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The stable structures of silicon-doped charged magnesium nanomaterial sensor,
SiMg,*! (n = 2—12) clusters, were systematically investigated using the CALYPSO
approach coupled with the density functional theory (DFT). The growth mechanism of
SiMg,*" (n = 2—12) nanosensors shows that the tetrahedral and tower-like structures
are two basic structures, and almost all other clusters’ geometries are based on their
variants. Most importantly, the fascinating SiMgs ' and SiMgs* " clusters are obtained
through stability calculations of all the lowest energy state of clusters. These two clusters
show the strongest local stability and thus can be served as reliable candidates for
experimentally fabricated silicon-doped magnesium nanosensor. Electronic structural
properties and chemical bonding analysis are also adopted to further study the stability
of SiMgg~" and SiMgg*' nanosensors. The theoretical calculations of infrared (IR) and
Raman spectra of SiMg—1 8and SiMg+1 8clusters show that their strongest spectral
frequencies are distributed in the range of 80—240 cm~". We believe that our studies
will stimulate future synthesis of silicon-doped magnesium in loT nanosensors.

Keywords: DFT, silicon-doped magnesium, nanomaterial sensor, SiMg,** clusters, CALYPSO

INTRODUCTION

Magnesium and silicon, as important optoelectronics and semiconductor sensor materials,
have been the frontier of material science (Delgado et al., 2004; Capitdn-Vallvey et al., 2006;
Wang et al.,, 2015; Pradeep et al., 2017). With the widespread application of IoT sensors, the
development and research of magnesium or silicon sensor at nanoscale with small size and
good performance are increasingly sought after by researchers (Shukla et al., 2004; Pham et al,,
2014). New nanosensor is one of the types of nanomaterials which can be studied through
theoretical or experimental research (Zeng et al., 2012; Guo et al, 2014; Wang et al., 2020).
Generally, experimental nanomaterials research often provides some new preparation methods,
and experimental measurement of the physical and chemical quantities of materials. While
theoretical studies of nanomaterials always tend to report on some new potential materials
and calculate their physical and chemical properties. Notably, one of the most significant
theoretical studies on the nanomaterials is that these predicating nanostructures must be stable
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and experimentally feasible. Fortunately, the atomic clusters
is such an interesting and effective approach in theoretically
constructing stable nanomaterials. Cluster systems are of extreme
interest due to their physical and chemical properties which
often vary with the number of atoms they contain, this makes
different-sized nanomaterials have different properties.

In recent years, there has been an increasing amount of
reports on using atomic clusters together with the first-principle
to predict new stable nanomaterials as potential sensors (Ding
et al., 2015; Jin et al., 2015, 2016; Xia et al., 2016; Li et al., 2017;
Chen et al., 2018; Shao et al., 2019; Zhao et al., 2019; Zhang et al,,
2020) such as nanomaterials of Zr-B, Ta-B and Fe-O systems,
etc. Nanomaterials of silicon and magnesium are inevitable
and are studied through their clusters structures. Specifically,
taking silicon-containing nanomaterials as an example, Han
and Hagelberg (2001), Han et al. (2002, 2007) used density
functional theory (DFT) at B3LYP/LanL2DZ level to study
MoSi, (n = 1-6), Mo,Si, (9—16), and WSi, (n = 1-6, 12)
clusters. Their investigations show that 9MoSi3, Mo,Sijg, and
WSije clusters have relatively higher stability than others and
thus can be served as candidates for their experimental stable
nanostructures. In addition, a considerable amount of studies
have been reported on magnesium clusters (Kohn et al., 2001;
Jellinek and Acioli, 2002; Heidari et al, 2011; Xia et al,
2016). These studies theoretically predicted that Mgy, Mg and
Mgy clusters have relatively stable structures. It is exciting
that these stable structures can be obtained through cluster
spray experiments and can be used as preparations of their
corresponding nanomaterials. It is well known that silicon and
magnesium are important and widely used materials, such as
semiconductors, building materials, sensors and so on, and
magnesium silicide thin film sensor is a very interesting research
object. When the research interest in magnesium silicide sensors
is transferred to the nanometer size, it becomes very necessary to
use cluster methods to study silicon-doped magnesium clusters.
Surprisingly, to our best knowledge, except for our previous
work on silicon doped neutral magnesium clusters (Zhu et al.,
2020), few studies have been made on silicon-doped charged
magnesium alloy nanomaterials. In addition, the physical and
chemical properties of the clusters will vary with their size
and charge. Therefore, studying magnesium clusters doped
with silicon-doped cations and anions cannot only help enrich
our understanding of silicon-doped magnesium at nanoscale,
but can also provide some guidance for future applications.
Interestingly, as shown in Figure 1, the silicon-doped small-
sized anionic and cationic magnesium clusters are also physically
equivalent to piezoelectric silicon-doped magnesium clusters. In
other words, the piezoelectric state of the SiMg, cluster can be
equivalent to the silicon-doped magnesium nano-piezoelectric
sensor to some extent. In short, this paper is to research the
silicon-doped magnesium nano piezoelectric sensor and explore
their stable structures through density functional theory (DFT)
theoretical calculations. The paper is organized as following:
Section “Computational Methods” describes the computational
methods, the calculation results are reported and completely
discussed in Section “Results and Discussions,” and the final
conclusions can be found in Section “Conclusion.”
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Silicon-doped Magnesium Nano Sensor

