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Our studies show that VSi;,” adopts a V-centered hexagonal
prism with a singlet spin state. Addition of the second V atom
leads to a capped hexagonal antiprism for V,Si;,” in a doublet
spin state. Most interestingly, V;Si;,” exhibits a ferrimagnetic
bicapped hexagonal antiprism wheel-like structure with a
total spin of 4 pj.

Silicon is the backbone of microelectronics industry. The
miniaturization trend of electronic devices has motivated
tremendous efforts to develop new silicon nanostructures' and to
investigate silicon clusters *°. Transition metal (TM) doped
silicon clusters are of particular interest because the TM dopants
not only can stabilize silicon clusters®” but also introduce novel
physical/chemical properties such as large HOMO-LUMO gaps®,
high magnetic moments’, and tunable hyperpolarizability'”.
Moreover, these metal-encapsulating silicon clusters may act as
building blocks in novel materials'"* '2, such as one-dimensional
(1D) ferromagnetic nanotubes'*'.

Among the previous studies on the metal-doped silicon
clusters, TM@Si,, clusters has attracted particular attention® '* '*
1723 Hiura et al.® reported high stability of a WS, cluster, which
possesses an endohedral tungsten atom in a silicon cage
configuration and fulfills the 18-electron rule.*** Sen and Mitas
% systematically investigated encapsulation of a TM atom (3d,
4d, and 5d series) inside a Si;, hexagonal prism cage and found
the cage configuration to be remarkably stable regardless of the
species of TM atom. Khanna and co-workers'* found that the
stability of Cr@Si;, can be also explained by the 18-electron rule
and the large magnetic moment (6 pg) of the Cr atom is
completely quenched by the Sij, hexagonal prism. In addition,
they also explored the ground state geometries, electronic
properties, and stabilities of the other TM@Si;; (TM=Sc-Ni)
clusters using density functional theory (DFT) calculations'” ',

Until now most experimental and theoretical studies are
focused on silicon clusters doped with a single TM atom, while
much less is known about silicon clusters with multiple TM
dopants. Ji and Luo® investigated the geometries, magnetic
properties and stabilities of a number of TM,Si;g (TM = Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn) clusters using DFT calculations.
They found that the magnetic moments of these clusters are
mostly quenched except that Mn,Sig, Fe,Sijg and Cu,Sig are
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magnetic with total moments of 2 pp. A spin moment of 2 pg was
also found in a hydrogenated Cr,Si;sH, cluster %, Xu et al. used
photoelectron spectroscopy and DFT to reveal strong V-V
interaction and weak Sc-Sc interaction in the V,Si,'* ¥ and
Sc,Si, ™ clusters, respectively. Furthermore, they showed that the
V,Siy cluster has a V, unit encapsulated inside an elongated
dodecahedron Si,, cage structure'?. Since the V-V interaction is
very strong, it would be especially interesting to investigate how
the structures and properties of V-doped silicon clusters change
upon incorporation of additional V atoms.

In this communication, we report photoelectron spectroscopy
and density functional theory studies of V.Si;,;” (x=1, 2, 3)
clusters illustrating the effect of multiple TM atoms on the
equilibrium structures of silicon frameworks as well as the
electronic and magnetic properties of the TM-Si binary clusters.
Most impressively, we found that V;Si;,” has a wheel- like
bicapped hexagonal antiprism structure and is ferrimagnetic with
a total magnetic moment of 4 pg, making it promising building
block in nanoscale spintronics and high-density magnetic storage.

Table 1. Binding energy (E,), VDE, ADE, and total magnetic moments
of VSij, (x=1, 2, 3) clusters (unless specified with “Expt.”, all values are
from DFT calculations.

Cluster E, VDE (eV) ADE (eV)  Spin
(eV/atom) Expt. Theo. Expt. Theo. (ug)
VSi;, 4.09 3.82+0.08 3.94 3.71+0.08 3.87 0
V,Siy 4.12  3.66+0.08 3.75 3.55+0.08 3.69 1
V;Siy 4.13  2.59+0.08 2.54 2.44+0.08 2.53 4

The lowest-energy configurations of V,Sij, (x=1, 2, 3) clusters
from GA-DFT global optimizations are shown in Fig. 1. The
structures of some low-lying isomers are given in Figure S1 of
the Supporting Information. For each anionic cluster, we
computed the vertical detachment energy (VDE) and adiabatic
detachment energy (ADE). The binding energies, VDEs, ADEs,
and total magnetic moments of these three clusters are
summarized in Table 1. Based on the ground state geometries, the
photoelectron spectra of V,Sij,~ (x=1, 2, 3) cluster anions are
simulated using the PBE-DND scheme and compared with the
experimental spectra in Fig. 2. The VDEs and ADEs from
theoretical calculations are very close to the experimental values
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with average deviations of ~0.1 eV. The experimental
photoelectron spectra of V,Sij, cluster anions are also well
reproduced by the theoretical calculations. The excellent
agreements clearly indicate that our DFT-GA global search has
located the true ground state configurations of the V,Sij,” (x=1, 2,
3) clusters, and that our PBE/DND scheme is able to describe the
electronic states of these clusters to a satisfactory extent.

