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ABSTRACT: Cr,Sijs_,~ (n = 1-3) clusters were investigated by
using size-selected anion photoelectron spectroscopy combined with
density functional theory calculations. The results show that the most
stable structure of CrSiy,~ is of C,, symmetry with the Cr atom
encapsulated in a Sij, cage which can be viewed as a boat-shaped Sij,
unit capped by four additional silicon atoms. A large HOMO-
LUMO gap of neutral CrSij, is confirmed based on the photo-
electron spectrum of CrSi;,~ anion. Cr,Si 3~ has two isomers nearly degenerate in energy: one can be characterized as one Si
atom interacting with a Cr,Si;, hexagonal prism while the other can be viewed as one Si atom capping a distorted Cr,Si;,
hexagonal antiprism. Cr;Si;,” has a Dy, symmetric wheel structure in which three Cr atoms form an axle surrounded by 12 Si
atoms. The magnetic moments of CrSi;,~, Cr,Si;;~, and Cr;Sij,” increase from 1 to 3 yB and then to 7 uB with the increasing
number of Cr atoms in the clusters. The magnetic moments of Cr,Si;3~ and Cr;Si;,” are mainly contributed by the surface Cr
atoms.

1. INTRODUCTION In this work, we examine the changes in structural and
magnetic properties when the Si atoms of silicon clusters were
gradually replaced by the Cr atoms. This work is focused on
the structures and magnetic properties of chromium-doped
silicon clusters composed of 15 atoms (Cr,Si;s_, ) using mass-
selected anion photoelectron spectroscopy combined with
DFT calculations. Our results show that the geometric

Transition-metal-doped silicon clusters have been investigated
extensively by experiments'™'°
tions'''® in the past decades because transition metals can
stabilize the special geometrical structure of silicon clusters and
introduce novel chemical or physical properties to the silicon

and theoretical calcula-

clusters. Chromium—silicon alloys have important applications structures become more symmetric when the number of Cr

in nanomaterials and electronics.'” Many research groups had atoms increases from 1 to 3. Also, the magnetic moments of
. . 1 . . 20-23 oD, . : .

studied chromium—silicon clusters with experimental and Cr,Sijs_,  increase with the increasing number of Cr atoms. It

theoretical methods.”*™** Beck investigated MSi,” (M = Cr, is found that Cr;Si;,” has a Dy, symmetric wheel structure with

Mo, W) clusters with mass spectrometry.””*" Zheng and co- aromaticity.

workers investigated CrSi,” clusters using mass-selected anion
photoelectron spectroscopy.zz’23 Lievens and co-workers 2. EXPERIMENTAL AND THEORETICAL METHODS
conducted mass spectrometric stability study on a series of
binary clusters including CrSi,.”* Han and co-workers studied
the structures of CrSi;_g~* and MSi;s (M = Cr, Mo, W)*° using
density functional theory (DFT) calculations. The structure

2.1. Experimental Method. The experiments were
conducted on a home-built apparatus consisting of a laser
vaporization cluster source, a time-of-flight mass spectrometer,
and a magnetic-bottle photoelectron spectrometer, which has

evolution and growth behavior of CrSi, from n = 8 up to 17 been described elsewhere.”® The Cr—Si cluster anions were
were studied by Kawamura et al”’ and Guo et al”® The generated in the laser vaporization source by laser ablation of a
structures and electron-counting rule for the stability of CrSiy, rotating and translating disk target of the mixture of chromium
were investigated by Khanna and co-workers with first- and isotopically enriched silicon (13 mm diameter, Cr:**Si
principle theoretical method.””*® Several theoretical works mole ratio 3:2, 28Si 99.989%) with the second harmonic light
were also dedicated to investigate the cage structures of pulses (532 nm) of a nanosecond Nd:YAG laser (Continuum
CrSi,,”' and CrSils,16.32’33 The structures and magnetic
properties of M,Si;_¢ (M = Cr, Mn) were studied with DFT Received: October 30, 2018
methods by Robles et al.** and those of M,Si;s (M = Ti—Zn) Revised:  November 25, 2018
by Ji and Luo.* Published: December 3, 2018
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Surelite II-10). The typical laser power used in this work is
about 10 mJ/pulse. Helium gas with about 3 atm backing
pressure was allowed to expand through a pulsed valve
(General Valve Series 9) into the source to cool the formed
clusters. The generated cluster anions were mass-analyzed with
the time-of-flight mass spectrometer. CrSij,~, Cr,Sij;~, and
Cr;Sij,~ were each selected with a mass gate, decelerated by a
momentum decelerator, and crossed with the beam of another
Nd:YAG laser (Continuum Surelite I1I-10, 266 nm) in the
photodetachment region. The electrons from photodetach-
ment were energy-analyzed by the magnetic-bottle photo-
electron spectrometer. The resolution of the magnetic-bottle
photoelectron spectrometer was about 40 meV at electron
kinetic energy of 1 eV. The photoelectron spectra were
calibrated with the spectra of Cu™ and Au~ taken at similar
conditions.

