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ABSTRACT: Gas-phase NbMg, (n = 2—12) clusters were fully searched by CALYPSO ~
software, and then the low-energy isomers were further optimized and calculated under .| =" s <.
DFT. It is shown that the three lowest energy isomers of NbMg, (n = 3—12) at each size .
are grown from two seed structures, i.e., tetrahedral and pentahedral structures, and the ] \
transition size occurs at the NbMgg cluster. Interestingly, the relative stability calculations o] oo
of the NbMg; cluster ground-state isomer stand out under the examination of several
parameters’ calculations. The charge-transfer properties of the clusters of the ground-state
isomers of various sizes had been comprehensively investigated. In order to be able to
provide data guidance for future experimental probing of these ground-state clusters, this
work also predicted infrared and Raman spectra at the same level of theoretical = | ... ...

calculations. The results show that the multipeak nature of the IR and Raman spectra e
predicts that it is difficult to distinguish them directly. Finally, the optical properties of
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these clusters were investigated by calculating the static linear, second-order nonlinear, and
third-order nonlinear coeflicients. Importantly and interestingly, the NbMgg cluster was shown to have superior nonlinear optical
characteristics to all other clusters; thus, it is a powerful candidate for a potentially ultrasensitive nonlinear optical response device for

some special purpose.

1. INTRODUCTION

In the last decades, the study of atomic clusters has attracted
increasing interest from researchers.' ™ It is because, on the
one hand, they are always size-dependent below a critical size
and therefore have many size-dependent physical and chemical
properties. On the other hand, the atomic clusters often show
peculiar structures and are thus potential units for some
functional nanomaterials, which has led to great importance in
the field of theoretical research of nanomaterials.”> The study
of various gas-phase or ligand-protected liquid-phase atomic
clusters has been extensively reported, e.g, metallic atomic
clusters such as gold,é’7 silver,®™1° molybdenum,“ cobalt,'*7 16
copper,”’18 nickel,"” ™! magnesium,zz’23 etc., and nonmetallic
objects such as carbon,”**° boron,””*® and silicon.””*° These
studies have greatly advanced the application of atomic clusters
in catalysis, combustion, crystal growth, nucleation and
solidification, phase change, sol—gel, thin-film formation, and
sputtering. Interestingly, the study of doped atomic clusters
can also provide theoretical explanations for the physical and
chemical properties of some alloying materials, e.g., first-
principles studies of Zn—Mg variable-component clusters have
shown that Mg,Zn,, and MgZn, are the best candidates for
optimizing the corrosion protection of zinc—magnesium alloys.
Such studies are of great importance as they greatly contribute
to research and development in the field of nanomaterials.”'
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It is well-known that materials science always classifies
materials into three categories, namely, 3-dimensional bulk
materials, 2-dimensional planar materials, and 1-dimensional
linear materials, so that clusters in sizes smaller than
nanoparticles are usually referred to as O-dimensional.'
However, it should be emphasized that atomic clusters have
various structures, and it is these structures that are responsible
for their amazing properties. The key task in clusters research
is to obtain their structures, and the usual research route is to
conduct relatively low-cost theoretical studies to calculate and
predict some spectral properties first and then to verify them
by more costly experiments. Atomic clusters of a specific
atomic number arranged spatially according to different
orientations have different configurations, and their energies
obviously differ. Therefore, based on some smart algorithm,
atomic clusters are studied to obtain structures by performing
global optimization and conformational search of clusters to
find the lowest-energy isomers on their potential energy
surfaces.””>* These globally optimized low-energy isomers are
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Figure 1. Isomer structures of NbMg,-(®, ®, and ®) (n = 2—12) clusters; @, @, and ® mean the lowest order of isomer energy. The energy (in eV)
under each isomer is the energy difference relative to that of the ground-state isomer.

