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1 Introduction

Over the past few decades, silicon-based clusters have 
attracted a great deal of attentions due to their acknowledged 
importance not only in the modern microelectronics indus-
try, but also as building blocks for the developing new and 
tunable silicon-based nanomaterials [1–8]. Different from 
carbon clusters which usually show sp2 hybridization, pure 
silicon clusters favor the sp3 hybridization because Si atom 
has a larger p-orbital than C atom, and C atom has larger 
s-orbital than Si atom [9]. As a result, the pure Si clusters are 
chemically reactive because of the presence of unsaturated 
dangling bonds and are unsuitable as nanoscale building 
blocks [10, 11]. It has been found that doping an appropri-
ate foreign atom such as transitional metal (TM) atom and 
rare earth metal (REM) atom inside silicon clusters can not 
only solve the deficiency, but also influence impressively the 
fascinating physical and chemical properties such as nar-
row HOMO–LUMO gaps, high magnetic moments, bright 
photoluminescence of these silicon-based clusters [12–18].

Up to date, there have been some scientific researches 
on REM-doped silicon clusters. For instance, Nakajima and 
co-workers firstly studied doping REM atoms into silicon 
cluster anions REMSin

− (REM = Tb, Ho, Lu, n = 6–20) 
clusters by using photoelectron spectra (PES) and reported 
their electronic structures and threshold energies of elec-
tron detachment [1, 2]. Subsequently, Grubisic et al. [3, 4] 
reported the PES of REMSin

− (REM = Ho, Gd, Pr, Sm, Eu, 
Yb; n = 3–13) and found that the PES can be categorized 
as three types in light of their motifs. Motivated by these 
experimental observations, some theoretical simulation 
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and computation have been carried out for  REMSin clusters 
including  PrSin [7, 19],  SmSin [20],  EuSin [21, 22],  GdSin 
[23],  HoSin [11, 16, 24],  YbSin [25–27] and  LuSin [28] to 
evaluate their equilibrium configuration and electronic prop-
erties such as relative stability, HOMO–LUMO gap, adiaba-
tic electron affinity (AEA), magnetic moment and so forth. 
Recently, we [29–35] investigated the most stable structures 
and properties of  PrSin,  SmSin,  EuSin,  GdSin,  HoSin,  YbSin 
and  LuSin (n ≤ 10) and their anions and concluded that (1) 
The  REMSin can be divided into two types according to the 
situation of 4f electron participation in bonding. One (cor-
responding to “A” type in Ref. [4]) is that the 4f electron 
hardly participates in bonding, and another (corresponding 
to “B” in Ref. [4]) is that the 4f electron prefers to partici-
pate in bonding. (2) The double-hybrid mPW2PLYP and/or 
B2PLYP functional can accurately predict electron affini-
ties of  REMSin including both types of A and B. The pure 
and single-hybrid density functional theory such as popular 
PBE, PBE0, TPSSh and B3LYP, especially TPSSh, can only 
accurately evaluate the electron affinities for  REMSin of type 
A. Therefore, we applied the mPW2PLYP [36] methods in 
this paper to the determination of equilibrium configura-
tions and electronic properties (including relative stability, 
HOMO–LUMO gap, AEA, magnetic moment and charge 
transfer characteristics) of neutral  PmSin (n = 3–10) and 
their anions with the target of understanding which type (A, 
B, or AB)  PmSin clusters belong to and how their properties 
differ from those of bare Si clusters and other  REMSin spe-
cies. Our calculations will provide not only specific guidance 
for the study of medium-size clusters but also strong moti-
vation for further experimental studies of these important 
 PmSin clusters and their anions.