2.2. Theoretical Method. An unbiased search for
structures of Cr,Sijs_,~ (n = 1—3) were carried out using
the crystal structure analysis by particle swarm optimization
(CALYPSO) software based on particle swarm algorithm.>”**
Many structures reported in the literature also were taken into
account as initial structures. The low-lying structures obtained
were further optimized using the Gaussian 09 program
package.39 Geometry optimizations and frequency analysis
were carried out with the Perdew—Burke—Enzerhof (PBE)
functional based on the generalized gradient approximation
(GGA)." Pople’s all electron 6-311+G(d) basis set was used
both for Cr atoms'' and Si atoms.*” All geometry
optimizations were performed without any symmetry con-
straint. Various spin-multiplicities were considered to obtain
the lowest energy spin state as a Cr atom has six unpaired
electrons (3d*4s'). Harmonic vibrational frequencies were
calculated to confirm that the structures correspond to the true
local minima. The zero-point vibrational energy corrections
were included for the relative energies of isomers. Spin
magnetic moments, atomic charges, and electronic config-
urations were evaluated based on natural bond analysis with
the natural bond orbital (NBO) version 3.1 program*~>°
implemented in the Gaussian 09 package,” which are carried
out at the PBE/6-31+G(d) level since NBO is independent of
basis set. In addition, the aromaticity is analyzed by anisotropy
of the induced current density.’”*> The partial and total
density of states are conducted by Multiwfn wave function
analysis program.>® To understand the influence of difference
functionals, the low-lying structures of the Cr,Si;s_,~ (n = 1—
3) clusters were calculated by Becke’s three-parameter and
Lee—Yang—Parr’s gradient—corrected correlation hybrid func-
tional (B3LYP) "> with 6-311+G(d) basis set. The calculated
results of B3LYP functional are in agreement with those of
PBE functional in general except that the simulated spectra
using B3LYP functional are in slightly worse agreement with
the experimental spectra. Previous theoretical studies showed
that the PBE functional is suitable for calculating the structures
and properties of Cr-doped Si clusters."””” Thus, we mainly
present the results from PBE functional here.

3. EXPERIMENTAL AND THEORETICAL RESULTS

The photoelectron spectra of Cr,Sijs_,~ (n = 1-3) clusters
recorded at 266 nm wavelength are shown in Figure 1. The
experimental vertical detachment energies (VDEs) and
adiabatic detachment energies (ADEs) of Cr,Si;s_,” (n = 1—
3) clusters obtained from their photoelectron spectra are
summarized in Table 1. The VDEs of Cr,Sijs_,~ (n = 1-3)

9887

CrS|'1 .

IIIIIIIIIIIIlfIIIIIIllIIIIIIIIIIII

Cr28|'13

IIIIIIIIIIIIIIIIIIIIIIII

Cr3S|'1 .

Illllllllllllllllllllll

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Electron Binding Energy (eV)

Figure 1. Photoelectron spectra of Cr,Si;s_,~ (n = 1-3) clusters
recorded with 266 nm photons.

clusters were evaluated from the maxima of the first peaks in
the spectra, and the ADEs were determined by drawing a
straight line along the leading edge of the first peaks to cross
the baseline of spectra and adding the instrument resolution to
the electron binding energy (EBE) values at the crossing
points.

