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Abstract
Using the first-principles calculations, we study the structural, electronic and magnetic properties of the neutral and ionic 
 Nin-1X (n = 19–23; X = Na–Cl) clusters. The calculations are performed using the density functional theory with the PBE 
exchange–correlation energy functional. The results reveal that the most stable structures of  Nin-1X (X = Na, Mg, Al, Si) 
clusters are all similar to those of corresponding  Nin clusters, while there are substantial structural deformations of  Nin-1X 
(X = P, S, Cl) clusters. From the optimized results, a systematic analysis is carried out to obtain the relative stability, charge 
transfer, magnetic moments, density of states, electron affinity and ionization potential of  Nin-1X clusters. Our findings also 
suggest how to change the stability, electronic and magnetic properties by doping different atoms in Ni clusters.

Keywords First-principles · Magnetic property · Charge transfer · Density of states · Stability

1 Introduction

Over the past decade, a lot of emphasis has been paid to 
the study of the physical and chemical properties of atomic 
clusters, which are the aggregates of atoms containing from 
a few to a few thousand atoms [1]. Studies on these clusters 
provide a unique perspective to understand the evolution of 
cluster electronic structure from that of atoms in the bulk 
and possibility to study the physicochemical properties as 
a function of cluster size. In recent years, transition metal 
(TM) clusters are widely used as structural materials, mag-
netic materials, and chemical catalysis. With the maturity of 

cluster theory, studies on single cluster have not been able 
to satisfy the discussion demand of cluster science. There-
fore, researchers begin to further study the TM alloy clusters 
owing to their potential applications in catalysis, magnetic 
storage, optical and medical fields. At the nanoscale, the 
TM alloy clusters exhibit unusual electronic, magnetic and 
catalytic performances due to their particular chemical and 
physical properties, which can be controlled by changing the 
chemical composition and size. Consequently, the structures, 
electronic properties and magnetism of the TM alloy clusters 
have become one of the most active research subjects in 
the field of cluster physics. Among the TM alloy clusters, 
Ni-doped clusters have received great attention because the 
properties of doped clusters can be controlled by the selec-
tion of doped elements, the improvement of cluster stability, 
and the change of magnetic moments [2–4].

In general, the artificial introduction of impurity atoms 
into metal clusters is the basic method for studying the 
doping properties. And recent studies demonstrate that the 
chemical and electronic properties of TM clusters can be 
tuned by doping. It is very important to study TM-doped 
clusters at the atomic scale for exploring the reaction mecha-
nism of catalysts and designing novel magnetic materials. 
Recently, some studies of Ni-doped clusters are focused on 
the physical, electronic and magnetic properties [5–10]. It 
is a known fact that the atomic radius decreases from left 
to right for the elements with the increase in the number 
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of electrons in the outermost shell. In this study, the third 
periodic elements-doped nickel clusters are selected mainly 
because of their unique electronic properties. Sodium and 
magnesium are important alkali and alkaline earth metals. 
Owing to its active chemical properties, Na is commonly 
used in medical treatment and nuclear reactors, while Mg, 
with its lightweight and low strength, is commonly used in 
aerospace. Aluminum is the most abundant metallic element 
in the crust. Due to the special properties of Al and its alloys, 
it is widely used in aviation, architecture and automobile. 
And silicon is a crucial semiconductor material. In addition, 
phosphorus, sulfur and chlorine also play significant roles in 
agricultural production and industrial development. There-
fore, many significant improvements have been achieved in 
the study of the structural, electronic and magnetic proper-
ties of the Ni-X (X = Na, Mg, Al, Si, P, S and Cl) systems. A 
few years ago, Deshpande et al. reported the magnetic prop-
erties of small  Ni13-nAln clusters with n = 0–13 calculated in 
the framework of density functional theory. The cluster mag-
netic moment decreases with the sequential substitution of 
Ni by Al atoms, which can be attributed to a greater degree 
of hybridization that forces the pairing of the electrons in 
the molecular orbitals of Ni and Al [11]; In another study, 
Shah et al. investigated the equilibrium structure, electronic 
and magnetic properties of  Ni3nAln (n = 1, 8) clusters using 
ab initio total-energy calculations based on density func-
tional theory. They found the magnetic moment per atom in 
these clusters was significantly enhanced with respect to the 
bulk and a net transfer of charge from the d-type orbital of Ni 
to the p-type orbital of Al [12]. Experimentally, Zhang et al. 
studied the structural effects of sodium cations in polynu-
clear, multicubane-type mixed Na–Ni complexes [13]; later, 
after Mg and Ni nanoparticles were fabricated by hydrogen 
plasma metal reaction, Mg-rich  MgxNi100-x (75 < x < 100) 
materials were synthesized from these metal nanoparticles 
to study the synergistic effects for hydrogen storage in these 
samples to show both good kinetics and high capacity by 
Shao et al. [14]; recently, Kursun et al. reported the influence 
of the mechanical alloying on the microstructure, thermal 
and mechanical features of  Mg65Ni20Y15-xSix (x = 1, 2, 3) 
alloys. The Mg-based alloys are produced by mechanical 
alloying techniques from mixtures of pure crystalline Mg, 
Ni, Y and Si powders. These alloys are investigated by using 
a variety of analytical techniques including X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), energy-
dispersive spectrometry (EDX) and differential scanning 
calorimetry (DSC) [15] and so on [16].