v
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FIGURE 1 | Silicon-doped magnesium nano-ceramic cluster under physical
piezoelectric condition.

COMPUTATIONAL METHODS

CALYPSO structure searching code (Wang et al., 2010, 2012;
Lv et al, 2012) was adopted to find the structures of
low-lying isomers of piezoelectric silicon-doped small-sized
magnesium clusters. Several useful structure search techniques,
such as symmetry constraints, bond characterization matrix,
atom-centered symmetrical function, and structure randomness
generation, are included in CALYPSO code. It has been reported
that the structures for various systems ranging from clusters
to crystal structures have been successfully predicted using
CALYPSO (Zhao et al., 2017; Sun et al., 2019; Lin et al., 2020;
Lu and Chen, 2020a,b). Here, structure searching is performed
for piezoelectric silicon-doped small-sized magnesium clusters
up to 13 atoms. Each generation contains 50 structures, 60%
of which are generated by CALYPSO’s special techniques,
and 40% are generated randomly. In order to achieve the
convergence of potential energy surface sampling, we followed
each cluster for 20 generations. Based on the above search, 1000
structures can be obtained for each Sngnil (n =2—12) cluster.
Among these structures, those with low energy and different
structures are selected as candidates for subsequent structural
optimization calculations. The calculations are performed using
density functional theory (DFT) with the hybrid functional
B3LYP (Becke, 1988; Lee et al., 1988). The all-electron 6-
311G (d) basis set is used to confirmation of the lowest-energy
structures of SngnjEl (n = 2—12) clusters. Taking different spin
multiplicities may effect on structures into account, structural
optimizations of each isomer of spin multiplicities of 2, 4, 6,
and 8 are all implemented. In order to make sure that there
is no imaginary frequency affecting the stationary character of
state, the harmonic vibration frequency computation is carried
out after each structural optimization. All above calculations are
performed with the GAUSSIAN 09 program package (Frisch
etal., 2009). Natural charge population (NCP), natural electronic
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configuration (NEC), molecular orbitals (MOs) and chemical
bonding composition are analyzed by natural bond orbital
(NBO). Total density of states (TDOS) and partial density of
states (PDOS) are calculated and plotted by Multiwfn 3.7 (Lu and
Chen, 2012a,b).

The choice of the B3LYP/6-311G(d) lev9el can be explained
by Table 1, which presents the theoretical calculations results of
the bound length (r), vibrational frequency (w) of Siz, Mg, and
SiMg dimers by different functional and basis sets. Compared
with experiments (Huber and Herzberg, 1979; Ruette et al., 2005),
it can be safely concluded that B3LYP/6-311G(d) combination is
an effective choice.

RESULTS AND DISCUSSION

Geometrical Structures of SiMg,,*1

Nanosensors

The global minima structures of SngnjEl (n = 2—12) clusters
together with the corresponding symmetry, electronic state
were obtained using the methods mentioned in Section
“Computational Methods,” and displayed in Figure 2 and Table 2.
The harmonic vibration frequency results of each structure
are presented in Table 2, which can confirm that there is no
imaginary frequency in these structures. Physically, the optimized
structures can be regarded as the lowest-energy state structures
of piezoelectric silicon-doped magnesium nanomaterials. The
geometric analysis of the growth mechanism of these structures
will be presented shortly below.

