistence of two isomers in the experiments has also been
found for CrSis~, CuSis™, and AgSig~ clusters.””*"”*

4.4. AuSi;”. With respect to AuSi;”, isomer 7A is a Cs,
symmetric pentagonal bipyramid with the Au atom interacting
with one Si atom of the Si; motif. Isomer 7B can be viewed as
the Au atom interacting with one Si atom of the Si, bicapped
trigonal bipyramid. Isomer 7C can be constructed by the Au
atom and an additional Si atom face-capping the Siy trigonal
prism. Isomer 7D can be obtained by the Au atom and an
additional Si atom capping the Sis quasiplanar structure. The
calculated VDE of isomer 7A (3.52 €V) agrees well with the
experimental value (3.55 eV), and the peak positions and
patterns of its DOS spectrum match the experimental spectrum
very well. Isomers 7B, 7C, and 7D are not expected to be
populated in the experiments because they are significantly
higher in energy than isomer 7A by at least 0.46 eV. Thus, we
suggest that isomer 7A is the most probable one contributing to
the photoelectron spectrum of AuSi;".

4.5. AuSig~. The lowest-lying isomer of AuSig~ (8A) can be
viewed as the Au atom face-capping the Sig bicapped tetragonal
bipyramid. Isomer 8B can be constructed by an additional Si
atom capping the top face of isomer 7C. Isomer 8C can be
regarded as the Au atom capping the Si—Si bond of the Sig
tetragonal prism. Isomer 8D can be considered as the Au atom
capping the Si—Si bond of a distorted Sig bicapped tetragonal
bipyramid. The calculated VDE of isomer 8A (3.22 eV) is in
reasonable agreement with the experimental value (3.39 eV),
and its DOS spectrum fits the peak positions and patterns of
the experimental spectrum. The calculated VDEs of isomers 8B
and 8C (3.15 and 3.48 eV) are in reasonable agreement with
the experimental value and they are higher in energy than
isomer 8A by only 0.04 and 0.05 eV, respectively. Isomer 8D is
higher in energy than 8A by 0.19 eV, and its calculated VDE
(3.58 eV) is also in reasonable agreement with the experimental
value. Thus, we suggest that isomer 8A is the most probable
one detected in the experiments and that isomers 8B, 8C, and
8D may also contribute to the photoelectron spectrum of
AuSig~. The coexistence of multiple isomers can explain why
the spectral features of AuSig~ are very broad.

4.6. AuSiy™. As shown in Figure 2, isomer 9A of AuSiy~ can
be regarded as the Au atom replacing one Si atom of a distorted
Sijy pentagonal prism. Isomer 9B can be viewed as the Au atom
substituting for one Si atom of the Si, rhombus interconnected
with the Sig six-membered ring. Isomer 9C can be viewed as
deriving from isomer 9A by stretching the Au—Si bond length.
In isomer 9D, the Au atom interacts with one Si atom of the Siy
tricapped trigonal prism (TTP) structure, which is the main
subunit of Si, clusters in the range of n = 10—20.”" Isomers 9B,
9C, and 9D are higher in energy than isomer 9A by 0.10, 0.18,
and 0.19 eV, respectively. The calculated VDE of isomer 9A
(3.24 eV) is in excellent agreement with the experimental value
(3.17 eV) and its simulated DOS spectrum is in reasonable
agreement with the experimental spectrum. Thus, we suggest
that isomer 9A is the most probable one detected in our
experiments, and isomers 9B, 9C, and 9D may also contribute
to the experimental spectrum of AuSiy™.

DOI: 10.1021/acs.jpcc.6b08598
J. Phys. Chem. C 2016, 120, 25628—25637


http://dx.doi.org/10.1021/acs.jpcc.6b08598
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.6b08598&iName=master.img-002.jpg&w=239&h=460

The Journal of Physical Chemistry C

AuSi,

AuSi,

saa ey s uey e B L

N E

s

4B 5B 6B 7B
4C 5C 6C 7C
4D 5D 6D 7D

T
0.00
Electren Binding Energy (V)

) T L 2 ) TrTT biobld Lotid bbbl i) Bt b bodet] bkt bty | T T T T T | b b T T T T T
51.015202530354000051015202530354000051.0135320253035400005101520253.03
Electron Binding Energy (eV)

540
Electron Binding Energy (eV) Electron Binding Energy (eV)

AuSi; Ausi, Ausi

Vi

AuSi - AuSi

J

9A 10A

1
1

11A 124
i (.