Although more and more researchers systematically and 
deeply investigate the Ni alloy clusters, how to choose the 
doping elements, composition, atomic arrangement and size 
to obtain the new electromagnetic properties is still a key 
problem in cluster application research. And the theoreti-
cal study of Ni alloy clusters provides detailed electronic 

structure information for the properties of chemical adsorp-
tion and catalytic reaction. Especially for the study of 
medium-scale Ni alloy clusters, it can not only serve as a 
bridge between atom-scale and macro-solid but also provide 
a platform for the study of many catalytic reactions. How-
ever, as far as we know, the structures, electronic and mag-
netic properties of X-doped (X = Na, Mg, Al, Si, P, S and Cl) 
medium-scale Ni clusters have not been investigated until 
now. Therefore, in this article, the lowest-energy structures 
of pure  Nin (n = 19–23) clusters are optimized first based on 
the previous calculation results. For X-doped (X = Na, Mg, 
Al, Si, P, S and Cl) Ni clusters, we examine the changes in 
the structural, electronic and magnetic properties using the 
density functional theory with the PBE exchange–correla-
tion energy functional. The purpose of the present work is 
to address how X atoms (X = Na, Mg, Al, Si, P, S and Cl) 
doping affects the host clusters, how the resulting binding 
energy is compared with the pure clusters, and how elec-
tronic properties such as the ionization potential, electron 
affinity, charge transfer and magnetic moments are modi-
fied. The article is organized as follows. Section 2 briefly 
describes the theoretical methods used in this work. In 
Sect. 3, we present the lowest-energy structures and discuss 
the stability, electronic and magnetic properties of these 
clusters. Finally, the conclusions of this work are made in 
Sect. 4. We hope that our work will be useful for understand-
ing the influence of material structure on its properties and 
can offer relevant information for further experimental and 
theoretical studies.