As shown in Figure 2, SiMg, ! and SiMg, ™! clusters have
the same isosceles triangle structure. While both SiMg;™!
and SiMg; ™! clusters have the similar tetrahedral structure.
For n = 4—12, the lowest energy structures of SiMg,*!
clusters differ from each other, which suggests that cationization
and anionization have different effects on the structure of
silicon-doped magnesium clusters. Moreover, except for the
SiMgs ™ !cluster, which is a plane structure, all other clusters
structures are three-dimensional (3D). Interestingly, it can
be seen that some relative large-sized SiMg,*! clusters
can be directly formed by small-sized SiMg,_;*! clusters
attracting one magnesium atom in different orientation, such
as SiMgs~! and SiMg; ™!, SiMge~! and SiMgs~!, SiMg, !
and SiMgj; !, SiMgs ! and SiMg; !, SiMgs*! and SiMg,*1,

1

SiMgotland SiMggt!, SiMgjotland SiMgsT!. SiMgst! and
SiMg; ! displays relative irregular geometries and they cannot
be formed by SiMgs™!and SiMgs™! attracting one Mg atom.
The similar situation also happens in Sngm*l, SnguJrl and
SiMg;,+1, which show a little more complicated, and cannot be
directly obtained by smaller size clusters of SiMgo ™!, SiMgjo ™!
and Sngu"'l. However, these clusters can be considered to be
based on the deformation of the tetrahedron (SiMgs;*!) and a
kind of tower (such as Sngg_l, but not the atoms fixed in this
position). It is necessary to point out that this type of structure
growth mechanism is not discovered for the first time, and has
been confirmed to exist in the previous reports of metal alloy
cluster studies (Xia et al., 2016; Li et al., 2017; Chen et al., 2018;
Zhao et al., 2019). However, it is worth noting that SiMgg™!
and SiMgg™! clusters are special ones due to their tower-like
structures. For n = 9—12, all SiMg,*! clusters structures are
tower-like-based structures originated from the transformation
of SiMgg® ! structures. The following studies will show that the
specificity of SiMgg~! and SiMgg™! clusters is not only exist in
geometric structure, but also physical and chemical properties.

Electronic Properties of the Ground

State of SiMg,*! Nanosensors

The studies of electronic properties of clusters, such as the natural
charge population (NCP), natural electronic configuration
(NECQ), help us further understand the structures formation. The
NCP and NEC of the ground state of Sngni'1 (n = 2—12)
clusters were analyzed by the natural bond orbital (NBO)
(Reed et al., 1988a,b), and displayed in Tables 3-6. It can
be seen from Tables 3, 4 that Si atoms are all negatively
charged in all of SngnjEl (n = 2—12) clusters, while most
Mg atoms are positively charged. To better understand the
effect of silicon doping on the charge transfer of magnesium
clusters, the total charges on silicon atoms in the ground state
of Sngy,i'1 (n = 2—12) clusters were presented in Figure 3.
As shown in Figure 3, the Si atom charge overall decreases
in both SiMg,™! clusters as n increases and the maximal
values can be found at SiMg; ™! and SiMgg™!, respectively.
The local strong peaks of SiMg; ! and SiMgg™! indicate that
the beryllium atoms are relatively difficult to get electrons in
their structure, so when beryllium is doped into magnesium
clusters, it is easy to be adsorbed on the surface of the

TABLE 1 | Calculated values of bond length r (A), frequency w (cm~1) for Siz, Mgy, and SiMg isomers using different methods.

Methods Sip Mg, SiMg
r(A) o (cm™1) r(A) o (cm~1) r(A) o (cm=1)

B3LYP/6-311G(d) 217 540.82 3.93 44.96 2,57 288.31
B3PW91/6-311G(d) 2.31 476.71 3.61 85.29 2.54 325.98
PBE/6-311G(d) 2.18 531.49 2.78 263.51 2.56 311.01
BPV86/6-311G(d) 2.18 527.65 2.78 259.56 2.55 306.74
MP1PW91/6-311G(d) 2.30 484.06 3.60 88.05 2.54 327.96
Expt 2.052 511.002 3.89° 45.00° - -

aiuber and Herzberg (1979); PRuette et al. (2005).
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SiMg; SiMg,' SiMgy SiMg;'
Cov A, Cov By Civ A Csv A
SiMg;! SiMg,' SiMg;' SiMg;'
Csv 4A] Cs N Coy 2B2 Cs N
SiMg; SiMg,' SiMg; SiMg;'
C, 3A Ciyv  “A C, 3A Cs A

and silicon atoms, respectively.

