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ABSTRACT: Silicon clusters doped with a transition metal (TM) atom have been 
intensively studied due to their novel properties and superior stability for possible 
usage as building blocks of future nanoelectronics. Besides the selection of the doped 
element, introducing the number of dopant atoms as another dimension adds 
versatility to tuning the cluster properties. However, there are few studies of silicon 
clusters doped with multiple TM atoms. Here, we present a study of V3Sin

− (n=14–18) 
by combining high-resolution photoelectron spectroscopy (PES) measurements with a 
search of their global minimum energy structures based on a homemade genetic 
algorithm coupled with density functional theory (DFT) for energy calculations. The 
simulated photoelectron spectra of the putative global minimum structures are in fair 
agreement with the experimental ones, which gives evidence for their authenticity as 
the ground-state structures. In these clusters the three V atoms always bond with each 
other and form an acute triangle, which can be seen as a nanoscale analogue of phase 
segregation in the bulk. For the size range n=14–17, each of the ground-state 
structures has a silicon basket-like structure with the vanadium triangle inside, while 
V3Si18

− has a baseball-mitt-like structure almost completely encapsulating the V3 
triangle. The average binding energy of TMSin

− (TM= V1, V2, V3) indicates that the 
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more V atoms are doped the more stable the clusters are. Among these clusters, only 
V3Si14

− have a total magnetic moment of 2 μB, making it a potential structural unit for 
magnetic storage devices. Mulliken population analysis and the electron spin density 
show that V atoms at different positions have different contributions to the total 
magnetic moments, and d electrons in V atoms contribute the most.

1. INTRODUCTION

Being the embryos of bulk silicon (Si), Si clusters have been extensively 
investigated owing to their potential applications in the next generation of 
microelectronic devices.1-9 Due to their chemical reactivity, 1,10-12 the transition metal 
(TM) doped Si clusters have attracted great attention since such doping may enhance 
their stability and bring novel physical properties.13-18

A large number of experimental and theoretical studies have been reported on the 
geometric structures and physical properties of single TM atom doped Sin clusters. 
For example, the electronic properties of CrSi8−12

−,20 TM-Si6-20
− (TM= Sc, Ti, V, Y, 

Zr, Nb, Hf, Ta),19 MSi16
− (M = Sc, Ti, V, Y, Zr, Nb, Lu, Hf, Ta)16 and MSi16

− (M =Sc, 
Ti, V)15 have been studied by PES. The stability of TM (Cr, Mn, Cu, Mo, W)-doped 
Si clusters has been investigated through mass spectrum (MS) experiments, showing 
that CrSi15,16

+, MnSi15,16
+, and CuSi6,10

+ are especially stable.17 Similarly, MS also 
shows that MSi16 (M = Sc−, Ti, V+, Y−, Zr, Nb+, Lu−, Hf and Ta+) have high stabilities 
due to their closed geometric and electronic configurations.15, 16 Besides the 
experimental efforts, intensive theoretical studies on the structures and electronic 
properties of TiSi2–15,21 CrSi8–17

−,22 Si14–17M (M=Cr, Mo, and W),23 Si14–18M (M=Sc−, 
Ti, V+),24 FeSi2–14,25 CoSi1–13 

26 and NiSi1–8 
27 also have been conducted. The direct 

combination of experiments and theoretical calculations has proven to be especially 
fruitful. A series of single-TM-doped (TM = V, Cr, Cu, Nb, Ag) Sin

− (n≤18) clusters 
were systematically studied based on combining PES and DFT calculations, whereby 
many structures and properties have been unveiled.28-34

The selection of the doping element is one factor to stabilize and tune the 
properties of these mixed clusters. Doping with several atoms introduces the number 
of dopants as another dimension to tailor the desired properties. This also opens more 
questions such as about their geometric structures, how the stability is affected, 
whether the dopants are segregated or separated in the cluster and how the chemical 
properties vary due to resulting HOMO-LUMO gap changes. More importantly, these 
studies also open an avenue to gain insight into the early growth stages of bulk alloys. 
Therefore, it is of special interest to explore the structures and properties of multi-
TM-atom doped Si clusters.
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As discussed above, comprehensive studies have been dedicated to Sin clusters 
with a single TM atom dopant, whereas only few works have focused on clusters with 

multi-TM-atom dopants. Systems such as VmSin
− (m=1–2, n=3–6)35 , V2Sin

− (n=1–

10)36, Sc2Six
−(x=2–6)37, and TMSin

− (TM=V2,Cr2; n=14–20)38 were studied, revealing 
the existence of a strong V–V interaction and weak Sc–Sc interaction in those 
clusters. They also show that V2Si20 adopts a fullerene-like Si20 cage as the structural 
motif with the vanadium dimer encapsulated inside.39 Another study predicted that 
both Cr2Si13