2  Computational theory

Density functional theory (DFT) is based on the elec-
tronic density of the system, which not only considers the 
electronic interaction but also avoids the time-consuming 
shortage of large system. It can be said that DFT has 
opened up a new way for the calculation of molecular 
properties. For the development of cluster science, the-
oretical calculation plays an extremely important role. 
Among them, DFT is a suitable computational method 
to treat clusters containing transition metals and plays 
an important role in quantum mechanics. Therefore, in 
this study, our calculations presented here are carried 
out using the DFT, as implemented in the VASP code 
[17–20]. In the VASP calculation, we employ the spin 
polarized generalized gradient approximation (GGA) 
exchange–correlation potential as parametrized by Per-
dew, Burke and Ernzerhof (PBE). Valence electrons are 
treated explicitly and their interactions with ionic cores 
are described by the Projector Augmented Wave (PAW) 
pseudopotential. The energy convergence criterion for 
the structure relaxation calculation is  10−5 eV. And the 
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internal coordinates are relaxed till the Hellmann–Fey-
nman forces are less than 0.01 eV/Å. The clusters are 
placed in a cubic supercell with an edge of 20 Å, and 
periodic boundary conditions are imposed. Because of 
the large supercell and cluster calculation, interaction 
between the cluster and its replicas in neighboring cells 
can be negligible, and the Brillouin zone integration is 
carried out using only the Г point. In our study of the 
cluster magnetic properties, we note that we only com-
pute the atomic spin magnetic moments, i.e., spin–orbit 
interactions are not taken into account.

In order to predict the relative stability of the neu-
tral and ionic  Nin-1X (n = 19–23; X = Na–Cl) clusters, we 
have calculated the binding energy per atom (BE) for the 
lowest-energy structures by using the following formulas:

where E(Ni), E(X), E(X+/·), Etotal  (Nin-1X) and Etotal 
 (Nin-1X+/·), respectively, represent the total energies of the 
most stable Ni, X,  X+/·,  Nin-1X and  Nin-1X+/· clusters. For 
illustrating the influence that the impurity atom X has on 
the relative stability of  Nin clusters, the BE of the lowest-
energy structures for  Nin clusters are also calculated by the 
following formula:

where E(Ni), E(Ni+/·), Etotal  (Nin) and Etotal  (Nin
+/·), respec-

tively, represent the total energies of the most stable Ni, 
 Ni+/·,  Nin and  Nin

+/· clusters. By this definition, the larger 
the value of the BE is, the more stable the cluster is.

BE(Nin − 1X) = [(n-1)E (Ni) + E (X)−Etotal

(

Nin − 1X
)

]∕n

BE(Nin − 1X
+∕⋅) = [(n-1)E (Ni) + E (X+∕⋅)−Etotal(Nin − 1X

+∕⋅) ]∕n

BE(Nin) = [nE(Ni)−Etotal(Nin)]∕n

BE(Ni+∕⋅
n

) = [(n-1)E(Ni) + E(Ni+∕⋅) −Etotal(Ni
+∕⋅
n

)] ∕n

3  Results and discussion

3.1  Nin (n = 19–23) cluster structures

The lowest-energy structures of the pure  Nin clusters that 
have n = 19–23 are optimized on the basis of previous cal-
culation results [21]. Our calculation shows that the lowest-
energy structure of  Ni19 is a perfect double-interpenetrating 
icosahedron, which has three parallel pentagonal rings 
stacked in a 1–5–1–5–1–5–1 sequence. The most stable 
structures of  Ni20 and  Ni21 are formed by adding one and 
two atoms to the cluster side face in the waist of  Ni19. And 
the lowest-energy structure of  Ni22 is considered as adding 
one more atom above the center of the equilateral triangle 
of  Ni21, leading to a tetrahedron unit on the cluster side 
face. Similarly,  Ni23 is viewed as adding one atom to  Ni22, 
showing as a  Ni4 segment to  Ni19. The calculation of all 
lowest-energy structures for  Nin (n = 19–23) clusters is using 
a combination method of genetic algorithm (GA) searching 
with a tight-binding potential and the DFT calculations, as 
shown in Fig. 1.