FIGURE 2 | Optimized geometrical structures of ground state of SiMg:" (n = 2-12) clusters at B3LYP /6-311+G(d) level. The yellow and blue balls are magnesium

structure, and the geometric structures of SiMg; ! and SiMgg ™!
in Figure 2 confirms this conclusion. NCP shows that the
charges are transferred from Mg atoms to Si atoms in SiMg,*!
(n = 2—12) clusters. Si atom acts as charge receiver while the
Mg atoms are charge donors is probably originated from the
fact that electronegativity value of Si (1.90) is greater than that
of Mg atom (1.31).

Tables 5, 6 present the NEC in the lowest-energy states of
SiMg,*! (n = 2—12) clusters. Compared with the NEC of the
isolated Si (3s23p?) and Mg (3s?) atoms, one can find that Si
and Mg atoms lose electrons in 3s-orbital and gain electrons
in 3p-orbitals in SngnjEl (n = 2—12) clusters. Quantitatively,
as can be seen from Tables 5, 6, the Si 3s-orbital of SiMg, ~*
clusters lost electrons is in the range of 0.13 to 0.44 electrons,
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TABLE 2 | NCP of the ground state of Sng;1 (n = 2-12) clusters.

Number of Anionic Cationic
Mg atoms
Symm Stat Ep (eV) E;(eV) AzE(eV) oEgap (€V) BEgap (V) Frequencies (cm~1) Symm Stat Ep (eV) Ef(eV) AzE (eV) oEgap (€V) BEgap (V) Frequencies (cm~1)
Highest Lowest Highest Lowest
2 Coy  “As 1.54 — — 2.29 2.79 256.19 58.69 Coy 2By 1.58 — — 2.16 3.28 306.42 101.85
3 Cay ‘A4 1.36 0.82 0.31 2.29 2.95 272.60 68.21 Cay  2A4 1.45 1.07 0.41 1.42 3.58 307.30 80.40
4 Cay 4A 1.19 0.51 0.01 2.24 1.94 281.23 21.78 Cs 2N 1.29 0.66 0.15 1.20 2.84 333.10 41.24
5 Coy  “°Bp 1.07 0.50 0.11 1.58 1.57 317.01 28.05 Cs 2N 1.16 0.51 —0.01 1.03 2.79 337.35 22.96
6 C1q 2A 0.98 0.39 —0.45 1.45 1.32 304.65 28.01 Cay %A 1.07 0.52 0.01 1.69 217 335.24 52.45
7 Cs 2N 0.96 0.84 0.04 1.54 1.45 301.08 17.52 C 2A 1.00 0.51 —-0.47 1.77 1.70 268.70 24.01
8 Cs 2N 0.94 0.80 0.53 1.22 1.80 299.50 54.67 Coy  2Aq 1.00 0.98 0.30 2.10 1.55 284.53 82.69
9 C1q 2A 0.87 0.27 -0.26 1.15 1.79 311.39 22.20 Coy  2A4 0.97 0.68 0.36 1.78 1.92 315.38 35.46
10 Coy 2B, 0.84 0.53 0.10 1.54 0.97 322.08 27.59 Cs 2N 0.91 0.33 -0.10 1.64 1.79 320.29 22.89
11 Cs 2N 0.81 0.43 —0.04 1.19 1.53 335.75 22.00 Cq 2A 0.87 0.42 —0.06 1.51 1.70 330.94 24.98
12 Cs 2N 0.78 0.46 — 1.41 1.13 335.30 28.15 Cs N 0.84 0.48 — 1.23 1.73 320.15 30.26
TABLE 3 | NCP of the ground state of Sngnﬁ1 (n = 2-12) clusters.
Clusters Si-1 Mg-2 Mg-3 Mg-4 Mg-5 Mg-6 Mg-7 Mg-8 Mg-9 Mg-10 Mg-11 Mg-12 Mg-13
SiMg—1 2 —-1.13 0.06 0.06
SiMg—1 3 —1.60 0.20 0.20 0.20
SiMg—14 —-2.15 0.31 0.31 0.31 0.24
SiMg—15 —-1.98 0.38 0.38 0.06 0.09 0.06
SiMg—1 6 —-1.77 0.24 0.35 -0.07 —0.05 0.35 —0.03
SiMg=17 —1.59 0.27 —0.09 0.18 0.18 —0.09 —0.09 0.24
SiMg~1 8 —-1.79 —0.08 0.10 —0.01 0.27 —0.08 0.15 0.15 0.27
SiMg=19 -1.76 —0.01 -0.07 0.01 —0.01 0.14 0.28 0.23 0.13 0.06
SiMg~—1 10 —2.69 0.21 0.21 0.16 0.16 0.07 0.20 0.07 0.20 0.20 0.20
SiMg~1 11 —2.68 0.13 0.17 0.13 0.17 0.40 0.09 0.12 0.12 0.10 0.08 0.17
SiMg~1 12 —2.54 0.29 0.03 0.10 0.04 0.06 0.23 0.29 0.26 0.23 0.06 0.12 -0.16
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TABLE 4 | NEC of the ground state of SiMg;; " (1 = 2-12) clusters.