often theoretically predicted and thus require experimental
confirmation. Various spectral properties, such as IR, Raman,
UV—vis, and photoelectron spectra, are powerful data to guide
experimental verification. For example, these spectral values
were calculated theoretically for magnesium-based clus-
35740 gilicon-based clusters,""** and boron-based clus-
ters.*>** These studies, although they are mostly carried out
theoretically and have no possibility of being experimentally
confirmed in the short term, can, on the one hand, fill the
database of atomic clusters and, on the other hand, they are
basic scientific problems that must be clarified for people to
understand the macroscopic structure of atoms aggregated into
clusters to blocks. Therefore, the study of clusters with a wide
range of material applicabilities, including their spectroscopic
studies, is always favored by researchers. Interestingly, despite
the industrial importance of niobium* and magnesium,***’
the study of niobium-doped magnesium clusters has not been
reported. Specifically, this work doped single neutral Nb atom
into Mg, (n = 2—12) clusters. The geometric growth
mechanism, relative stability, and various spectral properties
of NbMg, (n = 2—12) clusters of each size will be
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systematically investigated. In addition, the linear and non-
linear optical (NLO) properties of the NbMg, (n = 2—12)
ground-state isomers have also been fully studied.

2. COMPUTATIONAL METHODS

The search for all initial low-lying energy isomers’ structures of
NbMg, (n =2—12) on the global potential energy surface was
performed by CALYPSO software.”® CALYPSO is a useful tool
to efficiently predict the structures of crystals,"”*" clus-
ters,>' ¢ or functional materials under external environments
(e.g, pressure),’”® given only the chemical composition of
the compound. The initial SO structures were randomly
generated by symmetric constraints, and subsequently, 80% of
the previous-generation structures with high fitness were
selected using the particle swarm optimization algorithm to
generate new structures, while the remaining 20% were
randomly generated. Considering the similar structures with
respect to bonding characteristics, we excluded them using the
bond characterization matrices. The structure search was
performed for 20 generations with S50 structures per
generation. Thus, a total of 1000 test structures were
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Table 1. Bonding Energy per Atom (E,), the Second-Order Difference Energy (A,E), HOMO—LUMO Energy Gap (Egap), the
Lowest Vibrational Frequency, VIP, and VEA in the Ground-State Isomers of NbMg, (n = 2—12) Clusters

isomer E, (eV) A,E (eV) Egp-a (eV) EnB (eV) lowest Freq (cm™) VIP (V) VEA (eV) KS-gap (eV) F-gap (eV)
NbMg, 0.35 1.31 3.38 33 5.29 0.78 4.69 4.51
Nng3 0.53 0.15 1.40 2.56 86 5.48 1.19 3.96 4.29
NbMg, 0.61 0.14 1.41 2.22 64 5.30 1.31 3.63 3.99
NbMg; 0.64 -0.20 1.59 1.56 44 5.17 0.98 3.14 4.19
NbMg, 0.69 -0.71 1.76 1.48 13 4.85 0.85 3.24 4.00
NbMg, 0.81 0.71 1.11 2.15 18 4.25 1.21 3.26 3.05
NbMg 0.83 1.03 1.13 1.39 7 442 091 2.52 351
NbMg, 0.74 ~111 1.01 1.77 39 4.59 1.85 278 273
NbMg,, 0.77 —024 114 1.93 35 453 1.35 3.07 3.17
NbMg,, 0.81 0.38 1.05 111 11 439 1.32 217 3.07
NbMg,, 0.82 1.06 1.09 40 442 1.56 2.15 2.86
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Figure 2. (a) E, (b) A,E, and (c) Eg,, for a electrons. (d) VIP and VEA in the ground-state isomers of NbMg, (n = 2—12) clusters.

preoptimized for each NbMg, using the b3pw91 functional®”

and a small 6-31G basis set” using the Gaussian09 program.®!
For each size of NbMg,, the 30 lowest-energy isomers were
selected for the next stage of higher-level structural
optimization calculations, which adopted the b3pw91 func-
tional and the 6-311g(d) basis set® for Mg and the
pseudopotential basis set lanl2dz®* for Nb. Since the NbMg,
cluster has a closed-shell layer structure for Mg, and an open-
shell layer for Nb, the 2,4,6, and 8 spin multiplicity states were
optimized for each cluster separately. In addition, the simple
harmonic vibration frequency calculations performed along
with structural optimization require that no imaginary
frequencies appear, ensuring that the obtained states
correspond to local minima on the potential energy surface.
This choice of calculation level is based on the previous
successful studies of Mg-based clusters reported.’>**>> Note
that in all structural optimization calculations, a default
convergence criterion of Gaussian 09 was used. The charge
transfer characteristics of doped atom and host atom were
analyzed through natural bond orbital (NBO) calculations.®
When calculating the dipole moment, polarizability, and first
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hyperpolarizability, the dispersion function [DFT-D3(BJ)] was
considered,”* while the dispersion correction basis set should
be 6-311G+(d). The graphical representation of the unit
spherical a polarization was implemented through Multiwfn
sofware.®®