The spectrum of CrSi;,~ possesses a small peak centered at
2.97 eV followed by an unresolved high-intensity broad feature
between 4.20 and 4.39 eV. In the spectrum of Cr,Si;;”, there
are four peaks centered at 2.95, 3.31, 3.49, and 3.58 eV,
respectively, and some unresolved broad peaks above 3.92 eV.
As for the spectrum of Cr;Sij,”, there are two peaks centered
at 2.73 and 3.34 eV, a low-intensity peak centered at 3.67 eV,
and four barely resolved peaks at 3.99, 4.16, 4.30, and 4.41 eV,
respectively.

The typical low-lying isomers of Cr,Sijs_,~ (n 1-3)
clusters obtained from DFT calculations are presented in
Figure 2 with the most stable ones on the left. Their relative
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Table 1. Relative Energies, VDEs, and ADEs of Cr,Si;s_,” (n = 1—3) Isomers Are Calculated at the PBE/6-311+G(d) Level”

VDE (eV) ADE (eV)
isomer state sym. AE" (eV) theor.” expt.© theor.” expt.
CrSiy,~ 1A A, Cy, 0.00 2.89 2.97 2.82 2.74
1B A, C,, 0.21 2.87 2.81
1C N C, 0.26 3.57 3.17
1D Ay Dy, 0.35 3.34 324
Cr,Siy;” 2A vy C, 0.00 3.01 2.95 2.92 2.76
2B A C, 0.01 2.89 2.71
2C A/ C, 0.25 3.08 2.96
2D A C, 0.93 3.07 2.92
Cr,Sij,~ 3A 5B, Dy 0.00 2.56 2.73 2.71 2.52
3B ‘A G 0.71 2.75 1.81
3C ‘A C, 0.79 3.02 2.97
3D SA C, 0.82 2.86 2.80

“The isomers labeled in bold are the most probable isomers in the experiments. “These energies are calculated at the PBE/6-311+G(d) level. “The

uncertainties of experimental VDEs and ADEs are +0.08 eV.
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Figure 2. Low-lying isomers of Cr,Si;s_,” (n = 1-3) clusters. The relative energies to the most stable isomers are listed under the geometric
structures. Yellow and blue balls stand for the Si and Cr atoms, respectively.

energies and theoretical VDEs and ADEs are summarized and
compared to the experimental values in Table 1. We simulated
the photoelectron spectra of the low-lying isomers on the basis
of theoretically generalized Koopmans’ theorem (GKT)>**
and compared the simulated spectra to the experimental
spectra in Figure 3. Additionally, we also optimized the
structures of neutral Cr,Si;s_, (n = 1-3) clusters at the PBE/
6-311+G(d) level and displayed them in Figure 4.

3.1. CrSiy,~ and CrSi;,. The most stable isomer (1A) of
CrSiy,~ has C,, symmetry with the Cr atom encapsulated in a
Sij, cage which can be viewed as a boat-shaped Sij, unit
capped by four additional silicon atoms. The calculated VDE
of isomer 1A (2.89 eV) is in good agreement with the
experimental value (2.97 eV), and its simulated spectrum
matches the peak positions, patterns, and intensities of the
experimental spectrum very well. Isomer 1B is a polyhedral
cage made of three quadrangles and six pentagons. The
theoretical VDE (2.87 eV) of isomer 1B is also close to the
experimental value, but isomer 1B is higher in energy than 1A
by 0.21 eV. Isomer 1C is converted from isomer 1B with one
of the Si atoms protruding and the silicon cage shrinking
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slightly. Isomer 1D is a polyhedron consisting of 12 rectangles,
which can also be viewed as a distorted capped hexagonal
prism composed of two chair-shaped Si4 rings and two capping
Si atoms. Isomers 1C and 1D are higher than 1A in energy by
0.26 and 0.35 eV, respectively, and their calculated VDEs are
much higher than the experimental value. Thereby, isomer 1A
is the most probable one detected in our experiments.