Clusters Si-1 Mg-2 Mg-3 Mg-4 Mg-5 Mg-6 Mg-7 Mg-8 Mg-9 Mg-10 Mg-11 Mg-12 Mg-13
SiMg+1 2 —0.59 0.80 0.80

SiMg+1 3 —-1.13 0.71 0.71 0.71

SiMg+1 4 —-1.18 0.40 0.66 0.66 0.46

SiMg+1 5 —1.24 0.39 0.41 0.63 0.41 0.39

SiMg+1 6 —-1.22 0.57 0.17 0.57 0.17 0.57 0.17

SiMg+1 7 —1.74 0.23 0.23 0.56 0.02 0.35 0.77 0.58

SiMg+1 8 —1.30 0.29 0.04 0.41 0.41 0.04 0.41 0.29 0.41

SiMg+19 —2.13 0.05 0.30 0.42 0.42 0.30 0.42 0.42 0.05 0.74

SiMg+1 10 —2.13 0.44 0.27 0.11 0.46 0.45 0.44 0.11 0.73 -0.32 0.45

SiMg+1 11 —2.11 0.21 0.54 0.56 —0.05 0.29 0.32 0.39 0.25 0.23 0.04 0.33

SiMg+1 12 —1.95 0.41 0.56 0.26 0.48 0.26 0.48 0.41 —-0.16 -0.07 —0.07 0.29 0.10
TABLE 5 | NEC of the ground state of Sng,,er (n = 2-12) clusters.

Clusters Si-1 Mg-2 Mg-3 Mg-4 Mg-5 Mg-6 Mg-7 Mg-8 Mg-9 Mg-10 Mg-11 Mg-12 Mg-13

SiMg—1 2 381.873p3.25
SiMg—13 351803p3.79
SiMg—14  351823p4.32
SiMg—15  3S'-703p*27
SiMg—16 381713p%04
SiMg—17  351673p391
SiMg—18  35'623p415
SiMg—19 381.613p4.14
SiMg—1 10 351603506
SiMg—1 11 351:583p5.07
SiMg—1 12 351:563p4.96

3g1 .533p0.39
381 .373p0.41
33! .403p0.28
3g1 .263p0.35
381 .113p0.63
33! .203p0.63
33! .193p0.87
35! ,093p0.89
33! .133p0.63
33! .153p0.69
351 ,003p0.68

351:6330.39
351873041
351403028
351:2630.35
3511735047
351263082
381.153p0.73
3511635089
331183063
3510535076
350973098

381.373p0.41
381.403p0.28
381'203p0'72
381.133p0.92
381.133’30.67
381.183p0.82
381.173p0,81
381.123’30.70
331.153p0.69
381.143p0,74

381.583p0.17
381.483p0.42
381.453p0.59
381.133p0.67
381.123p0.59
381.173’30.81
381.123p0.70
381.053p0.76
381'153[2)0‘79

381203‘30.72
381.353p0.29
381.263p0.82
381.193p0.87
381.143p0.70
381.273p0.64
381'093p0'48
381.123p0.79

381 .353p0.67
33! .243p0.83
331 .073p0.75
33111 3p0.59
33! .123p0.65
33! .263p0.68
351 .023p0.73

3g! .133p0.67
felsY .073p0.75
33! .043p0.70
3s! .243p0.67
3g! .063p0.80
33! .003p0.68

3g1 .123p0.59
331 .093p0.76
331 .123p0.65
3g1 .OGSDO.SO
35! .353p0.38

381.723p0.21
381.123‘30.65
381.263p0.63
381.023p0.73

33! .123p0.65
331 .303p0.50
381.123p0,79

381.31 3p0.51
381.263p0.60

381.223p0.93
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2—12) clusters.

