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Divalent metal clusters have received great attention due to the interesting size-induced nonmetal-to-metal transition
and fascinating properties dependent on cluster size, shape, and doping. In this work, the combination of the CALYPSO
code and density functional theory (DFT) optimization is employed to explore the structural properties of neutral and
anionic Mg, and StMg, (n = 2-12) clusters. The results exhibit that as the atomic number of Mg increases, Sr atoms are
more likely to replace Mg atoms located in the skeleton convex cap. By analyzing the binding energy, second-order energy
difference and the charge transfer, it can be found the StMgg cluster with tower framework presents outstanding stability in
a studied size range. Further, bonding characteristic analysis reveals that the stability of StMgg can be improved due to the
strong s—p interaction among the atomic orbitals of Sr and Mg atoms.

Keywords: StMg,, (n = 2-12) clusters, CALYPSO code, density functional theory (DFT) optimization

PACS: 61.46.Bc

1. Introduction

During the past decades, owing to the special structure
and bonding properties, a great many of studies on mag-
nesium (Mg) clusters have been conducted theoretically and
experimentally.['~7! Tt is worth mentioning that density func-
tional theory (DFT) with appropriate functional and basis sets
is known as an efficient method for clustering study. 81 Tak-
ing the research of neutral and charged Mg, clusters for ex-
ample, Xia et al.'% studied the aromatic homonuclear Mg;7
cluster by using the B3PW91 functional with the 6-311+G(d)
basis set, and their results displayed that the Mg;7 cluster is the
first neutral locally w-aromatic homonuclear all-metal cluster.
Belyaev et al.l”) reported the electronic, spectral, structural,
and thermodynamic characteristics of Mg, (n = 2-31) clus-
ters at B3PW91/6-31G (d), B3PW91/6-3114+G (2d) set lev-
els, then they revealed that in the range of Mg,—Mgs;, the
atomization energy and band gap energy have significant non-
monotonic changes, and gradually approach to the atomization
energy and band gap energy of ideal metal.

In recent years, there have been many studies on doping
clusters.['>2%1 Wang et al.['?) investigated Au,M> (n = 1-6,
M = Ni, Pd, and Pt) clusters and found that the average atomic
binding energies of this clusters are close to a limit, which is
in a range of 1.56 eV-2.00 eV. Kuang et al.!'3) discussed the
DFT results of Au,Ag (n = 1-12) clusters and discovered that
all the Au,Ag (n = 1-12) clusters prefer low spin multiplic-
ity. For Mg cluster doping, Zhu et al.!'¥l employed the DFT
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method of SiMg,, (n = 1-12) clusters with B3LYP/6-311G(d)
and found that SiMgs and SiMgg clusters were more stable
than other clusters. Zhang et al.!'>! used the DFT method of
Be,Mg, (n = 1-20) clusters with B3PW91/6-31G and found
that Be,Mgg cluster is the most stable. To the best of our
knowledge, there are few researches on strontium (Sr)-doped
Mg clusters. So we hope this theoretical calculation can pro-
vide some references for subsequent studies.

Sr is a silver-white alkaline earth metal with yellow lus-
ter. Owing to its soft texture, Sr has good conductivity for heat,
and it can also be used to make alloy, photocell and lighting
material because of its active chemical properties. The Mg—Sr
is acommon binary alloy constituted by Mg and alkali earth el-
ements, and possesses important applications in various fields,
such as biodegradable metallic materials. Gu et al.’*! stud-
ied the binary Mg—Sr alloy systems in the as-rolled state as
biodegradable materials for skeletal applications. Bornapour
et al.'*?! reported that the Mg—0.5Sr alloy increases the vital-
ity of human umbilical vein endothelial cells and showed a
lower risk of thrombosis than WE43 stent. Comparing with
other alkaline earth metals, the electronic properties of StMg,,
clusters are still lacking in systematic analysis. Some essen-
tial questions arise as follows. (i) Of the anionic and neutral
SrMg,, clusters, which structure is the most stable? (ii) If Sr
atoms are doped into Mg,, clusters, will the clusters produce
strange structures? (iii) Will delocalized bonding occur when
Sr atoms are involved? To reveal these problems, article warm
ptimization algorithm combined with DFT is adopted to probe

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the cluster structure, and the most stable structure of Sngg/ B
clusters was studied in detail. Next, the PES simulation of
SrMg,, clusters is discussed. The stability, electronic proper-
ties and bonding properties of the anionic and neutral StMg,
clusters are analyzed in detail. We hope that these results in
this work can provide some valuable guidelines for the subse-
quent theoretical and experimental researches about Sr-doped

magnesium materials.