2  Computational schemes

It is well known that locating the global minimum of the 
large clusters is usually a rather difficult task. The possibil-
ity of missing the ground state structure exists. For small 
size clusters, this problem can be solved by using a global 
optimization technique. But with the cluster size increasing, 
the number of local minimal isomers increases exponen-
tially. The complex distribution of these huge numbers of 
local minimal isomer makes the potential energy surface 
locally very rugged, making an “ergodic” sampling on the 
potential energy surface of the large clusters (especially for 
heteroatom clusters) by computer simulation nearly impos-
sible [37]. On the other hand, the most stable structure of 
 SmSin,  EuSin and  YbSin is substitutional structure [30, 31, 
34]. Therefore, apart from the ABCluster [37], the “sub-
stitutional structure” is also taken into account in order to 
ensure the lowest energy structure can be selected into initial 
configuration as much as possible. The detailed description 

for the ABCluster global search technique combining with 
the Gaussian 09 codes [38] is as follows. The ABCluster 
uses the “artificial bee colony” (ABC) algorithm to perform 
the global optimization. Of course, it can be used as ran-
dom generator only. The first step is that for n ≤ 7, 100 
initial geometries of  PmSin generated by the ABCluster 
are selected (the ABCluster codes are black-box program, 
and the first geometry is generated randomly), and 300 are 
selected for n ≥ 8. Then, the TPSSh functional [39] combin-
ing with SMALL basis sets (which contains 6-31G basis set 
for Si atoms and ECP50MWB basis set [40] for Pm atom) 
is chosen to optimize the initial geometries of each cluster 
one by one with doublet electronic state. The second step is 
that the isomers with their energy differences within 0.8 eV 
from the lowest energy isomer from the first step for each 
species are chosen and reoptimized by using the TPSSh 
functional combined with the LARGE basis sets (which 
contains Stuttgart-ECP basis set [41, 42] for Pm and the cc-
pVTZ [43] for Si atoms). In the third step, the isomers from 
the second step with their energy value within 0.8 eV from 
the lowest energy isomer are optimized by using the mPW-
2PLYP/LARGE method. The substitutional structures for 
 PmSin are generated by replacing each Si of the ground state 
structure of  Sin+1 with a Pm atom. In fact, our experience is 
that for pure  Sin cluster with n ≤ 11, the ground state struc-
tures predicted by using the ABCluster method with 100 
initial geometries are the same as the known ones reported 
previously. For  REMSin clusters, when n ≤ 7, the 100 initial 
geometries generated from the ABCluster method include 
all of the substitutional structures. However, from n = 8, 
even 500 initial geometries generated from the ABCluster 
method do not include all of the substitutional structures. 
For instance, the most stable geometries of  PmSi8 (and/or 
 PmSi8

−) and  PmSi9
− belong to substitutional structure, but 

cannot be found by ABCluster method. It is to say that the 
selection of the initial geometries to consider two types is 
necessary. In addition, only sextuplet electronic state was 
considered for neutral  PmSin clusters. The reason is that if 
4f electrons of Pm atom participate scarcely in bonding (it is 
to say that electron configurations of Pm is [core]6s24f55d0), 
the spin multiplicities of neutral  PmSin are sextuplet. If 4f 
electrons are involved in bonding (the electron configura-
tions of Pm is [core]6s24f45d1), the spin multiplicities of 
neutral  PmSin are still sextuplet. (Take  PmSi10 as an example 
for this point of view, we have examined the energies of 
 PmSi10 isomers with quartet and octuplet electronic states. 
The results revealed that the energies of octuplet electronic 
states are higher than that of sextuplet electronic state. For 
quartet electronic state, there are serious spin contamina-
tion). For their anions, the quintuplet and septet electronic 
states were considered for n = 3–6. The results revealed 
that the ground state of PmSin

− anions is septet electronic 
state. That is, the 4f electrons hardly participate in bonding. 
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Although many structures were gotten, only several selected 
isomers were reported.