TABLE 6 | State, symmetry, Ep, Er, AsE, Egqp, and vibrational frequencies of the ground state of Sngﬁ1 (n

Si-1 Mg-2 Mg-3 Mg-4 Mg-5 Mg-6 Mg-7 Mg-8 Mg-9 Mg-10 Mg-11 Mg-12 Mg-13

Clusters

381.083p0.11 381.083p0.11

3g1.91 3p2.67
331.853p3,25
33181 3p3.36
33! .783p3.45
351.753p3,46
33! .743p3.98
33! .693p3.60
381.673p4,44

SiMg+1 10 351-673p444

SiMg-+1 2

381.083p0.18 381.083;30‘18

381.083p0.18

SiMg+1 3

33151 3p0.02
33! .553p0.03
33! ,423p0.39
33! .033p0.9‘\

3g1-11 3p0.21
381.143p0.21
380.993,30.41

3g111 3p0.2‘|
381.553p0.03
381.423p0.39
3g1.21 3p0.54
381.163p0.78
381.193p0.50
381‘223p0'49
381.023p0.43
331.003p0.42

3s! ,063p0452

SiMg-+1 4

Ss‘\ .083p0.51

381.083p0.51

SiMg+15

381.423p0.39
381'073}:)0‘15

350,993p0,41

35099 3p0.41

SiMg+1 6

381.123p0,28
381.183p0.52
380.973p0.59

3s! .053p0.47
33! .163p0.78
33! ,193p0,50
35091 3p0.61

38”93p0‘57 381.123p0.31
381.183p0.52

3g11 33p0.80
380.993p0.56

SiMg+17

330.953p0.61 380.953p0.61

380.953p0.61

380.953p0.61

SiMg+1 8

381.173p0.08
38‘\ .183p1.13

381.133p0.80
381.173p0,09
381.453p0.29
331.163’31.18

350.97 3p0.59

380'973p0'59

380.973p0.59

SiMg+1 9

35091 3p0.61

381.103p0.77
381.403p0.20
331.073p0.51

35099 3p0456

33! .523p0.02
33! .OZSp‘\ .01
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FIGURE 3 | The total charges on silicon atoms in the lowest-energy states of
SiMg" (n = 2-12) clusters.

while that of SiMg, ™! clusters ranges from 0.09 to 0.38 electrons.
Correspondingly, the Si 3p-orbitals of SiMg, ! clusters gained
electrons ranges from 1.25 to 3.07 electrons, and that of SiMg, ™!
clusters is in the range of 0.67 to 2.46 electrons. A significant
conclusion is that Si atom in SiMg, ! clusters gain and lose
electrons is easier than the Si atom in Sngn+1 clusters. Based
on the analysis above, the lowest-energy states of SiMg,*!
(n = 2—12) clusters structures are mainly governed by the s- and
p-orbitals interactions of Si and Mg atoms.

The Relative Stability of SiMg,*1

Nanosensors

The study of the relative stability of different sized clusters can
reveal which clusters are most stable locally, which can further
guide experiments to synthesize these stable clusters. The average
binding energy E, fragmentation energy E and the second-order
energy difference A;E and HOMO-LUMO gap of the lowest
energy states were calculated to research the relative stability of
Sng,f'El (n = 2—12) clusters. The results are summarized in
Table 2 and are plotted in Figures 4, 5. Their equations are as
follows:

Ey(SiMg; /) = [(n — DE (Mg~ ")+
Ex(Si) — Ex(SiMg, ")/ (n+ 1) (1)

Ep(SiMg, V/+1) = Bx(SiMg, )+

n—1

Ex(Mg) — Ex(SiMg; V/*1) ()

ALE(SiMg; VHY) = Ey(SiMg, 1Y) + Ex(siMg, T~

2E(SiMg; /T (3)

Eg in Eq. (1) — Eq. (3) are the total energy of the corresponding
atom and clusters.
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FIGURE 4 | Size-dependent properties of panels (A) E, (B) Er, and (C) AoE
for the ground state of Sngﬁ1 (n = 2-12) clusters.