2. Computational detail

In this work, the CALYPSO code!?*>*! which relies only
on the chemical composition and can quickly predict the low-
value isomers of the cluster by the particle swarm optimiza-
tion algorithm is employed to acquire the most stable struc-
ture of Mgg/ ~ and Sngg/ "~ clusters. Many researches have
demonstrated that this method is effective and reliable for clus-

[25-32] For getting the variable struc-

ter structure prediction.
tures of Mgg/ " and Sngg/ ~ clusters, we perform 50 gener-
ations to achieve the converged structure, including 30 struc-
tures for each generation, 80% of which are generated by PSO
algorithm and the remaining are generated randomly. Then
1500 structures of variable isomers can be obtained for each of
Mg?,/ "~ and Sng,O,/ . Considering that there have been seldom
researches of Sr—-Mg system with DFT framework, we con-
ducte a series of tests to obtain the suitable functional method,
and we also find that the B3PW91 method is the most suit-
able for Sr—-Mg system. In order to save computing resources,
the fundamental energy computations and geometric optimiza-
tions of the above-mentioned isomers are performed at the
B3PW91/3-21G level. Then, the top 100 lower energy iso-
mers are picked out as the initial configurations to re-optimize
at the B3PW91/LANL2DZ level®*! for Sr and B3PW91/6-
3114-G(d) level®* for Mg implemented by the Gaussian09
program package.?>! The influence of the spin multiplicity has
also been fully considered. Considering the fact that the orbital
components need analyzing, the GENECP-labeled basis set is
a combination of 6-3114+G(d) basis set>*! and SDD 30! basis
set for the Mg atom and Sr atom, respectively. Furthermore,
the charge transfers among Sr and Mg atoms, the analysis of
the bonding features, as well as the simulated PES of anionic

371 are studied in de-

clusters based on the Koopman theorem
tail with the assistance of Multiwfn program[*8! including the

method of adaptive natural density partitioning (AdNDP).[3"!

3. Results and discussion
3.1. Geometric structure

Figure 1 displays the most stable structures of the neu-
tral and anionic Mg, and StMg, (n = 2-12) clusters. The
corresponding electronic states and symmetries are listed in
Table 1. For investigating the influnces of Sr atom doping on

Mg clusters, we first discuss the pure Mg clusters. Notably,
the most stable structures (shown in Fig. 1) of Mg, clusters in
our computation are consistent well with the results reported
previously.[*0-421 All of these show that the functional and ba-
sis sets adopted in our work for magnesium and doped mag-
nesium clusters are reliable.
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Fig. 1. Global minimum structures of neutral and anionic Mg, | and StMg,
(n =2-12) clusters.

For Sr-doped magnesium clusters, both the neutral and
the anionic SrMg,, clusters, the transition point from two-
dimensional (2D) to three-dimensional (3D) is n = 3, which is
consistent with the counterpart for pure Mg clusters. The most
stable isomers of neutral and anionic StMg;_4 clusters show
identical geometries, which can be viewed as the substituted
structures of corresponding pure magnesium clusters. Mean-
while, they can also be generated by adding one Mg atom into
the previous cluster. However, for StMgs clusters, the con-
figurations of the neutral and anionic species are a little bit
different from each orther because Mg atoms cap the differ-
ent sites of the SrMg, cluster. When Mg atom caps SngSé 1

clusters, the most stable isomers of the SngB/
be yielded at n = 6 and 7. Like the pure Mg clusters, the