3. RESULTS AND DISCUSSION

3.1. Geometry Growth of NbMg,, (n = 2—12) Clusters.
The structures of the three lowest-energy states of each size
cluster, NbMg,-®, NbMg,-®, and NbMg,-®, as well as point
group symmetries, electronic states, and energy difference to
the ground-state isomer, are shown in Figure 1. In addition, the
atomic coordinates of the ground-state isomers of the NbMg,
(n = 2—12) cluster are given in Table S1 of the Supporting
Information. Isomers 2-® (Cq,, °A;) and 2-®@ (C,,, *B,) show
the isosceles triangle structure. The Mg—NDb bond lengths of
the two isomers are 2.80 and 2.86 A, respectively, and the Mg—
Nb—Mg bond angles are 98.2° and 67.3°, respectively. Isomer
2-® (Cyy *Z,) has a Mg—Mg—Nb linear structure, where the
Mg—Mg and Mg—Nb distances are 3.29 and 2.94 A,
respectively. The second and third lowest-energy isomers of

https://doi.org/10.1021/acsomega.3c05113
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Table 2. Natural Charge Population and Natural Electron
Configuration Analysis on Nb Atoms in the Ground-State
Isomers of NbMg, (n = 2—12) Clusters

clusters NCP-Nb (e) NEC—Nb (e)

NbMg, —0.57 [core]5S0914d*435023

NbMg, ~113 [core]$§1034d 434505354001 6,002
NbMg, _1.88 [core]5S144d*+905 5077540016006
NbMg —331 [core]SS1114d5:805p1345 40036003
NbMg, ~523 [core] 58089446885 p2 4354002
Nng7 _6.82 [CoreJ551.4l4d7.495P2.915d0.01
NbMgg —748 [core] 5518347615 p30354001
Nng9 _5.76 [CoreJ55l.394d6.585p2.765d0.026P0.0l
NbMg,, —6.81 [core] SS1154d7-385p305540026,001
NbMg;, —7.68 [core]5S"724d7725p31654001 600!
NbMg,, —7.52 [core] 5515947765 p31654001 6,001

the NbMg, cluster are 0.38 and 0.42 eV higher than the energy
of the ground-state isomer, respectively. For the NbMg;
cluster, the ground-state and the second-lowest-energy isomers
show similar tetrahedral structures. The 3-@(Ds, °A,’) isomer
is an equilateral triangular structure (Mg—Mg distance of 4.91
A), where the Nb atom is in the geometric center (Mg—Nb
distance of 2.84 A). The energy of the ground-state isomer of
NbMg; is 0.31 and 0.35 eV lower than the second-lowest and
third-lowest energy isomers, respectively. The structures of the
three lowest-energy isomers of the NbMg, cluster are all based
on the tetrahedral shape of 3-® grown by the adsorption of
one Mg atom in different orientations. The isomers 4-@ (Cs,
°A’) and 4-® (C,,, *B,) have 0.10 and 0.28 eV higher energy
than the ground-state isomer 4-® (C,,, °A,), respectively. For
the clusters NbMg;, NbMg,, NbMg;, and 8-© (D, ’B,), the

structures of the isomers are obtained based on tetrahedral
structure growth, except for the structure of isomer 5-@ (Cs,,
*A,), which is a tent type with a pentagonal bottom edge. Their
energy differences relative to their own ground-state structures
are distributed in the range of 0.01—0.93 eV. Starting from the
8-@ isomer, the shape of the NbMg, (n = 9—12) cluster
changes, and the structure of the tetrahedral basic unit is
difficult to be observed directly. In some perspectives, they
grow as a unit of a pentahedral structure. The 8-® isomer
appears to be special because its upper part is pentahedral and
its lower part is tetrahedral, so we can identify it as a
transformation node size for the structural change of the
NbMg, cluster. It is necessary to emphasize that this complex
structure, which grows up in a pentahedral structure,
sometimes presents a tower-like (such as BeMg,™) or yurt-
like®”*" structure. Interestingly, isomers 8-@ and 8-® have the
similar quadrangular antiprism structures, which are the same
as the structure of the lowest-energy isomers of the 4d-
transition-metal atom X-doped Mgg host (X =Y, Zr, Nb, Mo,
Tc, Ru, Rh, Pd, and Ag).67 It should be noted, however, that
our study shows that this structure is not the lowest-energy
isomer of NbMgs. In addition, NbMg, (n = 8—12) cluster
calculations show that their second-lowest and third-lowest
isomers have energies in the range of 0.05—0.56 eV higher than
their ground-state isomers.