Harmonic frequency analysis was performed only at the 
TPSSh/LARGE level of theory to assure that the geometries 
presented in this work are local minima. The mPW2PLYP 
geometries were applied in single-point calculations with 
diffuse functions (which contains the aug-cc-pVTZ basis 
sets [43] for Si atoms and Stuttgart RSC 1997 ECP basis set 
augmented with 2pdfg diffuse functions [44] for Pm atom, 
denoted as aug-LARGE). Finally, the mPW2PLYP energies 
at 0 K are obtained by adding the ZPVE (zero point vibration 
energy) of the TPSSh. The energies of mPW2PLYP/aug-
LARGE//mPW2PLYP/LARGE were used for calculations 
of properties such as AEA and dissociation energies. All of 
the calculations were performed using the GAUSSIAN 09 
soft package [38]. It is reasonable to adopt the double-hybrid 
mPW2PLYP scheme. The average absolute deviation of the 
mPW2PLYP from experiment for 35 calculated AEA of 
 REMSin (excluded  PrSi6) including type of A and B is only 
0.05 eV as shown in Table 1. In our previous study, ECP-
28MWB small-core relativistic potentials and segmented 
(SEG) valence Gaussian valence basis sets (namely “SEG/
ECP”) [45] were employed for the REM atoms [29–33]. At 
present, they are replaced by the Stuttgart-ECP basis sets. 
The reason is that (1) SEG/ECP basis set is sometimes 
excessive mixing of frozen core and valence orbitals; (2) it 
can save computation time; and (3) the result is agreement 
with experimental data as described above. The double-
hybrid mPW2PYP is susceptible to the initial geometry. 
A poor initial geometry can result in convergence failure 
for mPW2PLYP scheme. On the other hand, the cost for 
frequency calculation of mPW2PLYP is expensive. So the 
TPSSh method is used for optimization of initial geometries. 
Our experience is that apart from the TPSSh, the PBE, PBE0 
and B3LYP methods can also be recommended for optimiza-
tion of initial geometries.

3  Results and discussion

3.1  Neutral and anionic geometries

The optimized geometries of neutral  PmSin (n = 3–9) at the 
mPW2PLYP/LARGE level are shown in Fig. 1. For  PmSi3, 
two isomers are reported. One is a planar rhombus (3a) with 
6B2 ground state. And another is a tetrahedron (3b) with 
6A1 electronic state. Energetically, it is less stable than that 
of 3a by 0.74 eV. For  PmSi4, three isomers are presented. 
The 4a structure of 6A″ is predicted to be the ground state. 
Both 4a and 4c can be regarded as being derived from the 
ground state trigonal bipyramid structure of  Si5 [46, 47] by 
replacing a Si atom at different positions with a Pm atom. 
The geometry 4b can be regarded as attaching a Pm atom 

to the ground state planar rhombus structure of  Si4 [46, 
47]. For  PmSi5, two isomers are reported. Both 5a and 5b 
belong to substitutional structure. The 5a structure of 6A″ 
electronic state is predicted to be the ground state structure, 

Table 1  Deviations of calculated adiabatic electron affinity (AEA) 
from experiment

AEAs and deviations in eV. Deviation = Theory − Experiment. The 
theoretical AEAs are calculated by the mPW2PLYP/aug-LARGE//
mPW2PLYP/LARGE method without ZPVE. The ground state struc-
tures for  SmSin,  EuSin,  GdSin,  HoSin and  PrSin and their anions see 
Refs. [29–33]
a See Refs. [2–4] for experimental references excluded  GdSi4,  PrSi4 
and  HoSi4, of which experimental values see Refs. [29, 32, 33]

Species AEA

mPW2PLYP Expt.b Deviation

SmSi3 1.45 1.40 ± 0.05 0.05
SmSi4 1.59 1.50 ± 0.05 0.09
SmSi5 1.65 1.60 ± 0.05 0.05
SmSi6 1.53 1.5 ± 0.1 0.03
SmSi7 1.65 1.6 ± 0.1 0.05
SmSi8 1.77 1.7 ± 0.1 0.07
SmSi9 1.99 2.10 ± 0.10 −0.11
SmSi10 1.94 2.00 ± 0.10 −0.06
EuSi3 1.47 1.45 ± 0.05 0.02
EuSi4 1.66 1.6 ± 0.05 0.06
EuSi5 1.70 1.70 ± 0.05 0.00
EuSi6 1.60 1.55 ± 0.05 0.05
EuSi7 1.71 1.70 ± 0.05 0.01
EuSi8 1.79 1.75 ± 0.05 0.04
EuSi9 2.13 2.20 ± 0.1 −0.07
EuSi10 1.99 2.00 ± 0.1 −0.01
GdSi2 1.30 1.30 ± 0.05 0.00
GdSi3 1.47 1.60 ± 0.05 −0.13
GdSi4 2.12 2.15 ± 0.05 −0.03
GdSi5 1.89 1.95 ± 0.05 −0.06
GdSi6 2.10 2.0 ± 0.5 0.10
GdSi7 2.31 2.3 ± 0.1 0.01
GdSi8 2.51 2.5 ± 0.2 0.01
GdSi9 2.96 2.9 ± 0.1 0.06
HoSi4 2.20 2.20 ± 0.1 0.00
HoSi5 2.01 2.05 ± 0.05 −0.04
HoSi6 2.36 2.4 ± 0.0043 −0.04
HoSi7 2.33 2.4 ± 0.1 −0.07
HoSi8 2.57 2.7 ± 0.2 −0.13
HoSi9 2.92 2.9 ± 0.1 0.02
PrSi4 2.10 2.0 ± 0.1 0.10
PrSi5 1.87 1.9 ± 0.1 −0.03
PrSi6 1.61 2.1 ± 0.1 −0.49
PrSi7 2.39 2.4 ± 0.1 −0.01
PrSi8 2.53 2.5 ± 0.2 0.03
PrSi9 2.85 2.8 ± 0.1 0.05