− and Cr3Si12
− possess large magnetic moments of 3μB and 7μB, 

respectively.40 It has also been reported that V3Si12
− has a surprisingly large magnetic 

moment of 4μB.41 To the best of our knowledge, there are just three published studies 
about small size Sin clusters doped with three TM atoms (V3Si12

−,41 V3Si3−14
−,42 and 

Cr3Si12
− 40), while larger sizes (n>14) have not been explored yet. This might be due 

to the lack of experimental data and the great challenge of determining the global 
minimum geometries, given the huge amount of possible isomer structures for 
multiple TM atoms and a large number of Si atoms).  

Here, experimental PES and DFT calculations were carried out to explore the 
structural evolution and electronic properties of V3Sin

− in the size range n =14–18. 
The authenticity of the found ground state structures was justified by the reasonable 
agreement between the simulated PESs and the measured ones. The electronic 
structures and growth patterns are discussed systematically. It was found that the V 
atoms tend to segregate forming the core of the cluster and that the cluster stabilities 
are superior to those of pure silicon clusters.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Experimental methods

The experiments were performed employing a magnetic-bottle PES apparatus 
equipped with a magnetron sputtering gas aggregation cluster source, which has been 
described in detail elsewhere.9,32,33,38,43 In brief, V and Si atoms were sputtered from a 
sandwiched VSi target by a magnetically confined plasma into a liquid nitrogen 
cooled aggregation tube filled with a mixture of the carrier gases helium and argon 
(ratio 3:1) under a total pressure of about 0.5 mbar, where V and Si atoms aggregate 
into clusters. Then, after expansion into the vacuum, the clusters were fed into a 
radio-frequency 12-pole cryogenic ion trap cooled down to 10 K. In this trap the 
clusters were thermalized by collisions with helium buffer gas under a pressure of 
around 10−3 mbar. The V-doped Si clusters were extracted collinearly forming cluster 
bunches and analyzed by a high-resolution, double reflection time-of-flight mass 
spectrometer. A given cluster size was selected by a multi-wire mass gate in between 
the two reflectors with a resolution of about m/∆m=2000, before being decelerated 
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and photodetached by a 248 nm KrF laser for the PES acquisition in the interaction 
region of the photoelectron spectrometer. Photoelectron spectra s were typically 
averaged over 30000 laser shots at a repetition rate of 100 Hz; calibration using the 
PES of Pt− under the same conditions ensured measured binding energy uncertainties 
of smaller than 30 meV. 

2.2. Theoretical methods

In order to get global minimum (GM) structures, the global search was 
conducted through a homemade genetic algorithm code32,33,38,44,45 interfaced to the 
ORCA program46,47 for energy calculations. During the searching process, the BP86 
functional48 and def2-SVP basis set49,50 were employed to optimize the isomers 
generated from the searching code. For each cluster size, more than 3000 
configurations were generated to assure a high chance of locating the global minimum 
on the potential energy surface. The top 10-30 low-energy isomers were further 
optimized by using def2-TZVP basis set to acquire more accurate structures. The 
diffuse def2-TZVP (def2-TZVPD)51 basis set was adopted to acquire electronic 
energies with higher accuracy. All the structures have no imaginary frequencies from 
the vibration analyses results. Zero-point-energy (ZPE) corrections were included for 
the relative energy calculations. Among all the tested functionals (see supplementary 
materials), including PBE,52 BLYP,53,54 PBE0,55 TPSS,56 TPSSh,57 and B3P58, BP86 
yields vertical detachment energies (VDEs) and electronic density of states of the 
lowest-lying isomers of V3Sin

− (n=14−18) closest to the measured ones.