BA I
il
8B mfﬂ 9B

12C

= = =

Electron Binding Energy (e\} Elactran Binding Energy (eV)
=

8C 10C 11C
4'/\} |
TR ||| l] LS A it b T TR Ilk AR Ml M T
8D /\ eD 10D 11D 12D
T |!‘--- LA LALLM ke kA i kel M Al U Lt W W A L Ll |-.|.||.| o
BOOS 1152025303540 000510 1L5202530354000051015202530354000051.01.520253035400005101520253.0354.0

Electron Binding Energy (V)
=

Electron Binding Energy (e} Electron Binding Energy (e}

Figure 3. Comparison between the experimental photoelectron spectra and the simulated DOS spectra of the low-lying isomers of AuSi,” (n = 4—
12) clusters is shown. The simulated spectra were obtained by fitting the distribution of the transition lines with the unit area Gaussian functions of

0.20 eV full widths at half-maximum.

4.7. AuSi,g". In isomers 10A, 10C, and 10D of AuSi,,”, the
10 Si atoms form a bicapped tetragonal antiprism, and the Au
atom interacts with the Sij, motif by capping its vertex and
edge. Isomer 10B has the Au atom and two additional Si atoms
face-capping the Sig tetragonal antiprism, and it is higher in
energy than isomer 10A by 0.15 eV. The calculated VDE of
10A (3.89 V) is in good agreement with the spectral feature at
3.95 eV in the experimental spectrum of AuSi;,”, while the
theoretical VDE (3.41 eV) of isomer 10B is consistent with the
broad, low EBE feature in the range of 3.00—3.65 eV. The
combination of the DOS spectra of isomers 10A and 10B can
reproduce the peak positions and patterns of the experimental
spectrum. Thus, we suggest that isomer 10A is the major one
contributing to the experimental spectrum and 10B is the
minor one. The existence of isomers 10C and 10D can be ruled
out because they are higher in energy than isomer 10A by at
least 0.37 eV.

4.8. AuSi;;”. For the AuSij;” cluster, the lowest-lying
isomer (11A) can be described as the Au atom face-capping the
Sij; face-capped pentagonal antiprism. In isomer 11B, the Au
atom is sandwiched into a pair of Sis five-membered rings with
an additional Si atom capping one edge of one Sis ring, which is
found to be the most stable structure for the neutral AuSij;
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cluster in the literature.’® Isomer 11C is a close-packed
structure with the Au atom capping the surface. Isomer 11D
can be viewed as the Au atom interacting with one Si atom of
the Si;; face-capped pentagonal prism. The calculated VDE of
isomer 11A is 3.39 eV, which is in reasonable agreement with
the experimental value (3.54 eV). Also, its simulated DOS
spectrum resembles the experimental spectrum. Isomer 11B is
higher in energy than isomer 11A by 0.11 eV, and its calculated
VDE (3.17 eV) is much deviated from the experimental VDE.
Isomers 11C and 11D are higher in energy than isomer 11A by
0.26 and 0.34 eV. Thus, we suggest isomer 11A to be the most
probable one contributing to the photoelectron spectrum of
AuSi, .