 Theor Chem Acc (2017) 136:93

1 3

93 Page 4 of 11

Fig. 1  Neutral geometries 
optimized with the mPW-
2PLYP scheme. The Pm–Si 
bond lengths are in angstroms. 
The relative energies, ∆, are 
obtained at the mPW2PLYP/
LARGE level and in eV
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analogous to the ground state structure of  SmSi5 and  EuSi5 
[30, 31]. The 5b isomer of 6A′ electronic state is similar to 
the ground state structure of  PrSi5,  GdSi5 and  HoSi5 [29, 
32, 33]. For  PmSi6, the 6a structure of 6B1 ground state is a 
pentagonal bipyramid with Pm atom positioning horizon-
tal axis, analogous to the ground state structure of  REMSi6 
(REM = Pr, Sm, Eu, Gd, Ho, Yb, Lu) [29–35]. For  PmSi7, 
four isomers are reported. The structure 7a, which can be 
viewed as replacing a Si of ground state structure of  Si8 
[47, 48] with a Pm atom, is predicted to be the ground state 
structure, analogous to the ground state structure of  SmSi7 
and  EuSi7 [30, 31]. The 7b isomer of 6A″ electronic state 
can be regarded as attaching a Pm atom to the ground state 
pentagonal bipyramid structure of  Si7 [46, 47]. Both 7c and 
7d isomers possess 6A′ electronic state. The 7d geometry 
is similar to the ground state structures of  GdSi7 and  HoSi7 
[32, 33]. For  PmSi8, four isomers are presented. The isomer 
8a belongs to substitutional structure and is the most stable 
structure with 6B2 ground state. The second lowest structure 
8b is similar to beetle with 6A′ electronic state. The isomers 
8b, 8c and 8d are significantly higher in energy than that 
of 8a substitutional structure. For  PmSi9, five isomers are 
presented. The 9a, 9b and 9c geometries can be regarded 
as replacing a Si atom at different position of ground state 
structure of  Si10 [47, 48] with a Pm atom. They compete 
with each other for the ground state structure of  PmSi9 
because their energy differences differ little from each other. 
The 9a structure, analogous to the ground state structure of 
 SmSi9 and  EuSi9 [30, 31], is only more stable in energy than 
the 9b and 9c isomers by 0.09 and 0.10 eV, respectively. The 
9d isomer, bicapped tetragonal antiprism, is similar to the 
ground state structure of  PrSi9 [29]. The 9e isomer can be 
viewed as attaching a Si atom to the ground state structure 
of  PmSi8. Both 9d and 9e structures are less stable in energy 
than that of 9a. For  PmSi10, four isomers are reported. The 
10a structure, analogous to the ground state structure of 
 SmSi10 and  EuSi10 [30, 31], can be regarded as replacing a 
Si atom of tricapped tetragonal antiprism of  Si11 [48] with a 
Pm atom. It is predicted to be the most stable structure with 
6A′ ground state. The 10b isomer can be viewed as attaching 
a Pm atom to the ground state tetracapped trigonal prism 
of  Si10 [48]. Energetically, the 10b, 10c and 10d isomers 
are less stable than that of 10a by 0.21, 0.24 and 0.32 eV, 
respectively. Take  PmSi10 as an example, their energies of 
quartet and octuplet electronic states are examined. The 
results revealed that the energies of 10a–10d isomers with 
octuplet electronic states are higher than those with sextuplet 
electronic state by 0.95, 0.80, 0.99 and 0.87 eV, respectively. 
For quartet electronic state, there are serious spin contami-
nation (expectation values of S2 are about 4.64–5.75).