In summary, our calculations show that in addition to the
NbMg, clusters showing linear and planar structures, the
structural growth of Nb atom-doped Mg, (n = 3—12) clusters
is based on the growth of tetrahedral and pentahedral
structures, which can be regarded as two seed unit structures,
as presented in Figure S1 of the Supporting Information. It is
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Figure 3. Charge transfer characteristics analysis: (a) NCP and (b) NEC for Nb and Mg atoms in the ground-state isomers of NbMg, (n = 2—12)
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Figure 4. Theoretical calculation of IR and Raman spectra for the ground-state isomers for NbMg, (n = 2—7) clusters.

interesting to note that the spin multiplicity of the small-sized
NbMg, (n = 2—S5) ground-state isomer is 6, while those of the
ground-state isomers of BeMg,,°° GaMg,,””** and other Mg-
based clusters are mostly 2.

3.2. Relative Stability Property of NbMg,, (n = 2—12)
Clusters. Because the ground-state isomers are lowest in
energy, it means they are more stable and worthy to be studied.
The lowest vibrational frequencies of all of the ground-state
clusters in Table 1 are greater than zero (no imaginary
frequency), confirming that they are the local lowest-energy
states on their potential energy surfaces. Since the stability of
clusters varies with their size, it is extremely important to study
the relative stability of the ground-state clusters. Information
on the coordinates of all the ground-state isomers is given in
Table S1 of the Supporting Information. Six energies, binding
energy per atom (E,), the second-order energy difference
(ALE), the energy gap between the highest occupied molecular
orbital and lowest unoccupied molecular orbital (HOMO—
LUMO E,,), the vertical ionization potential (VIP), the
vertical electron affinity (VEA) energy, and the fundamental
energy gap (VIP-VEA), are commutated to study the relative
stability of the ground-state isomers of NbMg, (n = 2—12)
clusters.
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Eb(Nng,,) = [E(Nb) + nE(Mg) — E(Nngn)]/(n +1)

(1)
A,E(NbMg ) = E(NbMg _ ) + E(NbMg, _)
— 2E(NbMg,) )
Egap(Nngn) = ELUMO(Nng,,) - EHOMO(Nng,,) 3)
EVIP = Eneutralstructure(Nng;:l) - Eneutralstructure(Nngn)
(4)
EVEA = Eneutralstructure(Nngn) - Eneutralstructure(Nng;l)
©)
Eundamental - gp VIP-VEA (6)

The E in eqs 1—S5 represents the energy of the substance in
the brackets to its right, the —1 and +1 appearing in VIP and
VEA are the charge properties of the corresponding clusters in
the neutral structure, and E,.yaistructure((NDMg,) means the
energy of the fixed neutral cluster structure.

Table 1 presents the results of these energy calculations, and
they are shown graphically in Figures 2 and S1 in the
Supporting Information. As shown in Figure 2a, the overall
trend of the E, curve of the lowest-energy state of NbMg, (n =

https://doi.org/10.1021/acsomega.3c05113
ACS Omega 2023, 8, 41391-41401
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2—12) clusters increases with increasing cluster size. The
largest Ej, value of 0.83 eV occurs at n = 8, indicating that it has
higher relative stability than other clusters. As can be seen from
eq 2, the A,E value is a parameter that measures the relative
stability of a cluster with its neighbors, and its larger value
indicates higher relative stability and vice versa. The A,E curve
oscillates with cluster size in Figure 2b, and the maximum
value of 1.03 eV is also observed at NbMg;. This indicates that
the ground state of the NbMg;g cluster has the highest relative
stability. HOMO—LUMO E,,;, values for @ and /3 electrons are
calculated and plotted in Figures 2¢ and S2 in the Supporting
Information. The magnitude of the Eg,, value is a useful
parameter to reflect the chemical stability of clusters. On the
one hand, for a-electrons, NbMg has the largest Ep value
(1.76 eV). Locally, NbMgz and NbMg,, have higher stability
than their neighboring clusters. On the other hand, for p-
electrons, NbMg, has the largest E,,, value (3.38 eV), and
NbMg; and NbMg,, have locally larger E,,, values. When
considering the Kohn—Sham gap (KS-gap)” of the clusters,
i.e., the sum of the @ and f electronic contributions, Table 1
and Figure S3 in the Supporting Information reveal that the
KS-gap values of the NbMg, isomers are becoming smaller as a