4.9. AuSi;,". For the AuSi,,” cluster, the most stable isomer
(12A) can be viewed as the Au atom face-capping the distorted
Sij, hexagonal prism. In isomer 12B, the Au atom is sandwiched
into a pair of Siy five-membered rings with two additional Si
atoms capping one of the Sis rings. The capped Sis ring is
slightly larger than the noncapped one. Isomer 12B is similar to
the most stable structure of the neutral AuSi;, cluster reported
by Wang et al.’® Isomer 12C can be regarded as a half-
endohedral structure with the Au atom sitting in a V-shaped
Sij, framework. Isomer 12D can be viewed as a handbag-like

DOI: 10.1021/acs.jpcc.6b08598
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structure in which the top three atoms (two Si atoms and one
Au atom) are regarded as the handle and the remaining ten Si
atoms constitute the body of the bag. The VDE of isomer 12A
is calculated to be 3.61 eV, which agrees well with the
experimental value (3.46 eV), and its simulated DOS spectrum
is in reasonable agreement with the experimental spectrum,
except that the peaks in the experimental spectrum overlap with
each other due to low spectral resolution. Isomer 12B is higher
in energy than isomer 12A by only 0.01 eV, but its VDE is
calculated to be 2.64 eV, which is much lower than the
experimental value. The theoretical VDE (3.33 eV) of isomer
12C is close to the experimental value and it is higher in energy
than isomer 12A by 0.17 eV. Isomer 12D is unlikely to be
populated in our experiments because it is higher in energy
than isomer 12A by 0.43 eV. Therefore, we suggest that isomer
12A is the most probable one observed in our experiments and
isomer 12C may make a minor contribution to the photo-
electron spectrum of AuSi;,".

In this work, we have considered those endohedral structures
reported in the literature in the structural searching for AuSi;;~
and AuSi;,” clusters. We found that the basketlike endohedral
structure (11B) is higher in energy than the exohedral structure
(11A) by 0.11 eV, and its calculated VDE (3.17 V) is much
deviated from the experimental value (3.54 eV). The bicapped
pentagonal prism (12B) is higher in energy than the exohedral
structure (12A) by only 0.01 eV, but its calculated VDE (2.64
eV) is much lower than the experimental value (3.46 eV); thus,
12B is unlikely to be detected in our experiments. More likely,
the relative energy between 12B and 12A is underestimated by
the CCSD(T) methods.

5. DISCUSSION

Figure 4 shows the change of the experimental VDEs as well as
the theoretical VDEs of the most stable isomers versus n, the
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cluster anions are all exohedral structures with the Au atom
capping the vertex, edge, or surface of the bare Si, clusters.
Additionally, we have optimized the structures of neutral
AuSi;; and AuSi;, clusters and found the most stable structures
of these two clusters are endohedral, different from those of
their anionic counterparts. The structures of neutral AuSi;, and
AuSi, as well as their anionic counterparts are displayed in
Figure S. The endohedral structure of neutral AuSi;; (11b) is

Anion

AuSi,

N, number of Si atoms in AuSi '

Figure 4. Experimental and theoretical VDEs of AuSi,” (n = 4—12)
clusters versus n, the number of silicon atoms.

number of silicon atoms. It can be observed in Figure 4 that the
theoretical VDEs are compatible with the experimental values
with average deviations of ~0.15 eV, indicating that the
theoretical methods used in this work are reliable. The
comparison of theoretical calculations with experimental results
showed that the most stable structures of AuSi,” (n = 4—12)

Figure S. Transition from the anions to the neutrals for AuSi;; and
AuSi;, clusters.

lower in energy than its exohedral structure (11a) by only 0.02
eV and the endohedral structure of neutral AuSi;, (12b) is
lower in energy than its exohedral structure (12a) by 0.72 eV,
which are calculated at the CCSD(T) level of theory. Thus, the
endohedral structures of neutral AuSi, clusters emerge at n = 11
and become more stable at n = 12. It seems that the removal of
the excess electron from AuSi,” anions strengthens the
interactions between Au and Si. These also indicate that the
excess electron has an obvious influence on the structural
evolution of neutral AuSi, clusters. The endohedral structures
for AuSi;;_, clusters found by us are in agreement with the
previous theoretical calculations of neutral AuSi, clusters
reported by Wang et al.*