The optimized geometries of anion PmSin− (n = 3–9) at 
the mPW2PLYP level are exhibited in Fig. 2. The Spin, S2 
operator values and relative energy of anion PmSin

− (and 

neutral  PmSin) are listed in Table 2. From Table 2, we can 
see that the energies of quintuplet electronic state for iso-
mers 3a−, 5a− and 6a− are only 0.09, 0.09 and 0.04 eV above 
those of septet electronic states, respectively. Their S2 opera-
tor analysis reveals that the results of quintuplet electronic 
state are not trustworthy because of spin contamination. 
The expectation values (7.01) of S2 can be expanded for 
pure states with higher multiplicities. And hence, the septet 
ground state evaluated for the anions is trustworthy. For 3b−, 
4a− and 4b− isomers of quintuplet electronic state, the spin 
contamination also occurs. Although the spin contamination 
does not occur for 4c− and 6b− isomers of quintuplet elec-
tronic state, of which energies are obviously higher.

For negatively charged ion PmSin− with n = 3–10, their 
ground state structures are predicted to be 3a−, 4a−, 5a−, 
6a−, 7a−, 8a−, 9c− and 10a−, respectively. This result is simi-
lar to that of negatively charged ion SmSin

− and EuSin
− [30, 

31]. The 6b− geometry, analogous to ground state struc-
ture of  PrSi6,  GdSi6 and  HoSi6, is higher in energy than that 
of 6a− by 0.85 eV. The 7b− isomer competes ground state 
with 7a− structure because their energy difference falls in 
0.10 eV.

Similar to the ground state structures of  REMSin 
(REM = Sm, Eu) and their anions [30, 31], the ground 
state structures of  PmSin (n = 3–10) and their anions can be 
regarded as replacing a Si atom of the most stable structures 
of  Sin+1 clusters with a Pm atom. The most stable geometries 
of anionic clusters excluded  PmSi9

− is similar to their cor-
responding to neutral ones. The Pm–Si bond distances of the 
anions are averagely longer than their corresponding neutral 
ones by 0.146 Å (obtained by using 28 bond distances of 3a, 
4a, 5a, 6a, 7a, 8a, 9a, 9c and 10a geometries).

3.2  Stability properties of clusters

It is well known that the dissociation energies (DEs) can be 
used to examine the relative stability of species. Here, the 
DEs are defined as the energy required for REM to dissoci-
ate from  REMSin or REMSin

−. The DEs calculated at the 
mPW2PLYP/aug-LARGE//mPW2PLYP/LARGE level for 
 PmSin and their anions are shown in Figs. 3 and 4, respec-
tively. The DEs of  PrSin,  SmSin,  EuSin,  GdSin,  HoSin and 
their anions (of which ground state structures are taken 
from Refs. [29–33]) are also calculated at the same levels 
and plotted in Figs. 3 and 4, respectively, in order to facili-
tate comparison. From Figs. 3 and 4, we can see that (1) 
the DEs of  PmSin are close to those of  SmSin,  EuSin and 
 HoSin. The DEs of  GdSin are the largest among these data. 
The reason is that an unpaired d-orbital of Gd atom tends 
to form ionic polarization. As a result, the covalent bond 
character of the  GdSin system is enhanced [32]; (2) the con-
sistent change trends of the DE vs n curves occur on all 
of these species. The larger the DEs, the more stable the 
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Fig. 2  Anion geometries 
optimized with the mPW-
2PLYP scheme. The Pm–Si 
bond lengths are in angstroms. 
The relative energies, ∆, are 
obtained at the mPW2PLYP/
LARGE level and in eV
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Table 2  Spin (S), S2 operator 
and relative energy (∆) values 
of neutral  PmSin (n = 3–10) and 
their anions calculated with the 
mPW2PLYP scheme