V,Si;;” (Dgy)

V,Siy (Gy)

V;Sii, (Dgg)

Fig. 1 Ground state structures of V,Si» (x=1, 2, 3) clusters.

As shown in Fig. 1, VSij, adopts a hexagonal prism cage (Dgp,)
with an endohedral V atom. This is in agreement with the
structures of the neutral VSi;, '*2?® and the VSi;, anion '* found
by previous DFT calculations as well as the distorted hexagonal
prism structure of the VSi;,” cation found by infrared multiple
photon dissociation spectroscopy®'. Moreover, VSi;, possesses a
closed shell electronic configuration with a large HOMO-LUMO
gap of 2.01 €V, obeying the 18-electron rule'” '® 2%, Indeed, the
spatial distributions of molecular orbitals exhibit the distinct
feature of a 1S?1P°1D' electron shell (Figure S2). Like its
isoelectronic counterpart CrSi' %, the VSi,~ cluster is entirely
non-magnetic. Previous DFT calculations'® %® predicted that the
ground state of TM@Si;, clusters for the 3d TM series usually
has the lowest spin multiplicity, i.e., singlet for even numbers of
electrons and doublet for odd numbers of electrons.
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Fig. 2 Photoelectron spectra of V,Sij,” (x=1, 2, 3) clusters. Upper:
experiment, lower: theoretical simulation. In the theoretical spectra, a
uniform Gaussian broadening of 0.1 eV is chosen and the energy levels of
clusters from DFT calculations are labelled by short vertical lines.

Incorporation of another vanadium atom into VSij, transforms
the hexagonal prism cage of Sij, skeleton into a distorted Sij,
hexagonal antiprism with C,, symmetry, with the second V atom
capping one of the hexagonal faces of the antiprism. Owing to the
strong V-V interaction'® %, the two V atoms in V,Si;, cluster
tend to stay together. Note that the isomer with two separated V

40 atoms (isomer d in Figure S1) is energetically less favorable by
1.67 eV. Like VSij,, V,Sij, still adopts the lowest spin
multiplicity (doublet state).

Further addition of the third V atom leads to a bicapped
hexagonal antiprism (Dgg). This can be viewed as a wheel

45 structure, in which three V atoms form a central axle surrounded
by the Sij, hexagonal antiprism. A similar Dg, wheel structure
with a Sij, hexagonal prism rather than antiprism (isomer d in
Figure S1) is found to be less stable by 0.912 eV. Clearly,
incorporation of multiple V atoms has a pronounced effect on the

so geometry of Sij, frame. More impressively, the magnetism of V
atoms are partially recovered after inclusion of the third V atom.
According to our spin-polarized DFT calculations, doping three
V atoms into Sij, cluster leads to a total magnetic moment of 4 pp
for the anionic cluster and 3 pg for the neutral cluster,

ss respectively.

e

~

DOS (states/eV)

DOS (states/eV)

Energy (eV)

Fig. 3 Partial density of states (DOS) for V;Sij, cluster. Blue curves

60 denote p orbitals of six Si atoms belonging to the same layer of the
antiprism, and red curves are d orbitals of one V atom (upper for the
surface V, atom bonded with the six Si atoms, lower for the interior V;
atom). Green dashed line is the Fermi level.

es The magnetic moments of the neutral and anionic V;Sij,
clusters can be interpreted by the Wade-Mingos rules®* **| which
historically were derived to relate the structures of polyhedral
boranes to the number of skeletal electrons. Later they were used
to explain the shapes of other clusters isoelectronic and isolobal
with boranes®. According to the Wade-Mingos rules, 2n+2
electrons are needed for skeletal bonding in a deltahedron with n
vertices where a deltahedron is defined as a polyhedron with all
triangular faces. Normally counting skeletal electrons by the
Wade-Mingos rules assumes that each vertex atom uses three
valence orbitals for skeletal bonding, leaving any remaining
orbitals for bonding to external groups or for lone pairs. In the
case of V;Sij,, the interior V atom contributes all of its five
valence electrons, and the surface V atoms can be assumed to use
a six-orbital sd® manifold since the 4p orbitals are too high in
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energy for its valence orbital manifold. This leaves three external
orbitals to accommodate the five valence electrons of each
surface V atom. One of these external orbitals thus has an
unpaired electron thereby contributing to the overall spin of the
cluster. As a consequence, the surface V atoms do not contribute
any electrons to the skeletal bonding.