"~ clusters can
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six-atom triangular prism as a common unit can be found in
Sngg/ ~ cluster with size n = 8. In other words, a structural
reconstruction takes place from n = 8. Consequently, most of
the Snggé |, structures are built on the basis of the triangu-
lar prism. The typical examples are Sngg/ ~, SrMgyp, and
SrMgq; clusters, in which one of the Mg atoms in Mg clus-
ter is replaced by Sr atom. After one Mg atom caps SrMg,
the most stable isomer of StMgy, is generated. Obviously, the
geometry of the anionic StMgjo_1, is different from that of

the pure Mg cluster. The growth pattern can be described as
clusters of the latter size generated by adding an Mg atom into
the structure of the former one. In summary, the Sr doped Mg
clusters may keep the original structures of the corresponding
Mg clusters except for SrMgy>, and StMgg |, clusters. It
is clear that the Sr atoms prefer to occupy the convex capped
sites of the Sngg/ ~ clusters. The geometries of the neutral
SrMg,, clusters are different from those of the corresponding
anionic species at n =5, 10, 11, and 12.

Table 1. Electronic states, symmetries, average binding energies Ej, (in unit eV), highest occupied molecular orbital and lowest unoccupied molecular
orbital (HOMO-LUMO) energy gaps Eg (in unit €V), and charges on Sr atoms of most stable SngSF (n =2-12) clusters.

SrMg,, StMg,,

Clusters State Symmetry Ey Eq Charge on Sr State Symmetry Ey Eg Charge on Sr
n=2 A Coy 0.130 2.243 0.175 2B, Cy 0.432 0.987 -0.090
n=3 N Csy 0.282 2276 0.373 2A, Cs 0.548 1.067 -0.015
n=4 A, Cyy 0.313 1.773 0.256 2A, Csy 0.551 1.061 0.012
n=>5 LA/ Cs 0.319 1.764 0.335 ZA! Cs 0.539 1.040 0.159
n=6 TA Cay 0.371 1.722 0.375 ZA G 0.580 1.133 0.167
n=7 A C 0.403 1.660 0.454 ZA C 0.613 1.097 0.208
n=38 TA Coy 0.469 1.457 0.570 ZA; Coy 0.683 1.173 0.352
n=9 TA Csy 0.541 1.641 0.822 2A Cs 0.718 1.122 0.430

n=10 1A, Csy 0.538 1.705 0.599 2A, Cs 0.689 1.053 0.273

n=11 '\ Cs 0.528 1.340 0.483 ZA! Cs 0.680 1.045 0.457

n=12 A Ci 0.546 1.431 0.670 2A! Cs 0.693 1.047 0.464

3.2. Photoelectron spectra of anionic Mg, and SrMg, clus-
ters

It is well known that the comparison between the theo-
retical photoelectron spectra (PES) and the experimental PES
is an effective way to verify the reliability of theoretical com-
putation for cluster.[®! Therefore, in Figs. 2 and 3, we present
the simulated PES for great majority Mg, and StMg,; clusters
and the available experimental PES. The PES are simulated in
an energy range of 0 eV-6 eV. Figure 2 shows that the sim-
ulated PES of our lowest energy isomers Mg, are consistent
with the experimental results, which indicates that the method
employed in this work is reliable. From Fig. 3, the simulated
PES of StMg, cluster includes two sets of bimanals, which
are 1.87, 2.32, and 4.24, 4.50, respectively, as well as a ma-
jor spike at 0.79 eV in which the binding energy of the first
peak (X) is in agreement with the vertical detachment energy
(VDE) value of the StMg, cluster. With regard to SrMgy;
cluster, some significant peaks at 0.93 eV, 2.56 eV, and 5.30 eV
are existent. The VDE value of SrtMg, is 1.07 eV, which is the
first peak (X) shown in the simulated spectrum. Following this
peak, other peaks are centered at 1.90, 2.93, and 3.38 V. In ad-
dition, the simulated PES of StMgy cluster display a weak first
peak at 1.26 eV, six peaks concentrate in a range of 1.97 eV-
4.18 eV. As for StMg,, after the first peak (X) at 1.43 €V, the
second strong peak concentrates at 2.10 eV, the others (3th—8th
peaks) are located at 2.34, 3.16, 3.50, 4.08, 4.64, and 4.86 eV.
The VDE value of StMg; cluster is 1.70 eV, followed closely