Structure S S2 ∆ Structure S S2 ∆

3a 5/2 8.76 0.00 4a− 6/2 12.00 0.00
3b 5/2 8.76 0.74 4/2 7.02 0.16
4a 5/2 8.77 0.00 4b− 6/2 12.01 0.26
4b 5/2 8.76 0.25 4/2 7.01 0.34
4c 5/2 8.80 0.69 4c− 6/2 12.04 0.73
5a 5/2 8.76 0.00 4/2 6.02 0.20
5b 5/2 8.80 1.04 5a− 6/2 12.01 0.00
6a 5/2 8.76 0.00 4/2 7.01 0.09
7a 5/2 8.76 0.00 6a− 6/2 12.00 0.00
7b 5/2 8.76 0.26 4/2 7.01 0.04
7c 5/2 8.76 0.36 6b− 6/2 12.01 0.85
7d 5/2 8.76 0.58 4/2 6.02 0.50
8a 5/2 8.76 0.00 7a− 6/2 12.02 0.00
8b 5/2 8.76 0.55 7b− 6/2 12.01 0.10
8c 5/2 8.76 0.63 7c− 6/2 12.02 0.54
8d 5/2 8.78 1.05 7d− 6/2 12.05 0.31
9a 5/2 8.76 0.00 8a− 6/2 12.01 0.00
9b 5/2 8.76 0.09 8b− 6/2 12.01 0.73
9c 5/2 8.76 0.10 8c− 6/2 12.01 0.73
9d 5/2 8.76 0.27 8d− 6/2 12.03 0.72
9e 5/2 8.76 0.85 9a− 6/2 12.01 0.33
10a 5/2 8.76 0.00 9b− 6/2 12.01 0.26
10b 5/2 8.76 0.21 9c− 6/2 12.02 0.00
10c 5/2 8.76 0.24 9d− 6/2 12.01 0.45
10d 5/2 8.76 0.32 9e− 6/2 12.04 0.94
3a− 6/2 12.01 0.00 10a− 6/2 12.01 0.00

4/2 7.01 0.09 10b− 6/2 12.01 0.32
3b− 6/2 12.01 0.68 10c− 6/2 12.01 0.42

4/2 7.00 1.56 10d− 6/2 12.01 0.39
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clusters. So the  REMSi4 and  REMSi7 are less stable, and 
the  REMSi5 and  REMSi8 are more stable. (3) The DEs of 
PmSin

−, SmSin
− and EuSin

− are nearly identical. And they are 
smaller than those of HoSin

− and PrSin
−. The reason can be 

explained as follows. The  PmSin,  SmSin and  EuSin clusters 
belong to “A” type, while  HoSin and  PrSin species are “B” 
type. That is, an 4f electron of Ho and Pr atom transfers to 5d 
orbital and participates in bonding. This bond is equivalent 
to the SOMO (singly occupied molecular orbital). When 
these neutral clusters getting an electron become negatively 
charged ion, this additional electron going into the SOMO of 
neutral  REMSin (REM = Ho and Pr) becomes doubly occu-
pied in the anion, which primarily localized on  Sin skeleton. 
However, the electron back donation from the  Sin skeleton to 
REM is induced and makes the bond between  Sin and REM 
strong. This property may be used for the separation of rare 
earth elements.

3.3  Electronic properties of clusters

AEA is not only electronic property but also a key spectro-
scopic value and vitally important for use in the chemical 
cycle. The AEA is defined as the energy difference between 
the neutral ground state structure and the anionic ground 
state structure. The AEA calculated at the mPW2PLYP level 
is listed in Table 3. There are no experimental values for 
comparison. Compared with  SmSin and  EuSin, the AEAs 
of  PmSin differ little from those of  SmSin and  EuSin. If the 
numerical size must be distinguished, the AEA of  PmSin is 
slightly larger than that of  SmSin, but slightly smaller than 
that of  EuSin as shown in Fig. 5. We hope that our predic-
tion will provide strong motivation for experimental studies 
of these important Pm-doped Si clusters and their anions.