In counting skeletal electrons in V;Sij,, each silicon atom
contributes two skeletal electrons leaving an external lone pair.
These two skeletal electrons for each silicon atom combined with
10 the five skeletal electrons from the central vanadium atom leads

to a total of 12x2+5=29 skeletal electrons corresponding to one

hole, i. e., one unpaired electron in the 30 skeletal electron closed
shell configuration for a 14-vertex bicapped square antiprism.

This hole, together with the two unpaired electrons from the two
15 surface vanadium atoms, result in a total of three unpaired

electrons in the neutral V;Sij,, corresponding to a magnetic

moment of 3 pp. The extra electron in the V3Si;,” anion does not
pair up with any of these unpaired electrons, but instead increases
the total magnetic moment to 4 pip.
20  Furthermore, population analysis of V;Si;,” (Table S1) shows
that the alignment of local magnetic moments on V atoms is
ferrimagnetic with +2.4 ug on each of the surface V atoms and
—0.6 up on the interior V atom. The magnitude of on-site moment
of the interior V atom is about 1/4 of that of surface V atom and
non- negligible. There are also small and negligible induced
moments on Si atoms (—0.018 pg on average). Intuitively, the
ferrimagnetism of V3Sij;” can be attributed to the different
coordination numbers (CN) of the interior V atom (CN=14) and
the surface V atoms (CN=7) as well as the different V-Si bond
50 lengths, i.e., 2.682 A for the interior V atom and 2.707 A for the
surface V atoms (Table S2). It is known that reduced CN and
elongated interatomic distance can result in enhanced local
magnetic moment on the TM atom in a cluster **.
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Fig. 4 Geometries and isosurfaces of spin densities (green for majority
spin and yellow for minority spin) for V3Si;, cluster (left) and V,Si;,
nanowire (right).

40

The interactions between Si and V atoms can be further
analyzed by the partial density of p and d states in Fig. 3
(contribution from s states is very little and thus not shown). It is
known that p-d hybridization and Si-to-metal charge transfer are
the two key factors for quench of local magnetic moment of TM
atom in a metal doped silicon cluster '> '® 2%, From Fig. 3, one
can see that the interior V atom has stronger p-d hybridization
with surrounding Si atoms than the surface V atom. The local
magnetic moment of +2.4 ug on each surface V atom mainly
so originates from the d states of the majority spin near Fermi level,
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which only hybridize little with the p states of Si atoms. On the
other hand, the negative moment of —0.6 pg on the interior V
atom can be related to the peak of d states of the minority spin
located ~1 eV below the Fermi level, which does not overlap with
the p states of Si atoms. On-site Mulliken population analysis
(Table S1) also shows that the interior V atom gains 0.64
electrons from the surrounding Si atoms, while the surface V
atom gains only about 0.09 electrons.

As shown in Fig. 4, the hexagonal antiprism of V;Si;, may
further act as building blocks for novel 1D V-centered Si
nanowire, similar to the previous cases of TM@Si;, and
TM@Si;, clusters *'®. Our spin-polarized DFT calculations
show that the assembled nanowire is still ferrimagnetic, i.e., one
V atom with spin moment of 1.076 pg, and another one with
moment of —0.181pug. Previously, ferrimagnetic clusters were
mainly observed in small transition metal oxide systems such as
Fe,Os %%, Mn;O, Mn;0,, and Mn, O " Considering the
advantage of the mature silicon-based microelectronic technology,
the discovery of Si-based ferrimagnetic cluster (and possibly, 1D
nanowire) is rather tempting for future spintronic applications %,
such as spin filter *, exchange bias ** and spin-resolved light-
emitting diode (spin-LED) *'. In the cluster assemblies, it might
be possible to retain the negative charge on V;Si, cluster by
appropriately combining with elements of low electron affinity
(e.g., alkali metals), like the cluster-assembled ionic solids of
K(Al,;) # and Cs(BAl,,) .