The first VDE was calculated as the total energy difference between the anionic 
and the neutral cluster, both within the relaxed geometric structure of the anion. In 
order to directly compare with the experimental spectra, each line of the Kohn–Sham 
(KS) eigenvalue spectrum was broadened by convolution with a Gaussian function 
with a width of 0.06 eV to yield the simulated density of states (DOS). Then, the 
spectra were shifted by the difference of the VDE and highest-occupied KS orbital 
(HOMO) energy to generate simulated PES according to the generalized Koopmans’ 
theorem.59 The graphs of the V3Sin

− (n=14−18) clusters were rendered by using 
Visual Molecular Dynamics (VMD) software.60 The electron spin density and 
population analysis were performed with the Multiwfn 3.8 (dev)61 based on the output 
results of the ORCA program. Considering that the Mulliken population analysis is 
very sensitive to the diffuse basis set, therefore, the population analysis is performed 
at the BP86/def2-TZVP level.

3. RESULTS AND DISCUSSIONS

3.1. The photoelectron spectra of V3Sin− (n =14−18)
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Figure 1. Uppermost panels: experimental PES spectra of cold V3Sin
− (n = 14–18), 

measured at a photon energy of 5.0 eV. Lower panels: theoretical PES spectra, 
calculated by density functional theory at the BP86/def2-TZVPD level for the 
structures shown in Figure 2. 

The measured photoelectron spectra for the V3Sin
− (n=14−18) clusters are shown 

together with the simulated spectra of the putative global minimum structures in 
Figure 1. In the experimental PES, each spectrum has several peaks labeled as X and 
A to E. The X peak represents the electron detachment transition from the anionic 
ground state to that of neutral cluster, whereas the higher energy peaks, A to E, denote 
the detachment transitions to the excited states of the neutral species. The VDEs for 
the first observed peaks are listed in Table 2, in comparison with the calculated ones.

  There are three main peaks (X, D, and E) in the PES of V3Si14
−, centered at 3.40 

eV, 3.90 eV and 4.33 eV. Moreover, there are two slightly smeared small peaks at the 
bottom of the valley between peaks X and C, and a peak D next to the main peak E. 
The measured spectrum of V3Si15

− is several ripples sitting on a ramping slope, from 
which we can see five barely resolved peaks, located at 3.38 eV, 3.69 eV, 3.95 eV, 
4.15 eV and 4.34 eV. For V3Si16

−, the peaks X and A are partially overlapping, 
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centered at 3.65 eV and 3.78 eV, followed by two well resolved peaks B and C and a 
large band, centered at 4.00 eV, 4.30 eV and 4.60 eV, respectively. The PES of 
V3Si17

− has a smeared weak peak X centered at 3.53 eV, a well resolved A peak 
centered at 3.70 eV, a B peak centered at 3.95 eV, and a broad peak C centered at 
4.40 eV. Similar to V3Si17

−, the spectrum of V3Si18
− has three resolvable peaks X, A, 

and C, and a band B located at 3.70 eV, 3.94 eV, 4.55 eV, and 4.2 eV, respectively. 

In order to obtain more information, lowest energy structures of these clusters 
have been searched globally, and the results are shown in Figure 2. The relative 
energies of these isomers are given in Table 2. The calculated photoelectron spectra of 
these structures are compared to the measured ones in Figure 1; more isomers and 
simulated spectra are displayed in the Supplementary Materials. In general, the main 
features of the measured spectra for these V3Sin

− clusters are reproduced by the 
calculations for the lowest energy structures, which evidences that the correct ground 
state structures of these clusters have been found.  