3.2  Nin‑1X (n = 19–23; X = Na–Cl) cluster structures

It is well known that the research of the most stable struc-
tures of alloy clusters remains a challenge due to the huge 
amount of isomers. Especially, if one metal is magnetic, the 
study becomes more complicated because several spin states 
must be investigated. There is always a danger of missing 
the lowest energy isomer resulting from the limit of our cur-
rent computational power. Nevertheless, the reliability of 
the lowest-energy structures obtained is strongly dependent 
on the selection of the initial cluster geometries. Since the 
number of possible geometries increases dramatically with 
cluster size. Firstly, we choose initial structures based on the 
lowest-energy structures in our previous studies in order to 
find as many as possible reasonable starting points, then we 

Fig. 1  Lowest-energy structures of the  Nin (n = 19–23) clusters calculated at the DFT–PBE level



 W. Song et al.

1 3

514 Page 4 of 14

carried out an extensive search of the low-energy isomers of 
 Nin-1X clusters by considering all substituted doping posi-
tions for each cluster size. Finally, for each initial structure 
of the low-lying isomers, the structure is repeated without 
any symmetry restriction using DFT calculations and the 
lowest-energy structures of  Nin-1X (n = 19–23; X = Na–Cl) 
clusters are determined and presented in Figs. 2 and 3.

Now we discuss the results on X-doped  Nin clusters. 
As presented in Fig. 2, we can observe the same dop-
ing position for X-doped (X = Na, Mg)  Nin clusters. The 
lowest-energy structures of  Nin-1Na and  Nin-1 Mg are 
obtained by replacing a top atom of the initial struc-
tures. For  Nin-1Al clusters, the most stable structure of 
 Ni18Al is still to replace a top atom.  Ni20Al and  Ni21Al 
can be viewed as substitution of a Ni atom by an Al to 
the top layer of  Ni21-22, while  Ni19Al and  Ni22Al are 
being formed, in which an Al is found to the position 
of the waist. However, it is found from observing Fig. 3 
that all Si atoms prefer to be doped at the center rather 
than at the surface. According to above discussions on 
 Nin-1X clusters, we have found that the most stable struc-
tures of  Nin-1X (X = Na, Mg, Al, Si) clusters keep similar 
frameworks with the classical double-icosahedron of  Nin 
clusters. Moreover, the X atom has tended to become a 
part of the clusters and can be looked upon as a substitu-
tional impurity in the pure  Nin clusters. Nevertheless, the 

original and most stable structures of  Nin clusters begin 
to be broken after doping X (X = P, S, Cl) atoms. And 
there is substantial structural deformation for most of the 
lowest-energy structures of  Nin-1X clusters. Among them, 
Cl atom doping is most obvious. This change in structural 
deformation can be understood by the decreased radius of 
X (X = P, S, Cl) atoms and because of the stronger electron 
absorption capacity of them. Later, we will discuss this in 
detail in the charge transfer section.

The calculated bond lengths for the lowest-energy struc-
tures of  Nin-1X clusters are listed in Table 1. From Table 1, 
we can obverse that the effects of scale on bond lengths are 
not very obvious for all  Nin-1X clusters. From the analysis of 
details, we have found that the bond lengths increase slightly 
with the increase in clusters size for X-doped (X = Na, Mg, 
Al, Si)  Nin clusters. And the bond lengths show the oscilla-
tion behavior and the difference is less than 0.1 Å for  Nin-1X 
(X = P, S, Cl) clusters. In particular, we also have observed 
the order of the bond lengths from the longest to the short-
est is Na, Mg, Al, Si, P, S, Cl-doped  Nin clusters. This is 
because the radius of atoms decreases gradually from left 
to right for elements of the same period. Furthermore, the 
bond lengths of Ni–S and Ni–Cl are similar, which is due to 
the serious deformation of the initial structures caused by 
Cl atom doping. In general, the shorter bond length can lead 
to higher bond tightness and more stability of the clusters. 

Fig. 2  Lowest-energy structures of  Nin-1X (X = Na, Mg) and  Nin-1Al (n = 19–23) clusters calculated at the DFT–PBE level
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Thus the stability of doping S and Cl atoms is higher than 
that of doping other atoms, which is in close agreement with 
our results for the binding energy later on.