The most stable structure of neutral CrSi;, (1A’) is also a
C,, symmetric structure with the Cr atom encapsulated in a
Sij, cage, analogous to that of its anionic counterpart (1A,
CrSiy, ). The other low-lying isomers of CrSi,, are higher in
energy than the most stable one (1A’) by at least 0.20 eV. The
structures of CrSij, and CrSi;,~ found in this work are
consistent with previous theoretical studies.”” ' Khanna and
co-workers suggested that CrSi;, follows the 18-electron rule
and exhibits the characterristics of magic cluster.”” In this
work, the experimental spectrum and simulated spectrum of
CrSiy,~ show a large gap between the first peak and second
peak, indicating that the neutral CrSij, has a large HOMO—
LUMO gap. Therefore, our experimental spectrum and

DOI: 10.1021/acs.jpca.8b10588
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Figure 3. Comparison between the experimental photoelectron spectra and the simulated spectra of the low-lying isomers of Cr,Si;s_,” (n = 1-3).
The simulated spectra were obtained by fitting the distribution of the transition lines with unit area Gaussian functions of 0.20 eV full-width at half-

maximum.
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Figure 4. Low-lying isomers of Cr,Si;s_, (n = 1—3) clusters. The relative energies to the most stable isomers are listed under the geometric
structures. Yellow and blue balls stand for the Si and Cr atoms, respectively.

theoretical calculations confirm the prediction of Khanna and
co-workers.

The previous studies on pure silicon clusters show that the
lowest-energy structure of Sijs~ consists of a face-sharing
fusion of two deformed TTP with C,, symmetry.”**” It appears
that the Sijs~ prolate structure transforms to near-spherical
configuration when one of the Si atoms is replaced by a Cr
atom (CrSi,,°). It will be shown later that the structure
evolves to a high symmetric one when three Si atoms of Sis~
are replaced by three Cr atoms (Cr;Si;, ).
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3.2. Cr,Si;3~ and Cr,Siy3. The first two isomers of Cr,Si;3~
(2A and 2B) are nearly degenerate in energy, with isomer 2B
higher than 2A by only 0.01 eV. Isomer 2A can be regarded as
deriving from a hexagonal prism, with one Cr atom
encapsulated inside a Sij, cage, the second Cr atom face-
capping the top of the hexagonal prism, and the additional Si
atom attaching to one side of the upper Si4 ring. The Cr—Cr
bond length in isomer 2A is about 2.30 A. Isomer 2B is a
distorted hexagonal antiprism, with the last Si atom capping
the hexagonal antiprism from the opposite side of the external
Cr atom. The theoretical VDEs (3.01 and 2.89 eV) of isomers
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2A and 2B are both in good agreement with the experimental
value (2.95 eV). The simulated spectrum of isomer 2A can
match most of the peak positions and patterns of the
experimental spectrum and that of isomer 2B also matches
the experimental peaks at 2.95, 3.49, 4.11, and 4.33 eV. The
combination of the simulated spectra of isomers 2A and 2B can
fit the experimental spectrum very well. Isomers 2C and 2D are
less stable than 2A by 0.25 and 0.93 eV, respectively.
Therefore, the contribution of isomers 2C and 2D to the
experimental spectrum can be negligible, and isomers 2A and
2B are the major ones contributing to the experimental
spectrum.

For neutral Cr,Sij;, the most stable isomer (2A’) has a
hexagonal antiprism structure, with the last Si atom capping
the hexagonal antiprism from the opposite side of the external
Cr atom. It resembles the second isomer (2B) of Cr,Si;;” but
in slightly more symmetric shape. The Cr—Cr bond length in
isomer 2A’ is about 2.29 A. The second isomer of Cr,Sij;
(2B’) is somewhat similar to the first isomer (2A) of Cr,Si;; ™.
The switch of the stability order indicates that the number of
electrons has an effect on the geometric structures.

3.3. Cr;3Si;,~ and Cr;Si;,. As for Cr;Si;,”, the most stable
structure (3A) is a Dgy symmetric antihexagonal prism in
which a Cr—Cr—Cr central axle is surrounded by two Sig rings,
which is similar to the Dy, wheel structure of V,Si;,.°”%" The
calculated VDE of isomer 3A is 2.56 eV, in agreement with the
experimental VDE (2.73 eV). The simulated spectrum of 3A is
also in good agreement with the experimental spectrum of
Cr;Sij, . The other isomers (3B, 3C, and 3D) are much higher
in energy than isomer 3A by 0.71, 0.79, and 0.82 eV,
respectively. Therefore, isomer 3A is the most probable one
detected in our experiments.