As can be seen from Figure 4A, the E;, of Sngni'1 (n=2-12)
clusters have the same size dependence, which decrease with
the cluster size. Only two local weak peaks at SiMgg~! and
SiMgg ™! are found, which indicates that these clusters are
more stable than their adjacent clusters. Moreover, the E,
values of SiMg, ™! clusters are always higher than that of the
corresponding SiMg, ~!, which reveals that SiMg, ! clusters are
more stable than the corresponding SiMg, ~!. The fragmentation
energy Ey can measure the energy of a small-sized cluster adsorbs
a related atom to become a larger-sized cluster, which changes
with the size and electronic structure of the cluster. A larger local

2 4 6 8 10 12

Number of Mg atoms

FIGURE 5 | HOMO-LUMO energy gap of a and B electrons in ground state of
panels (A) Egqp for Sngrﬂ, (B) Egap for Sngn“ (n = 2-12) clusters.

E; value indicates that the energy required to break the bond
between the atoms of the cluster is greater, and correspondingly
indicates that the cluster is more stable than its neighboring
clusters. Figure 4B shows the Ef of SngnjEl (n=2—12) clusters,
and two E; curves display similar oscillation behavior, except
for n = 7 and 10. The local most stable structures are SiMg; ~?,
SiMgs !, SiMg;o~ !, SiMgg L. It is worth pointing out that the
Ef value of SiMgs ! (0.80 eV) is only slightly lower than that of
Sngf1 (0.84 eV), and thus the stability of these two clusters is
approximately equivalent.

The results of AE of Sngnil clusters are shown in
Figure 4C. One can find that the local strongest peaks are found
at n =5, 8, and 10 in SiMg, ! clusters, while n = 8 and 9 in the
SiMg, ™! clusters. Naturally, these five clusters are relative more
stable than their neighbors. As one knows that HOMO-LUMO
gap (Eggp) value is always responsible for cluster’s thermodynamic
stability (Aihara, 1999). Notably, there are two kinds of HOMO-
LUMO energy gaps, a and B electrons, due to the open-shell
structures of SngnjEl clusters. As is shown in Figure 5A of
Sngn_1 clusters, the local maximum peaks of B-electrons Egqp
are located at n = 3, 8, 9, and 11, while that of a-electrons are
at n = 7 and 10. Figure 5B shows that a-electron of Sngg“,
B-electrons of SiMg; T 'and SiMgy ™! clusters have local maximum
Egqp values.

Combing the results of Eb, Ef, A»E with Egyp, the hint toward
stability of magic number clusters of SiMg,*! (n = 2—12) is
SiMgg ™! and SiMgg™!, or in other words these two clusters
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are most stable locally. Interestingly, we have concluded that
SiMgg~! and SiMgg*! clusters are special ones with tower-
like structures in Section “Geometrical Structures of SiMg,*!
Nanosensors.” This section’s research shows that their structural
character probably has strong relationship with their local
stability property.

The Chemical Bonding Analysis of

SiMg,*! Nanosensors

Since the most stable locally SiMgg~! and SiMgg™! clusters
are found, it is interesting to study the relationship between
their stability and chemical bonding. According to the NBO
calculations in Section “Geometrical Structures of SiMg,™*!
Nanosensors,” we can find that SiMgg* ! cluster has Cg symmetry,
one SiMg, unite and six central Mg atoms. While Snggf1
cluster has Cy symmetry, one SiMgg unite and two central Mg
atoms. In order to gain insight into their bonding properties,
the (a-, B- electron) HOMO, (a-, B- electron) LUMO and
top valence molecular orbitals (MOs) are analyzed and are
plotted in Figure 6. Quantitative composition calculations for
chemical bonding show that for SiMgg™! cluster, a-electron
HOMO has a contribution of 15.85% from Si 3p-orbitals, while
B-electron HOMO has 30.05% contribution from Si 3p-orbitals.
The a-electron HOMO of SiMgg*! has 24.85% contribution

1

from Si 3p-orbitals, but B-electron HOMO of SiMgg*! is mainly
composed of Mg 3p-orbitals, or in other words there is nearly no
contribution from Si.

To qualitatively study the contribution from silicon atom to
chemical bonding in other lower-energy HOMOs of SiMgs™*!
clusters, total density of states (TDOS) and partial density of
states (PDOS) calculations were performed and were displayed
in Figure 7. TDOS and PDOS are read (Lu and Chen, 2012a,b):

TDOS(E) = > O(E — &) (4)

PDOS4(E) = > @4 iF(E — &) (5)

g; is the energy of molecular orbital i (MOi), @4 ; is the
contribution from part A to MOi. Here, part A is Si due to
our interesting is how much contribution from Si to the lower-
energy HOMOs. As shown in Figures 7A,B, the contribution
from silicon atoms is always small in the most lower-energy
HOMOs (the area to the left of the dotted line). Interestingly,
Figure 7B shows that there is nearly no contribution from Si to
B-electron HOMO of SiMgg ™!, which works well with the MOs
composition calculations above.