To summarize, incorporation of more than one V atom in the
Sij, host cluster not only modifies the equilibrium geometry but
also partially recovers the magnetic moments of the V atoms.
Combining anion photoelectron spectroscopy and DFT-based
global search, V;Sij, cluster is shown to possess a bicapped
hexagonal antiprism structure with ferrimagnetic alignment of
local moments on the interior and surface V atoms. The Wade-
Mingos rules is able to explain the four unpaired electrons in the
14-vertex deltahedron of V3Sij,. The different local magnetic
moments on V atoms are attributed to different p-d hybridizations
between V and Si atoms. This ferrimagnetic V;3Si;;” (or V3Sijy)
cluster with high spin multiplicity is expected to be useful in
future nanoscale magnetic materials and spintronic devices.
Moreover, the present results suggest new opportunities in
tailoring the electronic and magnetic properties of doped silicon
clusters by varying the number and composition of transition
metal dopants.

Methods

The experiments were conducted on a previously described*
home-built apparatus consisting of a laser vaporization source, a
time-of-flight (TOF) mass spectrometer, and a magnetic-bottle
photoelectron spectrometer. The V-Si cluster anions were
generated in the laser vaporization source by laser ablation of a
rotating translating disk target (13 mm diameter, V/Si mole ratio
1:2) with a nanosecond Nd:YAG laser (Continuum Surelite I1-10).
Helium gas with ~4 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 TOF mass spectrometer. The V. Si;,” (x=1, 2, 3)
clusters were individually selected with a mass gate, decelerated
by a momentum decelerator, and crossed with the beam of an

This journal is © The Royal Society of Chemistry [year]
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Nd:YAG laser (Continuum Surelite II-10, 266 nm) at the
photodetachment region. The electrons from photodetachment
were energy-analyzed by the magnetic bottle photoelectron
spectrometer. The resolution of the photoelectron spectrometer is
about ~40 meV for electrons with 1 eV kinetic energy.

To determine the lowest-energy structures of V,Si;,” (x=1, 2, 3)
clusters, we performed an unbiased global search using a genetic
algorithm (GA)* * incorporated with DFT. The details of this
GA-DFT scheme can be found in our previous publication*®. For
each cluster, sixteen random configurations were generated from
scratch as the initial GA population. The GA search was
continued for at least 1000 iterations to ensure the global
minimum structure. Ab initio calculations were performed using
the spin-polarized all-electron DFT as implemented in the DMol?
program®’. The generalized gradient approximation (GGA) with
PBE parameterization®® was adopted to describe the exchange-
correlation interaction. A double numerical basis set including d-
polarization functions (DND) was employed. Vibrational
analyses were performed to ensure that the optimized structures
are true minima on the potential energy surface.

By definition, VDE is the energy difference between the anion
and the neutral cluster with the latter fixed at the anion geometry;
and AEA is the energy difference between the anionic and neutral
clusters in their optimized lowest-energy configurations. For all
calculations, only the ground-state electron configurations were
involved, and no excited state has been considered. All of the
VDE and AEA values were computed by the difference of total
energies from DFT calculations. Based on the energy levels of
anionic clusters, photoelectron spectra were simulated using the
generalized Koopmans® theorem (GKT), which has been
described before®. In the simulated DOS spectra, the peak of
each transition corresponds to the removal of an electron from a
specific molecular orbital of the cluster anion. During the
simulation, the relative energies of the orbitals (AE,) were
calculated by the equation: AE, = E(yomo.n) - Enomo, Where
E(nomo-n is the energy of the (HOMO-n) orbital from theoretical
calculations, Eygpmo is the energy of the HOMO, and AE, is the
relative energies of the (HOMO-n) orbital with regard to the
HOMO. We first set the peak associated with the HOMO to the
position of calculated VDE of each isomer, and shifted the peaks
of the deeper orbitals according to their relative energies
compared to the HOMO.

It is suspected that conventional GGA with PBE
parameterization might not be very reliable for describing
transition-metal systems with spin polarization®®. Hence, we have
employed RPBE’!, M06-L%, and M06 functionals™ (which have
been recommended for transition metals®*) to compute the VDEs
and to simulate the photoelectron spectra of the V,Sij, cluster
anions. The results are provided in Table S4 and Figure S4 of the
Supporting Information, respectively. Clearly, all four functionals
(PBE, RPBE, M06 and M06-L) are able to reasonably reproduce
the experimental VDEs, with average deviation between 0.05 and
0.09 eV. With the same PBE functional, the choice of basis sets
has only minor influence on the computed VDE values. Similar
coincidences are found in the simulated photoelectron spectra by
different methods (Figure S4). Therefore, the present choice of
PBE/DND scheme is backed up by the other functionals and basis
sets.
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