3.3  Relative stability

Considering the importance of cluster stability in the syn-
thesis of cluster-based nanomaterials, we have focused on 
the energetics and stability of X-doped  Nin clusters in this 

Fig. 3  Lowest-energy structures of  Nin-1Si,  Nin-1X (X = P, S) and  Nin-1Cl (n = 19–23) clusters calculated at the DFT–PBE level



 W. Song et al.

1 3

514 Page 6 of 14

section. The physical significance of binding energy is that 
the energy is obtained by placing an atom on an existing 
cluster, which can be utilized to characterize the relative 
stability of clusters. The calculated binding energy per atom 
(BE) values is provided in Fig. 4. It is found from observing 
Fig. 4 that the BE values of neutral  Nin and  Nin-1X clusters 
increase monotonically as a function of cluster size. The 
higher BE reflects its higher stability, indicating that the sta-
bility of large clusters is stronger. This is due to the increas-
ing average coordination number and effective hybridiza-
tion, which makes the interaction between atoms in clusters 
stronger. For ionic clusters, the overall change trend of BE 
curves increases with the increase in cluster size, especially 
for Na, Mg, Al and Si atom doping, the oscillation of the 
curve is not obvious, while for  Nin-1X+/· (X = P, S, Cl) clus-
ters, the BE values show an oscillating behavior on certain 
scales. Next, we have analyzed and discussed the causes of 
the phenomenon. Because there are many factors that affect 
the binding energy of clusters, such as geometry, charge 
transfer, impurity effect and so on. From the results of our 
calculation at present, it can be seen that in the presence of 
a certain charge, if the geometry and impurity effect exist at 
the same time, the impurity effect plays a major role in the 
binding energy. This is the reason that we can change the 
stability, structure and properties of clusters by doping dif-
ferent impurities. In addition, for pure  Nin clusters, we have 
observed that the BE of neutral clusters is lower than that of 
ionic clusters. This may have something to do with the elec-
tron configuration of the nuclei in the cluster. For the same 
size, the order of the BE curves is  BE+ > BE > BE, showing 
that the stability of decreasing one anti-bonding electron is 
stronger than that of increasing one bonding electron for neu-
tral clusters. However, for  Nin-1X clusters, the order of the 
BE curves can be divided into three regions:  BE+ > BE· > BE 
for doping Mg and Si atoms;  BE· > BE > BE+ for doping 
Na and Al atoms;  BE+ > BE > BE· for doping P, S and Cl 
atoms. This further indicates that the types of doped atoms 
affect the electron configuration of the host clusters to some 
extent. Finally, for all neutral and ionic  Nin clusters, we also 

have found that the BE curves increase with the substitution 
of one Ni atom by one Si or P atom. Therefore, it is clear 
that the Si and P-doped indeed contribute to strengthen the 
energetic stability of  Nin clusters. However, the BE curves 
show an opposite trend for doping Na and Mg atoms, which 
indicates that the Na and Mg-doped can weaken the stability 
of the  Nin clusters. Unfortunately, as an overall, the calcu-
lated BE values do not show some regularity for doping Al, 
S and Cl atoms. Thus, to some extent, the types of doped 
atoms can determine the stability of the host clusters. And 
the concrete influence degree and the reason still remain to 
be studied.