Here, we compare the structures of AuSi,~ with those of
AuGe,”.* We found that the most stable structures of
AuSiy_5, g0 are similar to those of AuGe, s; g,07, but
those of AuSigg;;_;,  are different from those of AuGegg;_1,"-
The most stable structure of AuSis~ is a tetragonal bipyramid
instead of a face-capped trigonal bipyramid as in the case of
AuGeg. The lowest-lying structure of AuSiy™ is a distorted Sij,
pentagonal prism instead of a multithombus prism as in the
case of AuGey”. The global minimum of AuSij;~ is an
exohedral structure rather than an endohedral structure as in
the case of AuGe;,”. Especially, the lowest-lying isomer of
AuSi,,” is an exohedral structure, while that of AuGe;,” is an I,
symmetric icosahedral endohedral structure. Why can the
AuGe,,” cluster form a highly symmetric endohedral structure
whereas the AuSi;,” cluster has an exohedral structure? This
can be partially explained by their different bond strengths. The
Au—Ge bond length (2.46 A) is close to the Ge—Ge bond
length (2.44 A),* and the Au—Si bond length (2.26 A) is also
similar to the Si—Si bond length (2.24 A).*" The Au—Ge bond
(2.84 €V) is stronger than the Ge—Ge bond (2.78 eV),*” while
the Au—Si bond (3.30 eV) is weaker than the Si—Si bond (3.37
eV).*>** These values imply that a Ge atom prefers to form a
bond with a Au atom rather than to interact with some other
Ge atoms. The formation of Au—Ge bonds can enhance the
stability of the AuGe,,” endohedral structure compared to the
formation of Ge—Ge bonds, whereas the Si atoms would prefer
to form fewer Au—Si bonds and more Si—Si bonds; as a
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consequence, the encapsulation of a Au atom into the Si;, cage
would be energetically unfavorable.

It would be interesting to compare the structures of AuSi,”
with those of CuSi,” and AgSi,™." %31 We found that the most
stable structures of MSi,_,~ (M = Au, Ag, and Cu) are very
similar, but those of MSig_j, are different. In the global
minimum of AuSig~, the Au atom and two additional Si atoms
cap the Sig tetragonal bipyramid instead of the Ag and Cu
atoms edge-capping the Sig tetragonal prism as in the cases of
AgSig™ and CuSig™. As for the global minima of MSiy~, the Au
atom replaces one Si atom of a distorted Si;, pentagonal prism,
while the Ag atom attaches to the Siy TTP structure and the Cu
atom caps the Siy boat-shaped structure. In the lowest-lying
isomers of MSi;,”, the Au atom interacts with one Si atom of
the Sij, bicapped tetragonal antiprism, while the Ag atom and
the 10th Si atom cap the Siy TTP structure, and the Cu atom
substitutes for one Si atom of the Si;, framework. In the global
minimum of AuSi;;”, the Au atom interacts with the Sij
framework by capping its facet, while the Ag atom interacts
with one Si atom of the Si;; framework and the Cu atom
interacts with the surface of Sij; framework. Especially, at n =
12, AuSi;,~ has the Au atom capping the distorted Sij,
hexagonal prism while AgSi;,” has the Ag atom attaching to
one Si atom of Sij, hexacapped trigonal prism, whereas the Cu
atom is completely encapsulated into the Si;, hexagonal prism.
These facts suggest that the structural evolution of coinage-
metal-doped silicon clusters is different, even though they are in
the same group. We would like to point out that in MSi;,”, the
Au atom interacts with 3 Si atoms and the Ag atom interacts
with only 1 Si atom, while the Cu atom interacts with 12 Si
atoms because it is completely encapsulated. Considering the
coordination numbers, the order is Cu > Au > Ag, which is
different from the order of these elements in the periodic table.
This may be associated with the strong relativistic effect in Au
atom, which is also found to be responsible for the anomalous
ordering of the VDEs of Cu(BO,), (5.28 eV) < Au(BO,),
(5.90 eV) < Ag(BO,), (6.28 eV).* ™% The atomic radii of
coinage metals are in the order of r,, (1.74 A) > Tag (1.65 A) >
rea (145 A),* and the bond strengths and bond lengths of
coinage metal silicide are in the order of Au—Si (3.30 eV) >
Cu—Si (229 eV) > Ag—Si (1.88 €V) and Au-Si (2.26 A) <
Cu—Si (2.28 A) < Ag—Si (2.40 A),*1*>%9 which can partially
explain why AuSij;,”, AgSi;,, and CuSi),” clusters adopt
different structures and also suggest that coinage metals do not
follow their order in the periodic table when they interact with
silicon clusters.