whole, with the KS-gap of NbMg, being the largest (4.69 V),
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and locally, NbMg, and NbMg,, are more stable than their
neighboring clusters. Finally, for the energy values that reflect
the ability of the cluster to gain and lose an electron, VIP and
VEA were calculated separately. As shown in Table 1 and
Figure 2d, both VIP and VEA values of the lowest energy state
of NbMg, (n = 2—12) clusters are positive, indicating that
neutral NbMg, clusters are required to absorb and release
energy for ionization and affinity of one electron. It is shown
that the NbMg; ground-state isomer possesses the largest VIP
value of 5.29 eV, and locally, the NbMg, ground-state isomer
has a VIP value of 4.59 eV larger than that of any of its
neighbors. This suggests that both are more difficult to ionize
relative to other clusters and thus more stable. The VEA curve
shows that the NbMg, cluster has the largest affinity energy
with a value of 1.85 eV, followed by NbMg,, with 1.56 eV.
Locally, the VEA values of both NbMg, and NbMg; are larger
than those of their neighboring clusters, suggesting that these
clusters are more stable as they release more energy when
gaining electrons. It can be safely concluded that the ground-
state isomer of NbMgy presents a relatively remarkable stability
in terms of the electron affinity and ionization. Since the
difference between VIP and VEA is the Fundamental gap (F-
gap) of the system, it is another useful parameter to measure
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cluster stability. Table 1 and Figure S3 in the Supporting
Information show that the NbMg, ground-state isomer
possesses the largest F-gap value (4.51 eV), followed by
NbMg; (4.29 eV). Locally, the NbMg;, NbMgg, and NbMg,,
ground-state isomers have a larger F-gap than their neighbors.
It is shown that the trends of KS-gap and F-gap curves with
cluster size are overall decreasing but are different in the
NbMg;—NbMg, interval.

The above study shows that the ground-state isomer of the
NbMg; cluster exhibits relatively superior relative stability.

41397

When Mg doped with another atom (X) in the magnesium-
based clusters (XMgyg), it is found to exhibit high stability has
also been reported in other studies. For example, Si, Ge, and
Sn-doped®””® Mg, all exhibit similar structures and high
stability, However, it is worth noting that the structures of
these isomers are different from that of the NbMgg ground-
state isomer, as shown in this study.

3.3. Charge Transfer Characteristics Analysis of
NbMg,, (n = 2—12) Clusters. In this work, the results of
natural charge population (NCP) and natural electron
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configuration (NEC) on Nb and Mg atoms in NBO
calculations are shown in Tables 2, S2 and S3 in the
Supporting Information. Figure 3 visualizes the NCP and
NEC of the lowest-energy isomers of the Nb and Mg atoms of
the NbMg, (n = 2—12) cluster. As shown in Figure 3a, in all
clusters, Nb atoms, in the range of —0.58 to —7.68 e, are
gained electrons, while all Mg atoms play the role of losing
electrons in the range of 0.09—1.04 e. The character of charge
transfer between Nb and Mg atoms in the NbMg, (n = 2—12)
ground-state isomer clusters derives from their electro-
negativity since the electronegativity value of the Mg atom is
1.31, whereas that of the Nb atoms is 1.6, and so the Nb atom
attracts electrons more readily.

The NECs of Nb and Mg atoms reflect the number of
specific orbital electrons, as can be seen from Tables 2, S2 and
S3 in the Supporting Information, where Mg atoms gain and
lose electrons mainly in the 3S and 3p valence orbitals, with
occasional electron transfers to the 4S, 3d, and 4p orbitals; in a
few clusters, atoms undergo electron transfers in the 5S, 4d,
and Sp valence orbitals, all but NbMg, clusters gain a small
number of electrons in the Sd orbital, and most clusters gain
electrons in the 6p orbital (see Figure 3b). Specifically, Mg
atoms in all clusters lose electrons in the 3S orbitals in the
range of —0.33 to —1.14 e, and all other orbitals are electron
gainers, whereas Nb atoms gain electrons in the 4d, Sp, 5d, and
6p orbitals, and the SS orbitals of Nb atoms gain electrons in
all clusters, except for a small number of electrons lost in
NbMg, (0.09 e) and NbMg, (0.11 e). These results indicate
that during the formation of the NbMg, (n = 2—12) ground-
state isomer clusters, the 3S orbitals of the Mg atoms are the
“home base” for electron transfer, and most of them are
transferred to the valence orbitals of the Nb atoms, which
results in the emergence of the sp-hybridized orbitals of the Mg
atoms and the spd-hybridized orbitals of the Nb atom.