by the strong second peak at 2.40 eV. The StMg; has two at-
tenuation peaks at 4.14 eV and 5.21 eV. The VDE value of
SrMgg cluster is centered at 1.84 eV, shown by the position
of X, and the binding energies of the other peaks are 2.41,
4.63, and 5.12 eV, respectively. The identical first peaks (X)
with 1.70 eV are found in the simulated spectra of SrMg; and
SrMg, . In addition, the other two single peaks of SrMg, are
centered at 2.72 eV and 5.31 eV. In Fig. 3, when the num-
ber of Mg atoms is more than 8, the photoelectron spectrum
of StMg, shows more complexity. The StMg, cluster in-
cludes two weak peaks located at 1.60 eV (X) and 3.93 eV, and
two intense peaks center at 2.89 eV and 5.56 V. For StMg
cluster, the position of X represents the VDE value (2.00 eV),
and StMg|; includes the other five peaks located at 2.71, 3.12,
3.87,4.52, and 5.46 eV. The VDE of StMg , is 2.09 eV, which
is shown by the position of X. The next five peaks are observed
at 2.36, 2.90, 3.90, 4.92, 4.98, and 5.53 eV, respectively.

Table 2 displays the VDE values of Mg, (n = 3-13) and
StMg, (n = 2-12) clusters from the PES of Figs. 2 and 3.
From Table 2, we can see that the corresponding values of
VDE of SrMg,” when n = 2-8 are smaller than those of Mg,,
whereas when n =9, 11, 12, the corresponding values of VDE
of StMg,,” are larger than those of Mg, .

What is worth mentioning is that there are few reports
about the experimental PES of StMg, clusters. Because of
this, we hope that the theoretical PES in this paper can be used
to identify the structure of the StMg,; clusters.
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Table 2. VDE values of Mg, (n =3-13) and StMg, (n =2-12) clus-

ters (in unit eV).

Photoelectron intensity

Electron binding energy (eV)

Expt Mgz Expu Mg, Expt Mgg
DAY
1 2 3 1 2 1 2 3
Expt/\A Mgg Expt /‘J'\\ Mg; Expt /\/\ gg
1 2 1 2 ( 1 2 3
S WAV
N\
Expt Mgg Expt M Mer, Expt Mo
j\/\ 810 A g11
T 2 /\\ T 2 3 /\ T 2
N\ AN AN
Expt JeN Mg ||Expt A Mgis 1 3
1 2 1 2
/\,\/\/\ A N
0 1 2 3 1 2 3

Fig. 2. Comparison between simulated PES and the experimental results for the most stable Mg, clusters.

Photoelectron intensity

Mg Mg Mgr
X X X
Pt /J yaN M\/\\ /
Mg;s Mgg Mgr
AN M
Mgs Mgg Mgio
/5/\ M }i/\ A X
Mgn Mg 2 4 6
/XLN\/\A/\

2 4

6

2 4 6

Electron binding energy (eV)

Fig. 3. Simulated PES of the most stable StMg,, clusters.

3.3. Size-dependent relative stability

For the cluster science, the intrinsic stability of cluster

Mg, StMg,;

Clusters VDE Clusters VDE can be expressed by the mean binding energy (Ep) and the
n=3 0.85 n=2 0.79 second-order energy difference (A’E). For Sngg/ C(n=12-
n=4 0.96 n=3 0.93 12) clusters, the E, and A2E can be expressed as the following
n=>5 1.13 n=4 1.07 .

expressions:
n="6 1.54 n=5 1.26
n="17 1.52 n==6 1.43 0/—
n=S8 1.85 n=1 1.70 Ep(StMg, )
n=9 1.94 n=38 1.84 (n—1)E(Mg) + E(Mg" ") + E(Sr) — E(StMgh/ )

n=10 1.67 n=9 170 = o , (D

n=11 1.87 n=10 1.60 5 0/—

n=12 1.80 n=11 1.94 AE(StMg,' )

- — 0/— 0/— 0/—
n=13 187 n=12 2.09 — E(StMgY )+ E(StMgl ) —2E(StMgy ), )
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where E represents the total energy of the relevant clusters or
atoms. According to the aforesaid formula, the specific calcu-
lated results are displayed in Fig. 4. The E}, which refers to the
average binding energy of clusters is the basis of reflecting the
stability of clusters.[**=*91 That is to say, the higher the value
of Ey, the higher the stability is. From Fig. 4(a) it follows that
the values of E}, of anionic clusters are distinctly higher than
those of neutral clusters. Furthermore, the E}, values of anionic
and neutral clusters increase monotonically, when n is from 3
to 9.