3.2. Structures of the V3Sin− (n =14−18) clusters

Figure 2. Low-lying structures of V3Sin
− (n = 14−18) clusters with symmetries given 

in parenthesis. They are marked with nA, nB, and nC ordered by energy (eV). Grey 
and yellow balls represent V and Si atoms, respectively.
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Figure 2 shows the low-lying structures of V3Sin
− (n=14−18) clusters optimized at 

the BP86/def2-TZVP level. For size n=14, the lowest-energy structure can be viewed 
as a V3 triangle inserted into a Si hexagonal prism, forming a V2 axle and substituting 
one Si atom on the top hexagon with a V atom. The other three Si atoms form a halo-
like triangle above this V atom substitute. This structure is consistent with an earlier 
report.42 Nevertheless, our calculation shows that 14A is not in a singlet state as stated 
in that report,42 but in a triplet state, which is lower in energy by 0.051 eV than the 
singlet at the BP86/def2-TZVPD level. The structure of isomer 14B can be obtained 
by reconstruction of the upper three silicon atoms in 14A, resulting in C1 symmetry. 
The isomer 14C can be viewed as a basket-like Si11 with an inserted V3 triangle and 
three extra silicon atoms attached on the top. The lowest-energy structure of V3Si15

−, 
can be constructed by inserting a V3 triangle into a severely distorted heptagon-
hexagon basket with two Si atoms forming a handle-like structure in C1 symmetry. 
Isomers 15B and 15C also adopt a similar Si12 basket-like structure with a V3 triangle 
inserted and with three silicon atoms added on top. The lowest-energy structure of 
V3Si16

− can be viewed as a basket-like Si15 structure with a silicon atom attached on 
the surface and a V3 triangle inserted inside. Isomer 16B has a Si13 basket-like shape 
with three Si atoms forming a triangle like handle and the V3 triangle inside, overall 
showing C1 symmetry. The isomer 16C can be seen as a Si16 cylindrical cage with a 
partially embedded V3 triangle having one exposed V atom. For V3Si17

−, both 17A 
and 17C can be regarded as grown from 16C. Isomer 17B can be obtained by adding a 
Si atom to the top of the isomer 16B. In V3Si18

−, the lowest-energy structure can be 
viewed as a Si18 baseball-mitt-like structure catching a V3 triangle with only one 
exposed V atom. The isomer 18B can be regarded as a distorted and extended version 
of 17A. The isomer 18C can be seen as a V3 triangle embedded in a Si18 cage with one 
exposed V atom. 

Table 1. The average V–Si, Si–Si, and V–V bond lengths of the lowest-energy 
structures of V3Si14-18

− clusters based on BP86/def2-TZVP optimization. rV–Si and rSi–

Si are the average V–Si and Si–Si bond lengths, and rmax_V-V, rmid_V–V and rmin_V-V are 
the maximum, middle and minimum V–V bond lengths, respectively.

Bond length (Å)Cluster rV–Si rSi–Si rmax_V-V rmid_V–V rmin_V-V 
V3Si14

– 2.60 2.47 2.99 2.90 2.32
V3Si15

– 2.65 2.40 2.96 2.47 2.25
V3Si16

– 2.67 2.42 2.60 2.59 2.26
V3Si17

– 2.64 2.49 3.29 2.38 2.32
V3Si18

– 2.63 2.51 2.85 2.82 2.29
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In all cases, vanadium atoms form an acute triangle within the cluster which is 
consistent with smaller sizes of V3Si3-14

− reported previously.42 In the ground-state 
structures of V3Si3−14

−, when the size is less than 11, all three V atoms are exposed, 
while for larger sizes, one of the three V atoms is embedded inside the cluster.42 As 
illustrated in Figure 2, for the size of 14≤n≤17, the lowest-energy structures of V3Sin

− 
always have two exposed V atoms, while there is only one exposed V atom in the 
lowest-energy structure of V3Si18

−. From the structural evolution of V3Sin
−

 (n=3−18), 
it can therefore be expected that all three V atoms will be encapsulated inside a closed 
Si cage as the cluster grows even larger. 

In order to obtain more bonding information, we examined the average V–Si, Si–
Si, and V–V bond lengths of the lowest-energy structures of V3Si14-18

− clusters; the 
results are summarized in Table 1. The average V–Si bond lengths are in a range of 
2.60~2.67 Å, which is longer than the average Si–Si bond (2.40~2.51 Å). The shortest 
V–V (rmin_V-V) bonds are between 2.25 Å and 2.46 Å, which is shorter than the 
average Si–Si and V–Si bond lengths. In each of V3Sin

− cluster, the maximum (rmax_V-

V) and middle (rmid_V-V) V-V bond lengths are longer than the average V–Si and Si–Si 
bond lengths, respectively, except for V3Si16

– and V3Si17
– with the shortest rmax_V-V and 

rmid_V-V, respectively. These results indicate that each V3Sin
− (n=14–16,18) cluster 

possesses one strong V–V bond, while V3Si17
– has two. 