Compared with the research results of the local most stable
neutral silicon-doped magnesium clusters (Zhu et al.,, 2020),
we can find some interesting conclusions. First of all, whether
silicon-doped magnesium clusters are neutral or charged, their
local most stable clusters are composed of one silicon and
eight magnesium atoms. Secondly, it is interesting to note
that according to our research, Sngg()”1 clusters have very
similar geometric structures, but the structure of SiMgg™t!
has changed a lot. This shows that for neutral silicon-doped
magnesium cluster nanosensors, anionization has little effect on
its structure, but cationization is not. As we all know that anionic
nanoclusters can be used for photoelectron spectra experiments,
this conclusion obviously provides a very good guide for future
experimental verification.

The Infrared (IR) and Raman Spectra of

SiMg,*! Nanosensors

In order to be able to experimentally distinguish SiMgg™
and SiMggt! clusters, it is useful to calculate the infrared
(IR) and Raman spectra. The Infrared and Raman spectra of
SiMgs*! together with atomic label are shown in Figure 8.
As shown in Figure 8A, the highest intense IR frequency
of SiMgg™! cluster is located at 183 cm~'with Mg7-Sil-
Mg8 bonds in-plane tensile vibration. The second and third
strongest peaks of SiMg—1 8cluster can be found at 125¢m~'and
270cm™!. The vibration mode is Sil-Mg4 and Mg7-Mg8 in-
bonds tensile vibration, Mg7-Sil-Mg8 bonds in-plane tensile
vibration, respectively. Figure 8C shows the SiMgg™! cluster’s
IR spectra, and two relative strong peaks can be found. The
strongest peak is located at 118cm™'with Mg5-Mg4-Mg9-Mg7
out-of-plane wagging vibration of Sil atom. The second strongest
peak at 284cm~! corresponds to Mg9-Sil-Mg5 and Mg7-Sil-
Mg4 bond tensile vibration. Three strong vibration peaks can be

1
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found in Figure 8B, which are the Raman spectra of SiMgg ™!

cluster. The strongest peak at 227cm~'with total breathing
vibration. The second and third strongest Raman frequency at
214cm~tand 116 cm~'correspond to the Sil-Mg4, Mg7-Mg8,
Mg9-Mg3-Mg5 in-bonds tensile vibration, Mg9-Sil-Mg5, Mg7-
Mg8 bonds out-plane wagging vibration, respectively. Figure 8D
shows that SiMgg™!cluster has three strong Raman peaks. The
most active Raman frequency at 211cm™'with Mgd-Mg6-Mg5

and Mg7-Mg3-Mg9 bonds in-plane stretching vibration. The
other two strong peaks at 161cm~'and 202cm ™! resulted from
Mg3-Mg5 bond in-plane stretching vibration, Mg4-Mg8-Mg7
and Mg5-Mg2-Mg9 bonds out-of-plane wagging vibration of Sil
atom, respectively.

Overall, the theoretical calculations of infrared (IR) and
Raman spectra of SiMgg ~! and SiMgg™*! clusters show that their
strongest spectral frequencies are distributed in the range of
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80-240 cm™!. In addition, the strongest infrared spectra
difference between SiMgg~! and SiMgg™! is close to 65cm™1,
thus they can be distinguished experimentally. However, for
SiMgs ! and SiMgg !, the strongest Raman spectra are relatively
close and not easy to distinguish each other.

CONCLUSION

The stable structures of silicon-doped magnesium nano
piezoelectric sensors SiMg,*! (n = 2—12), were systematically
investigated using the CALYPSO approach coupled with density
functional theory. The geometrical growth mechanism of the
ground state of Sngnil (n = 2—12) nanosensors shows
that tetrahedral structure (Sng3i1) and tower-like structure
(Snggil) are two basic structures. Analysis of electronic
structural properties reveals the effects of electron transfer and
electron configuration on cluster structure formation. Most
importantly, clusters relative stability calculations show that
SiMgg®! nanosensors have the strongest local stability, and
thus can be regarded as candidates for their experimental
stable nanostructures. Finally, further studies, such as chemical
bonding analysis, infrared and Raman spectra calculations,
were performed on these two clusters to in-depth study their
stability and experimental identification of operability. We
believe that these calculations can play theoretical guiding role in
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