3.4  Charge transfer

Besides being an intuitive scheme for visualizing atoms 
in molecules, Bader’s definition is often useful for charge 
analysis. The charge distribution can be used to determine 
multipole moments of interacting atoms or molecules. Bader 
charge analysis has also been used to define the hardness 
of atoms, which can be used to quantify the cost of remov-
ing the charge from an atom. To explore in better detail the 
electronic properties, we carry out Bader charge analysis 
for the local charge of the most stable structures of  Nin-1X 
clusters, which can provide a reliable charge transfer infor-
mation. Here, the charge transfer of the X atoms and Ni 
clusters is displayed in Fig. 5. The reason for the charge 
transfer is that the atoms in the unequal space are affected 
by different potential fields, which causes some of the atoms 
to lose electrons and some of the others to gain electrons. 
It is well known that the directionality of charge transfer 
is related to the electronegativity of an element. The elec-
tronegativity takes ionization potential and electron affinity 
into account, which is used to indicate the relative strength 
of the ability to attract electrons when a chemical bond is 
formed between two different atoms. Generally speaking, 
the greater the electronegativity is, the stronger the abil-
ity to attract electrons is. For elements of the same period, 
the electronegativity increases from left to right. Thus the 
electronegativity of Ni (1.91) is larger than metal atoms for 
Na (0.93), Mg (1.31) and Al (1.61), almost equal to Si atom 
(1.90), and smaller than the nonmetallic atoms for P (2.19), 
S (2.58) and Cl (3.16), respectively. As can be seen from 
Fig. 5, the charge transfer takes place from metal atoms (Na, 
Mg, Al) to Ni clusters, which may derive from the larger 
electronegativity of Ni with respect to metal atoms (Na, Mg, 
Al). On the contrary, the charge is transferred from the non-
metallic atoms (P, S, Cl) atoms to Ni clusters except Si atom; 
in other words, P, S and Cl in the most stable structures of 
 Nin-1X clusters obtain electronic charges from surrounding 
Ni atoms. Then we have analyzed the reasons for Si-doped 
 Nin clusters including the following two aspects. On the one 
hand, the electronegativity of Ni atom is almost equal to that 

Table 1  The Bond length (Å) of Ni-X for  Nin-1X (n = 19–23; X = Na–
Cl) clusters

Bond length 
(Å)

Ni18X Ni19X Ni20X Ni21X Ni22X

Na 2.99 3.05 3.09 3.12 3.18
Mg 2.65 2.69 2.70 2.77 2.80
Al 2.48 2.50 2.52 2.53 2.55
Si 2.22 2.25 2.27 2.29 2.30
P 2.33 2.18 2.21 2.25 2.32
S 2.21 2.25 2.17 2.21 2.10
Cl 2.21 2.20 2.22 2.22 2.23
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of Si atom; on the other hand, only Si atom prefers to dope 
in the center position of Ni clusters, and the encapsulated Si 
atom tends to interact with more Ni atoms with in-equivalent 
bond lengths and to saturate the dangling bonds of Ni atoms. 
So more electrons transfer from Si atom to Ni clusters.

In addition, we have observed that the amount of transfer 
charge is related to the number of extranuclear electrons of 

an atom, that is, the more the number of extranuclear elec-
trons is, the greater the charge transfer is. So the most elec-
trons can be lost by Al and Si atoms, corresponding to the 
local maxima of  Ni21Si at a value of about 3.6e. However, 
as shown in Fig. 5, we also have found that more charge is 
transferred from Ni clusters to S atom compared to P and 
Cl atoms. Although the number of extranuclear electrons 

Fig. 4  Binding energy per atom (BE) of  Nin and  Nin-1X (n = 19–23; X = Na–Cl) clusters for a neutral, b cation, and c anion
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of Cl atom is more than that of S atom, the lowest-energy 
structures of  Nin-1Cl clusters are no longer based on double-
icosahedron, resulting in obvious deformation and a fewer 
coordination number, so the charge transfer is less than 
S-doped.

3.5  Magnetic property

The study of magnetism in clusters is a two-step process, 
namely the identification of the lowest-energy structures and 
the determination of the respective electronic properties. 
The determination of the most stable structures of transi-
tion metal clusters is thus a vital step toward understanding 
cluster properties, such as catalytic and magnetic proper-
ties. Therefore, we study the magnetic properties of clusters 
based on the most stable structures and electronic properties.