The most stable structure of neutral Cr;Si;, (3A’) is also an
antihexagonal prism with Dg; symmetry, similar to its anionic
counterpart. Isomer 3A’ is lower in energy than the second
isomer (3B’) by 1.10 eV, demonstrating that the D,
symmetric structure is very stable. The Cr—Cr bond lengths
in Cr;Si;, are 2.27 A, while those in Cr,;Si;,” are 2.33 A. The
Si—Si bond lengths of the Si rings are calculated to be 2.43 A
for anion and neutral; the Si—Si bond lengths between two Sig
rings are 2.53 A for Cr;Si;, and 2.54 A for Cr;Sij, . These
indicate that the geometric structure of neutral Cr;Sij, is
slightly more compact than that of its anionic counterpart. It is
worth mentioning that the Cr—Cr interactions in Cr,Si;, /% are
quite strong because the Cr—Cr bond lengths in Cr,Si;, /% are
longer than that in the Cr, molecule (1.68 A)* but shorter
than that in metallic chromium (2.51 A).*

4. DISCUSSION

4.1. Charge Distributions and Magnetic Properties of
CrSiy,~, Cr,Si;s~, and CrsSi;;~. We conducted natural
population analysis (NPA) on the most stable structures of
CrSiy,~, Cr,Sij3~, and Cr;Sij,~. The charges, magnetic
moments, and electron configurations of the Cr atoms in
these species are presented in Table 2 (those of Si atoms are
shown in the Supporting Information, Table S1). For CrSi;,,
the interior Cr atom carries considerable negative charges
(—2.91 &) while all the Si atoms have small amounts of positive
charges (+0.12 to 0.16 e). Similarly, for Cr,Si;;, the charges
on the internal Cr atom are about —2.17 e while that on the
surface Cr atom are about —0.40 e. As for Cr;Si;,, the internal
Cr atom carries —2.42 e charges whereas the two surface Cr
atoms and 12 Si atoms have small amounts of positive charges.
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Table 2. NPA Charges, Chromium Atomic Moments (u,),
Total Magnetic Moments (1), and Natural Electron
Configuration of the Most Stable Isomers of Cr,Si;s_,” (n =
1-3)

natural electron

NPA on Her Hr configuration on Cr

cluster ~ atom  Cr atom [uB]  [uB] atom
CrSi,,~  Cr -291 0.72 3d74450554p0 14440
Cr,Si;;~  Cr -2.17 —-0.57 3 3d73040544p0 0844022
Cr, —0.40 2.86 3d574s0424p%P4d"1
Cr;Si;,~  Cr —242 —-0.29 7 3d752450564p0 034423
Cry, 0.04 3.66 3d34940284p0104 4007
Cry, 0.04 3.66 3d549450284p0104 4007

It is found that the electron numbers on the Si 3s orbitals
decrease by ~0.5—0.6 while those on the Si 3p orbitals
increase by ~0.4—0.5 (Table S1), designating there are strong
hybridizations between the Si 3s and 3p orbitals and there are
electrons loss for the Si atoms. From the natural electron
configurations on Cr (Table 2), it can be seen that the 3d
orbitals of the internal Cr atoms gain a significant number of
electrons, which is more likely due to the strong interaction
between the Cr 3d orbitals and the Si 3s and 3p orbitals. The
total magnetic moments of CrSi,,~, Cr,Si;37, and Cr;Sij,” are
calculated to be 1, 3, and 7 uB, respectively (Table 2). The
local magnetic moments on the Si atoms are very small. The
local magnetic moments on the interior Cr atoms are 0.72 uB
for CrSiy,~, —0.57 uB for Cr,Si;5~, and —0.29 uB for Cr;Si;,~,
respectively. The surface Cr atom of Cr,Sij;~ has local
magnetic moments of 2.86 B, whereas the two surface Cr
atoms of Cr;Sij,” each have local magnetic moments of 3.66
uB. Overall, the magnetic moment of interior Cr atom is
quenched because of the interaction with the Si atoms. The
magnetic moments of Cr,Sij;~ and Cr;Sij,” are mainly
contributed by the surface Cr atoms. It is in agreement with
the charge distributions because the d orbitals of the surface Cr
atoms have more unpaired electrons.