HOMO–LUMO gap as an important physical property 
can also reflect the electronic property. The size depend-
ence of the HOMO–LUMO gaps for the most stable struc-
tures of  PmSin (n = 3–10) calculated by the mPW2PLYP 
method is shown in Fig. 6. To facilitate comparison, the 
HOMO–LUMO gaps of  SmSin,  EuSin and  Sin are also 
calculated and shown in Fig. 6. From Fig. 6, we can see 
that the consistent change trends of the HOMO–LUMO 
gap vs n curves exist in  PmSin,  SmSin and  EuSin, and the 

HOMO–LUMO gaps of which are nearly identical. The 
smaller the HOMO–LUMO gap, the more easily the  PmSin 
tends to set off photochemical reaction. So the photochemi-
cal activity of doping Pm atom to Si clusters is very stronger 
than that of pure Si clusters. This property may be used 
to produce new functional materials such as environmental 
catalytic materials.

In addition, the NPA (natural population analysis) charges 
and valence configurations for the most stable structure are 
calculated at the mPW2PLYP level of theory to further 
understand the interaction between Pm and Si clusters. 
The atomic charges and configurations of Pm are listed in 
Table 4. Similar to other REM in small  REMSin (n ≤ 10) 

Table 3  Adiabatic electron affinity (AEA) with ZPVE correction for 
PmSin (n = 3–10) species

Presented in eV. The values in parentheses are without ZPVE

Species AEA Species AEA

PmSi3 1.44 (1.45) PmSi7 1.68 (1.69)
PmSi4 1.62 (1.63) PmSi8 1.74 (1.75)
PmSi5 1.68 (1.69) PmSi9 2.05 (2.06)
PmSi6 1.55 (1.55) PmSi10 1.95 (1.96)
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Fig. 5  Adiabatic electron affinity (AEA, in eV)  REMSin 
(REM = Pm, Sm, Eu, n = 3–10) calculated at the mPW2PLYP/aug-
LARGE//mPW2PLYP/LARGE level of theory
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clusters [29–33], the Pm atom in  PmSin and their anions act 
as an electron donor. The valence configurations of Pm are 
6s0.13−0.424f4.97−4.995d0.25−0.576p0.06−0.12 and 6 s0.67−0.964f4.99

5d0.11−0.356p0.18−0.32 in  PmSin (n = 3–10) and their anions, 
respectively. It shows that the 4f shell of Pm in the cluster 
is nearly unchanged, analogous to the situations of Sm and 
Eu atom in the clusters [30, 31]. The charge transfer takes 
place largely from 6s to 5d orbitals, leading to hybridization 
between 6s and 5d orbital. In the case of anion, the majority 

of the extra electron’s charge is localized on  Sin clusters. 
And the mean charges of 0.63 a.u. go back to Pm from  Sin 
clusters (the mean charges of the anion minus the mean 
charges of the neutral). This weakened the bonds between 
 Sin clusters and Pm atom. Therefore, the DEs of Pm atom 
from the lowest energy structures of the anion are less than 
those of the neutral.

Magnetic moments are the important physical proper-
ties for compounds containing REM atoms. The magnetic 
moments of 6s, 4f, 5d and 6p state for Pm, total magnetic 
moments of Pm, and total magnetic moments of the lowest 
energy structures of  PmSin (n = 3–10) and their anions are 
shown in Table 5. The 4f electrons of Pm atom provide the 
total magnetic moments for neutral  PmSin. For negatively 
charged ion, in addition to the 4f electrons, the 6s electrons 
of Pm also provide little magnetic moments as shown in 
Table 5.

4  Conclusions

The equilibrium geometries, electronic structures and elec-
tronic properties of  PmSin (n = 3–10) clusters have been 
systematically investigated by using the ABCluster global 
search technique combined with the TPSSh and mPW-
2PLYP density functional methods. The results revealed 
that the most stable structure of neutral  PmSin and their 
anions belongs to substitutional structure with sextuplet 
and septet ground state, respectively. The reliable AEAs of 
 PmSin (n = 3–10) are predicted to 1.44, 1.62, 1.68, 1.55, 
1.68, 1.74, 2.05 and 1.95 eV, respectively. The AEAs of 
 PmSin differ little from those of  SmSin and  EuSin. Analyses 