3.4. IR and Raman Spectra of NbMg, (n = 2-12)
Clusters. IR and Raman spectra are closely related to the
structural and vibrational states of clusters and are also
experimentally directly detectable spectra. Therefore, here we
have further predicted the IR and Raman spectra of all ground
states of NbMg, (n = 2-12) clusters by theoretical
calculations. The positions of the six peaks with high relative
intensities of IR and Raman for the NbMg, (n = 2—12)
ground-state isomers are shown in Table S4 of the Supporting
Information and then plotted in Figures 4 and S. The IR and
Raman spectra of the NbMg, cluster have only single peaks at
195 and 188 cm™', respectively. For the NbMg, cluster, its
strongest IR peak appears at 94 cm™!, while the strongest
Raman peak can be found at 213 cm™". Moreover, as shown in
Table S4, two strong IR peaks and three Raman peaks appear
at 186, 134, 136, 186, and 94 cm’, respectively. The
calculations show that the strongest IR peak and the strongest
Raman peak of the NbMg, cluster can be detected at 221 and
64 cm™'. In addition, there are five additional IR peaks and
three Raman peaks distributed between 94 and 221 cm™". The
strongest IR and Raman peaks of the NbMgs cluster can be
detected at 262 and 218 cm ™!, respectively. Another five strong
Raman and four IR peaks can be found in the range of 44—262
cm™". The strongest IR peak of the NbMg, cluster appears at
117 cm™’, while its strongest Raman peak appears at 233 cm ™.
Two more subintense Raman peaks of NbMg¢ can be found at
286 and 70 cm ™!, while five stronger IR peaks can be found in
a larger frequency band (12—304 cm™). The strongest IR and
Raman peaks of the NbMg, cluster appear at 109 and 249

cm™, the second and third strongest IR peaks can be found at
244 and 324 cm™', while the other three strong Raman peaks
appear at 94, 129, and 324 cm™’, respectively. Both the IR and
Raman strongest peaks of the NbMgg cluster appear at 190
cm™, and the other two IR and four Raman strong peaks are
distributed in the band from 30 to 297 cm™. Both IR and
Raman spectra of NbMgy clusters show several strong peaks in
the 400 cm™ band, where the strongest IR and Raman peaks
can be detected at 285 and 228 cm™}, and the remaining five
Raman and IR peaks are distributed in the frequency band
from 124 to 316 cm™". The IR and Raman strongest peaks of
NbMg,, and NbMg,, clusters are coincident, and they are
located at 274 and 276 cm™', respectively, while the strongest
IR and Raman peaks of NbMg;, can be detected at 248 and
197 cm™, respectively. Multiple strong IR and Raman peaks of
these three clusters are also detected in the frequency band
from 82 to 306 cm ™.

All the IR and Raman strong peaks of the ground-state
isomer of the NbMg, cluster are distributed in the far-IR
region less than 400 cm ™', while the three strongest peaks are
mainly distributed in the range of 100—300 cm™, as shown in
the last subplot of Figure 5. This indicates that it is still difficult
to directly detect by IR and Raman spectroscopy.