3.3. Electronic Properties of the V3Sin− (n=14−18) clusters

Table 2. Spin multiplicities (SM), relative energies (ΔE), average binding energies 
(Eb), HOMO-LUMO gaps (EHL), vertical detachment energies (VDEs), and adiabatic 
detachment energies (ADEs) of the isomers of V3Sin

− (n=14−18). The uncertainties in 
the experimental VDEs and ADEs are given in the parentheses.

Theo. (eV) Expt. (eV)Isomer SM ΔE 
(eV)

Eb 
(eV) EHL(eV) VDE ADE VDE ADE

3 0 4.085 0.320 3.30 3.1814A 1 0.051 4.082 0.301 3.24 3.12
14B 1 0.383 4.062 0.491 3.40 3.22V3Si14

−

14C 1 0.402 4.060 0.732 3.43 3.33

3.40(3) 3.22(3)

1 0 4.076 0.540 3.28 3.10 15A 3 0.235 4.063 0.539 3.04 2.86
1 0.080 4.070 0.622 3.45 3.31 15B 3 0.481 4.049 0.351 3.04 2.90

V3Si15
−

15C 1 0.327 4.056 0.708 3.51 3.44 

3.38(3) 3.21(3)

1 0 4.090 0.520 3.53 3.51 16A 3 0.328 4.073 0.429 3.20 3.18
1 0.057 4.087 0.598 3.65 3.49 16B 3 0.325 4.073 0.567 3.38 3.22

V3Si16
−

16C 3 0.549 4.060 0.390 3.27 3.21

3.65(3) 3.35(3)

V3Si17
− 17A 1 0 4.088 0.804 3.44 3.33 3.53(3) 3.40(3)
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3 0.590 4.059 0.536 2.85 2.74
1 0.020 4.088 0.390 3.66 3.58 17B 3 0.327 4.072 0.595 3.35 3.25

17C 1 0.170 4.080 0.689 3.53 3.37 
18A 1 0 4.111 0.534 3.67 3.57 
18B 1 0.456 4.091 0.889 3.51 3.44 V3Si18

−

18C 3 0.739 4.077 0.189 3.33 3.25
3.70(3) 3.49(3)

In order to further confirm the authenticity of the found ground state structures, the 
VDE extracted from the measured PES were compared with the simulated ones listed 
in Table 2 and displayed in Figure 3 (a). The results show a maximum deviation of 
0.09 eV between the measured and calculated VDEs at size 16, which indicate a good 
match. The VDE values show even-odd oscillations in a small range of 3.30~3.70 eV. 
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Figure 3. The vertical detachment energies (VDEs), HOMO-LUMO gaps, and 
average binding energies (Eb) of V3Sin

− (n = 14–18) cluster anions are shown as a 
function of n with comparison of V1Sin

− and V2Sin
− at the same theory level from 

references 32 and 38, respectively.

The HOMO-LUMO gap, i.e. the energy difference between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), are 
shown in Figure 3(b). It shows that the HOMO-LUMO gaps of V1Sin

－(n = 14-16) 
(see Table S2) are significantly larger than that of V2Sin

− and V3Sin
−. 

For a V3Sin
− cluster, the stability can be evaluated through the average binding 

energy (Eb) defined by Eb(V3Sin
−) = [(n-1)E(Si) + 3E(V) + E(Si−) – E(V3Sin

−)]/(n+3), 
where E(V3Sin

−) represents the energy of V3Sin
−, E(Si), E(Si−) and E(V) are the total 

energies of the single Si atom, Si anion, and V atom, respectively. The average 
binding energy of the ground-state V3Sin

− is presented as a function of cluster size in 
Figure 3(c), it shows prominent odd-even oscillation in the range of 4.076 ~ 4.111 
eV/atom. This cannot be an electronic effect as all of the clusters have an even 
number of electrons, and therefore has to be attributed to the evolution of their 
geometric structures. It is also noticeable that the enhancement of the stability of 
silicon clusters with the amount of doped V atoms. The average binding energy of 
V3Sin

− is still far below the bulk cohesive energy of silicon (4.63 eV62), but 
significantly larger than the binding energy of silicon clusters of the same size,63 
which indicates a stability enhancement by the TM doping. 