Table 4  Natural population analysis (NPA) valence configurations 
and charge of Pm atom (in a.u.) calculated with the mPW2PLYP/aug-
LARGE//mPW2PLYP/LARGE scheme for the most stable structure 
 PmSin (n = 3 –10) clusters and their anions

Species Electron configuration Charge

PmSi3 [core]6S(0.42)4f(4.99)5d(0.36)6p(0.09) 1.16
PmSi4 [core]6S(0.24)4f(4.99)5d(0.46)6p(0.06) 1.27
PmSi5 [core]6S(0.27)4f(4.99)5d(0.40)6p(0.07) 1.28
PmSi6 [core]6S(0.16)4f(4.98)5d(0.52)6p(0.09) 1.24
PmSi7 [core]6S(0.33)4f(4.99)5d(0.33)6p(0.09) 1.26
PmSi8 [core]6S(0.15)4f(4.98)5d(0.57)6p(0.10) 1.21
PmSi9 [core]6S(0.13)4f(4.97)5d(0.54)6p(0.12) 1.22
PmSi10 [core]6S(0.36)4f(4.99)5d(0.25)6p(0.06) 1.36
PmSi3− [core]6S(0.96)4f(4.99)5d(0.24)6p(0.32) 0.48
PmSi4− [core]6S(0.88)4f(4.99)5d(0.24)6p(0.30) 0.58
PmSi5− [core]6S(0.92)4f(4.99)5d(0.20)6p(0.29) 0.59
PmSi6− [core]6S(0.87)4f(4.99)5d(0.26)6p(0.32) 0.55
PmSi7− [core]6S(0.92)4f(4.99)5d(0.17)6p(0.27) 0.63
PmSi8− [core]6S(0.84)4f(4.99)5d(0.27)6p(0.31) 0.60
PmSi9− [core]6S(0.67)4f(4.99)5d(0.35)6p(0.18) 0.84
PmSi10

− [core]6S(0.95)4f(4.99)5d(0.11)6p(0.23) 0.71

Table 5  Magnetic moment 
(μB) of 6s, 4f, 5d and 6p states 
for Pm atom, total magnetic 
moment (μB) of Pm atom, and 
total magnetic moment of the 
most stable structure of  PmSin 
(n = 3–10) and their anions 
calculated at the mPW2PLYP 
level

Species Magnetic moment of Pm atom Molecule

6s 4f 5d 6p Total

PmSi3 0.01 4.97 0.06 0.00 5.04 5
PmSi4 0.00 4.97 0.06 0.00 5.03 5
PmSi5 0.01 4.97 0.05 0.00 5.03 5
PmSi6 0.01 4.96 0.06 0.01 5.04 5
PmSi7 0.01 4.97 0.03 0.00 5.01 5
PmSi8 0.01 4.96 0.05 0.00 5.02 5
PmSi9 0.00 4.93 0.04 0.00 4.97 5
PmSi10 0.02 4.97 0.03 0.00 5.02 5
PmSi3− 0.66 4.99 0.04 0.22 5.91 6
PmSi4− 0.66 4.88 0.10 0.25 5.89 6
PmSi5− 0.70 4.90 0.07 0.24 5.91 6
PmSi6− 0.69 4.97 0.03 0.22 5.91 6
PmSi7− 0.67 4.90 0.06 0.22 5.85 6
PmSi8− 0.68 4.97 0.02 0.21 5.88 6
PmSi9− 0.53 4.97 0.04 0.10 5.64 6
PmSi10

− 0.71 4.94 0.03 0.20 5.88 6
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of HOMO–LUMO gap showed that introducing Pm atom to 
Si cluster can significantly improve photochemical reactiv-
ity of the cluster. And the improved effects are as good as 
those of the introducing Sm and Eu atom to Si cluster. The 
NPA calculations indicated that the 4f electron of Pm atom 
in  PmSin (n = 3–10) and their anions hardly participates in 
bonding. That is,  PmSin (n = 3–10) belongs to A type. The 
total magnetic moments for neutral  PmSin and their anions 
are mainly provided by the 4f electrons of Pm atom. The 
DEs of  PmSin,  SmSin and  EuSin are nearly identical. The 
DEs of PmSin

−, SmSin
− and EuSin

− are also nearly equal, and 
they are smaller than those of HoSin

− and PrSin
−.
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