3.5. Linear and Nonlinear Optical Properties of
NbMg, (n = 2—12) Clusters. Because of their structural
diversity, atomic clusters often exhibit special optical properties
that are worth studying. As the last part of the study, the
permanent dipole moment (u,), polarizability (a), first and
second hyperpolarizability (ff and y) for each size NbMg, (n =
2—12) ground-state isomer under a static external electric field
are calculated to investigate their linear and NLO character-
istics. The corresponding y, @, B, and y formulas and results
are presented in Table S5 of the Supporting Information. As
shown in Table S5—2 and Figure S4 in the Supporting
Information, the dipole moment calculations for NbMg, show
that i, is not zero for all clusters, except for the NbMg; cluster,
and this result is consistent with the conclusion of cluster point
group symmetry (presented in Figure 1). It is noteworthy that
NbMg; does not have a permanent dipole moment, indicating
that it is the only one that has a totally symmetric electrically
neutral cluster. The linear optical properties are described by
the isotropic @, and anisotropic @, of the static polarization
tensor @, while the second-order f and third-order ¥ NLO
parameters allow the NLO properties of the clusters to be
studied. It is important to explain that Figures 6 and S5 in the
Supporting Information show curves of the values of these
polarizability quantities (@, f, and y) corresponding to specific
directions with cluster size, while Figures 7 and S6 in the
Supporting Information plot more visually the unit sphere
representation of the optical coefficients of all clusters. The
color change of the arrows in the figures of the unit sphere
representation follows a blue—white—red variation, with
shorter arrows being bluer and longer arrows being redder,
indicating their corresponding larger polarizability values.

As shown in Figure 6a and Table S5—1 in the Supporting
Information, the a;,, of NbMg, clusters overall increases with
increasing cluster size, but the isotropic linear optical
parameter (a,,) of NbMgg (943.22) clusters is the largest
one compared to all other clusters, indicating that it has the
most pronounced linear response to optics under electrostatic
field conditions. While the a,;, curves oscillate with increasing
cluster size, the three local maxima appear at the NbMg,
(257.92), NgMg, (152.24), and NbMg, (327.72) clusters,
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respectively. This implies that the linear optical response of
these three clusters to the electrostatic field in different
directions has a more significant difference compared to that of
other clusters, with the most intense in the NbMg; cluster. To
demonstrate this optical property more visually, Figures 7 and
S6 in the Supporting Information also show the unit sphere
representation of all clusters a. For the second-order nonlinear
coeflicients, the variation of the absolute value quantities in the
parallel () and perpendicular directions (£, ), respectively u,,
is presented. It is obvious that both § and 8, for NbMg; are
zero, indicating that its NLO response remains insensitive in
the second-order fine structure. NbMg, has the second
smallest f; and B, values, but it has great polarizability in
the x direction, indicating that it has a sensitive NLO response
in this reverse direction, which is directly demonstrated in
Figure 7b. Interestingly, the third-order NLO coefficient
calculation shows that both y; and y, of the NbMgg cluster
exhibit an extremely excellent NLO response, which can be
directly related to its hyperfine structure. Figure 7c,d shows
that the NbMg;g cluster possesses extremely large values of the
third-order NLO coeflicient y, followed by NbMg;, and
NbMg;,. Figure 7f, on the other hand, shows that the y values
of the NbMgg cluster appear light blue only in a very small
direction, indicating that it is sensitive to the NLO response in
most directions. Furthermore, the unit sphere representation of
Figure S6 in the Supporting Information with regard to a, j,
and y shows that the NbMgs cluster has the best isotropy of
linear and NLO features, followed by the NbMg; cluster. In
addition, the u,, a, f, and y curves in all directions shown in
Figure S5 in the Supporting Information further confirm that
the NbMgg cluster appears to be very special.

In conclusion, the ground-state isomer of the NbMg;g cluster
possesses the most fascinating optical properties. Because,
although it does not have a permanent dipole moment and its
linear optical response and second order NLO coefficients
show no special properties, its third-order NLO response is
extremely excellent in one direction, indicating that it is a
powerful candidate for a potentially ultrasensitive NLO
response device.

4. CONCLUSIONS

Using CALYPSO and GAUSSIAN code, NbMg, (n = 2—12)
gas-phase clusters are fully studied in this work. The structural
growth mode study reveals that NbMg, (n = 2—12) clusters
are growing based on the seed of tetrahedral and pentahedral
structures. Stability calculations for several parameters indicate
that the relative stability of the ground state of the NbMgg
cluster is outstanding. Charge transfer characteristics of Nb
and Mg atoms were fully studied. Infrared and Raman spectra
are theoretically calculated in detail in order to give guidance
for future experimental probes. Finally, the linear and NLO
response properties of the ground-state isomers of NbMg, (n =
2—12) under a static electric field were explored by calculating
and plotting the static polarizability and hyperpolarizability
tensor. NbMg, was found to have excellent NLO properties
and is a strong candidate for the future development of Nb-
doped magnesium cluster-based assembled nano-optical
materials.
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