The total energy of the second-order difference clusters
can indicate the stability of clusters.’* The larger the
value, the more stable it is. As shown in Fig. 4(b), the cal-
culated A’E values suggest that anionic SrMg3’, SrMg, and
SrMgg clusters as well as neutral StMg3, StMgg and SrMgo
clusters are in possession of more distinct stability than their

adjacent clusters.

0.8t -s SrMg, —e— SrMg, a
0.4;//-_._w

O 1

0.8f - SrMg, —e SrMg, (b)
0.4f
Of /\A.A'/
—0.4f , Yy T
1.8f

1.2

1 2 3 4 5 6 7 8 9 10 11 12
Number of Mg atoms

E; (eV) A2E (eV) Ey (eV)

Fig. 4. Size-dependent (a) average binding energy Ey, (b) second-order dif-

ference of energy A’E, and (c) HOMO-LUMO energy gap Eg for Sngg/ B
(n = 1-12) clusters.

The HOMO-LUMO (highest
orbital-lowest unoccupied molecular orbital) gap, which is

occupied molecular

difined as the energy gap between the highest occupied and
the lowest unoccupied molecular orbitals, can represent the
ability of a molecule to participate in a chemical reaction to
some degree. A large value of the HOMO-LUMO energy
gap is related to an enhanced chemical stability. Figure 4(c)
exhibits the calculated values of the gap E, of the Sngg/ -
(n = 1-12) in detail, where E,; represents the HOMO-LUMO
gap. Obviously, the simulated results of E, in both neutral
and anionic SrMg, clusters depend heavily on the size of the
cluster. It can be clearly seen that the values of gaps between
the anionic SrMg,, are inferior to those of the corresponding
neutral StMg,, clusters. The HOMO-LUMO gap for neutral
species reaches its maximum values when n = 1, 3, and 10,
indicating that it is more chemically stable. In the range of
n = 5-12, the evolution of E; of the anionic SrMg, cluster is
oscillating compared with that of the neutral cluster due to the

presence of extra electrons.

3.4. Charge transfer

The analysis of the charge distribution on atoms can con-
duce to exploring the mechanism of charge transfer among the

[56-58] In order to investigate the charge trans-

atoms of cluster.
fer between Sr and Mg atoms for the lowest energy structures
of Sngg/ "~ (n = 2-12) clusters, natural population analysis
(NPA)P! is employed to obtain the charge on each atom of
Sngg/ "~ (n = 2-12) clusters. The results are presented in
Fig. 5. From Fig. 5, we can see that the Sr atoms in the neutral
SrMg, clusters are positively charged within the scope from
0.17 to 0.82 electrons, meaning that the charge in the neutral
SrMg,, clusters is transferred from the Sr atom to Mg frame,
that is to say, Sr serves as an electron donor in all StMg,
clusters. The above phenomenon may occur because the elec-
tronegativity of Sr atom (0.95) is smaller than the electroneg-
ativity of Mg atom (1.31), which implies that the Mg atom is
more capable of attracting electrons. The Sr atoms of the an-
ionic SrMg, clusters are negative when n = 1-2, while they
are positive when n = 3-12, indicating that the direction of
charge transfer will change at n = 3. The value is almost zero
in SrMg3 cluster, showing that it is nearly no charge transfer
from Sr to Mg atom in this case. Moreover, it is interesting that
both neutral and anion SrMgy clusters have local maximum
values. Combining the results of relative stability analysis in
the previous section, we conclude that both SrMgy neutral and

SrMgg anion have high stability.