4.2. Density of States and Electron Delocalization of
Cr3Si;; . We investigated the partial density of states (PDOS)
of Cr;Sij,” and presented the results in Figure 5. The Cr—Si
and Cr—Cr interactions can be interpreted based on Figure S.
It can be seen that, for the surface Cr atoms, there are strong
overlaps between Cr, d and Sig p. For the interior Cr atom,
very strong overlaps also exist at —1.05 to —2.75 eV between
Cr; d and Sig p. The overlaps between Cr d and Si p states
confirm the NPA analysis that strong interaction exists
between the Cr 3d orbitals and the Si 3p orbitals, which
contribute to the stability of Cr;Sij, . Regarding the Cr—Cr
interaction, the majority spin of the interior and surface Cr
atoms overlaps at the Fermi level and at the location between
—1.39 and —2.37 eV, indicating the Cr—Cr interaction is also
strong. In addition, it is found that the majority spin of Cr, d
has a large feature at —0.85 eV while the Cr; d shows a large
feature of minority spin at 1.86 eV, which is in agreement with
the local magnetic moments of the Cr atoms (the surface Cr
atoms carry the most magnetic moments, while the interior Cr
has a small local magnetic moment).

To further understand the stability and electron delocaliza-
tion of Cr;Si;,”, we conducted the anisotropy of the induced
current density (ACID)>"*” analysis at the PBE/6-311+G(d)
level and displayed the results in Figure 6. As shown in Figure
6, the orientation of magnetic field is orthogonal with respect
to the ring plane. There is a strong diatropic plotting on two
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Figure S. Partial density of states (PDOS) for Cr;Si;,”. Purple dashed
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Figure 6. Plots of AICD for Cr;Si;,” at different isosurface values for
top and side views. The external magnetic field vector is orthogonal
with respect to the ring plane and points upward.

hexagonal Si4 rings. The results of ACID analysis demonstrate
that the electrons are delocalized strongly on the Sij, cages. In
addition, the nucleus independent chemical shifts (NICS)®**®
can also be employed to confirm the electron delocalization of
Cr,Si;,~. The NICS(1) value of Cr;Si;,”, which is calculated at
the point located 1 A above the center in direction
perpendicular to the ring plane® and close to the center of
the Si4 ring, is calculated to be —113 ppm at the GIAO/PBE/
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6-311+G(d) level. The large negative NICS(1) values of
Cr;Sij,~ confirm the results of ACID analysis, indicating that
the Si;, cage is aromatic.

5. CONCLUSIONS

Cr,Sijs_,~ (n = 1-3) clusters were investigated by using size-
selected anion photoelectron spectroscopy. Their structures as
well as those of their neutral counterparts were studied with
DFT methods. The most stable structure of CrSi,,~ is found to
be C,, symmetry with the Cr atom encapsulated in a Si,, cage.
The photoelectron spectrum of CrSi;,” anion confirms that the
neutral CrSij, has a large HOMO—-LUMO gap. Cr,Si;;~ has
two isomers nearly degenerate in energy: one can be
characterized as a Si atom interacting with a Cr,Si,, hexagonal
prism while the other can be viewed as one Si atom capping a
distorted Cr,Si), hexagonal antiprism. The Dg; symmetric
wheel structures of Cr;Si,,’° are much lower in energy than
their corresponding second isomers, suggesting that the Dy,
structures are very stable. The magnetic moments of CrSiy,",
Cr,Si;;, and Cr;Si,~ increase from 1 to 3 #B and then to 7
uB with the increasing number of Cr atoms in the clusters. The
magnetic moments of Cr,Sij;~ and Cr;Sij,” are mainly
contributed by the surface Cr atoms.
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