3.4. Magnetic Properties of the V3Si14− cluster

Figure 4. Isosurface mappings of the electron spin density of V3Si14
− cluster. The 

isosurface is set to ± 0.005 e/Å3. Green and red isosurfaces indicate the positive (spin-
up) and negative (spin-down) electron spin density, respectively.
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Table 3. Mulliken population analysis results of magnetic moments (in units of the 
Bohr magneton μB): magnetic moments of each vanadium atom (μV), of their atomic 
d-orbitals (μV-d), and total magnetic moments (μT) of V3Si14

− cluster, with the results 
of the Hirshfeld population analysis in parentheses for reference. In order to 
distinguish V atoms which are on the top, bottom and side, they are called Vt, Vb and 
Vs, respectively.

atom μV μV-d μT 

Vt -0.004 (0.030) 0.007
Vb -0.075 (-0.018) -0.060V3Si14

−

Vs 1.557 (1.267) 1.400
2 (2)

To investigate the magnetic properties of V3Si14
− cluster, the calculated spin-density 

isosurfaces are displayed in Figure 4. Furthermore, Mulliken population analysis 
(MPA) was conducted and the results are summarized in Table 3. As shown in Figure 
4, the excess alpha electrons marked by the green zones mainly appear around the 
lateral V atom in V3Si14

−, indicating the major magnetic moments of this V atom. 
Further MPA analysis indicates that the magnetic moments are dominantly 
contributed by the d electrons of the V atoms, as one would expect.

4. CONCLUSIONS

In this work, joint PES measurements and DFT calculations were conducted to 
investigate V3Sin

− (n=14–18). The calculated spectra of the lowest-energy structures 
generated by the global search code are in fair agreement with the experimental 
results giving evidence that the correct ground state structures have been found. The 
three V atoms tend to bond with each other, usually forming an acute triangle 
surrounded by Si atoms which is a nascent nanoscale analogue to bulk phase 
segregation. For sizes n=14 to 17, the triangle formed by the V atoms resides inside a 
silicon basket-like structure, while for V3Si18

− the V3 triangle is partially encapsulated 
by a baseball-mitt-like structure. Among these clusters, only V3Si14

− has a nonzero 
total magnetic moment, namely a moment of 2 μB. Mulliken population analysis 
shows that this magnetic moment is dominantly contributed by the least encapsulated 
V atom.

ASSOCIATED CONTENT

Supporting Information

The experimental and simulated photoelectron spectra of V3Sin
− (n = 14–18) for the 

lowest energy structures by using seven functionals are shown in Figure S1. The VDE 



12

values used seven different functional for the ground state of V3Sin
− (n = 14–18) are 

summarize in Table S1. More isomer structures and their simulated photoelectron 
spectra of V3Sin

− (n = 14–18) are depicted in Figure S2 and Figure S3, respectively. 
The Cartesian coordinates of the low-lying isomers of V3Sin

− (n = 14–18) clusters at 
the BP86/def2-TZVP level can be found in the compressed file xyz.zip.
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Highlights

 The low-lying isomers of V3Sin
− (n=14–18) clusters were globally searched by 

using a homemade genetic algorithm code coupled with the density functional 
theory calculations.

 The ground-state structures of these clusters were confirmed by the comparison of 
the simulated and experimental photoelectron spectra.

 The three V atoms tend to bond with each other, usually forming an acute triangle 
surrounded by Si atoms which is a nascent nanoscale analogue to bulk phase 
segregation.

 Among these clusters, only V3Si14
− has a nonzero total magnetic moment, namely 

a moment of 2 μB.
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Graphical Abstract

The structural evolution and electronic properties of V3Sin− (n=14–18) were investigated 

by the combination of high-resolution photoelectron spectroscopy (PES) measurements and 

density functional theory calculations. The ground-state structures of these clusters were 

confirmed by the comparison of the simulated and experimental spectra. The three V atoms 

tend to bond with each other, usually forming an acute triangle surrounded by Si atoms 

which is a nascent nanoscale analogue to bulk phase segregation.