0.8 f —=— SrMg, —e— SrMg,
0.6

0.4}

Total charge on Sr atoms (e)

2 3 4 5 6 7 8 9 10 11 12
Number of Mg atoms
Fig. 5. Size-dependent total charge on Sr atoms for both neutral and anionic

SrMg,, clusters.

3.5. Bonding characters

The analyses of molecular orbital, multi-center, bond, and
bond order are of great significance in characterizing the bond-
ing characteristics of clusters. Based on the previous discus-
sion, the neutral StMgy cluster which has a higher stability is
selected as a representative example to detect bonding charac-
teristics. Figure 6 shows the HOMO-LUMO gaps, molecu-
lar orbitals and the energy levels of the neutral StMgg cluster.
The HOMO energy is 1.64 eV lower than the LUMO energy
for StMgg cluster. The HOMO composition includes 22.97%
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of s atomic orbital (AO) of Sr atom and 29.43% of s AO to-
gether with 38.144% of p AO of Mg atom. The components
of LUMO mainly include 37.53% Sr-s AO, 11.46% Sr-p AO,
9.56% Mg-s AO, and 30.80% Mg-p AO.

In order to further understand the bonding characteristics
of the StMgyg cluster, the adaptive natural density partition-
ing (AdANDP) method which is particularly suitable to inves-
tigating the nature of the chemical bond, is ultilized to study
n central double electron (nc—2e) bond systematically, where
it can be considered to be delocalized if n is greater than 2,
otherwise it is a localized bond when n = 1 or 2. The struc-
tural diagrams with atomic markers, multicenter bonds, and
occupation numbers (ONs) of StMgg cluster are displayed in
Figs. 7(a) and 7(b), respectively. From Fig. 7(b), seven 4c—
2e o-type bonds with bond orders of 0.3798, 0.2114, 0.3867,
0.3867, 0.2114, 0.2114, and 0.2114 are formed by the 1-3—
4-9 SrMgs unit (ON = 1.95|e|) as well as the 7-9-5-10, 7—
9-5-5, 3-6-10-8, 3-6-10-6, 4-8-10-6, 4-8—10—-6 Mg4 unit
(ON = 1.87]e|).
bonds with ON = 1.84|e| in StMgg cluster. Their multi-center
bond orders are 0.3757, 0.3725, and 0.3725, respectively. For

In addition, there are three 6¢c—2e 7-type

4c—2e o-bond
ON = 1.95|€‘
o

?
4\0_3798

4c—2e o-bond
ON =1.87|e|

D&

the Sr—-Mg bond (ON =
and Mg is dominated mainly by the 5s orbital of Sr atom and
the 3p, 3s orbitals of the Mg atoms. The Mg-Mg bonds are
formed mainly by the 3s orbitals and relatively a small num-
ber of 3p orbitals of the Mg atoms, for the other 4c—2e bonds.

For three 6¢c—2e bonds, the interaction of Mg—Mg originates
from the 3s and 3p orbitals of Mg atoms. It is worth noting

that non localized bond is found in StMgy cluster.

—1r

4~ 19 W €@ ¢
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Fig. 6. Molecular orbitals and energy levels of neutral StMgg cluster, with
HOMO-LUMO gap being denoted in black.
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Fig. 7. Analyses of (a) structural diagram with all atomic labels and (b) AANDP chemical bonds and multi-center bond orders with occupation

number (ON) for SrMgy cluster.
4. Conclusions

The geometric structures and electronic properties of
Sngg/ ~ (n =2-12) clusters are systematically investigated
by using the CALYPSO structure prediction code combined
with DFT calculations. A great many of low energetic isomers
are converged and the most stable structures are confirmed by
comparing their total energies for different cluster sizes of the
Sngn/ (n = 2-12). For the most stable structure, the tran-

sition point from 2D to 3D occurs at n = 3, which is consis-
tent with the scenario for the pure Mg cluster. The dopant of
Sr usually occupies the convex capped sites of the Sng?,/ -
cluster. The analysis of the difference between the binding

0/=

cluster with tower framework has outstanding stability. The

energy and the second-order energy shows that the StMg,

molecular orbital and chemical bonding analysis indicate that
the stronger Sr—Mg interaction leading to the sp hybridization
between Sr and Mg atoms can stabilize the StMgg cluster.
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