To give insight into the charge distributions of coinage-
metal-doped Si clusters, we carried out natural population
analyses (NPA) on the most stable isomers of MSi,” (n = 4—
12) clusters, as presented in Figure 6. The lowest-lying
structures of CuSi,” (n = 4—12) and AgSi,” (n = 4-12)
clusters are obtained from our previous works.””’" We can see
from Figure 6 that the NPA charge distributions on the coinage
metal are very similar at n = 4—7, except that the NPA charges
on the Au atom are all negative charges, while those on the Ag
and Cu atoms are almost positive charges. However, with the
increasing size of the clusters, the NPA charge distributions on
the coinage metals are different; especially, the NPA charges on
the Cu atom decrease significantly at n = 9 and 12. These can
be explained by two reasons. First, the similar charge
distributions on the coinage metals at n = 4—7 is due to the
similar structures of MSi,_,~, whereas the structures of
MSig_;,” are different, resulting in different charge distributions
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Figure 6. NPA charges on the metal atoms of the most stable isomers
of MSi,” (M = Au, Ag, and Cu) clusters.

on the coinage metals. The unprecedented change of NPA
charges on the Cu atoms at n = 9 and 12 probably is because of
the formation of a CuSi,  half-endohedral structure and a
CuSiy,~ cagelike structure. Second, the electronegativity of the
Au atom (y = 2.54) is much stronger than those of Ag atom (y
=1.93), Cu atom (¥ = 1.90), and Si atom (y = 1.90),”" which
can explain why the NPA charges on the Au atom are all
negative charges, while those on the Ag and Cu atoms are
almost positive charges at small cluster sizes. Therefore, the
NPA charge distributions on the coinage metals are not only
associated with the structural evolution of MSi,” but also
correlated with the electronegativities of coinage metals. The
NPA charges on the Au atom are in the range of —0.09 e to
—0.32 ¢ from AuSi,” to AuSi;, . The transfer of electron from
the Si, frameworks to the Au atom is more likely due to the
strong electronegativity of the Au atom. The change of NPA
charge versus # is not significant for AuSi,” anions because they
all have exohedral structures. The AuSi,” anions all have closed-
shell electronic structures. Thus, it is expected that they possess
large HOMO—-LUMO gaps. Indeed, our calculations show that
the HOMO—-LUMO gaps of AuSi,” clusters range between
2.20 and 2.9S eV.

6. CONCLUSIONS

We studied the structural and electronic properties of AuSi,” (n
= 4—12) clusters with anion photoelectron spectroscopy and ab
initio calculations. Our results showed that the global minima
structures of AuSi,” (n = 4—12) clusters are exohedral
structures, in which the Au atom prefers to cap the vertex,
edge, or surface of the Si, frameworks. The endohedral
structures of neutral AuSi, clusters emerge at n = 11 and
become more stable at n = 12. The most stable structure of
neutral AuSi), has the Au atom being sandwiched by a pair of
Sis five-membered rings, and two additional Si atoms cap one of
the Sis rings. The structures of AuSi,” are compared with those
of AuGe,”, AgSi,”, and CuSi,” clusters, suggesting that the
bond strengths of Au—Si and Au—Ge play important roles in
the cage formation for AuSi;, and AuGe,, clusters, while the
different atomic radii of coinage metals, different bond
strengths, and the strong relativistic effect in Au atom lead to
the different growth mechanisms of coinage-metal-doped
silicon clusters. The structural evolution and electronic
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properties of Au-doped silicon clusters revealed in this work
can provide valuable information on the production of
functional materials for microelectronic devices and solar cells
and are also important for understanding the microscopic
mechanisms in gold-catalyzed growth of Si nanowires and
nanotubes.
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