The total magnetic moments calculated for the lowest-
energy structures of  Nin and  Nin-1X (n = 19–23; X = Na–Cl) 
clusters are displayed in Fig. 6. Three distinct features of the 
total magnetic moments are founded. Firstly, as shown in 
Fig. 6, the neutral and ionic  Nin clusters show a monotonous 
increase as a function of the cluster size, in the total mag-
netic moments. In addition, for the majority of X-doped  Nin 
clusters, the total magnetic moments are lower than those of 
 Nin clusters by 1 ~ 4 µB. However,  Ni18Cl(0,±1),  Ni22Cl(0,±1), 
 Ni20Cl+ and  Ni21Cl· clusters, the total magnetic moments 
become larger than those of  Ni19

(0,±1),  Ni23
(0,±1),  Ni21

+ and 
 Ni22

· clusters, respectively. Finally, for the metal atoms (Na, 
Mg, Al) doping, the more the number of outermost elec-
trons is, the more obvious the reduction of total magnetic 
moments is, and the trend is exactly the opposite for the 
nonmetallic atoms (Si, P, S, Cl) doping.

Therefore, these results indicate that the majority of sub-
stitution of X-atoms for Ni-atoms can weaken the magnet-
ism of the host clusters and the degree of total magnetic 
moment reduction is also affected by the size of clusters 

and the type of doped atoms. Next, we analyze the reasons 
for this phenomenon. It is well known that the magnetic 
moments are generated by the motion of charged particles 
inside the matter, including electron orbital motions, elec-
tron spin motions, and nuclear spin motions. However, the 
orbital magnetic moment of an electron is far less than its 
spin magnetic moment, which is called the “orbital quench-
ing effect”. Thereby, the magnetic moment of the cluster is 
dominated by the spin magnetic moment [8, 22]. Generally 
speaking, atoms in a stable state (ground state), the extra-
nuclear electrons can be arranged according to the princi-
ple of minimum energy as far as possible. In addition, not 
all the electrons can be crowded together; they must follow 
the Pauli exclusion principle and the Hund’s rules. And the 
pseudopotentials for Ni, Na, Mg, Al, Si, P, S and Cl are 
generated using the valence configurations  3d84s2,  3s1,  3s2, 
 3s23p1,  3s23p2,  3s23p3,  3s23p4 and  3s23p5, respectively. The 
magnetism of Ni clusters is due to the d orbitals which are 
not filled with electrons. So the main reason for the total 
magnetic moment reduction is probably that the strong spd 
orbital hybridization for both Ni and X atoms, stronger inter-
action takes place, which results in partial quenching of the 
magnetic moments of Ni clusters. Certainly, the magnetic 
moments are related not only to the orbital hybridization 
but also to geometric structure, coordination number, bond 
length and charge transfer and so on. Next, we have analyzed 
and discussed the relationship between geometric structure, 
charge transfer and magnetic moment of clusters. In gen-
eral, the greater the electron transfer between atoms, the 
more obvious the orbital hybridization phenomenon is, so 
the charge transfer and orbital hybridization affect the mag-
netic moment of the whole system. In our calculation, for 
the electron loss system (Na, Mg, Al, Si-doped  Nin clusters), 
the more electrons the doped atom loses, the more obvi-
ous the hybridization is, and the more obvious the reduction 
of magnetic moment is. Therefore, the magnetic moments 

Fig. 5  Charge transfer (in units of e) between  Nin-1 clusters and X atoms (n = 19–23; X = Na–Cl)
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of  Nin-1Al and  Nin-1Si clusters are the least because of los-
ing the most electrons. On the contrary, for the system for 
getting electrons (P, S, Cl-doped  Nin clusters), the more 
electrons doped atom gets, the more obvious the hybridiza-
tion is, but the change of magnetic moment is weakened. 
Therefore, the magnetic moment of the  Nin-1P is the least 
because of getting the least electrons. At the same time, we 

also have found an interesting phenomenon that more charge 
is transferred from Ni clusters to S atom rather than Cl atom, 
but the magnetic moment is the largest for  Nin-1Cl clusters. 
This is mainly because the lowest-energy structures of the 
 Nin-1Cl clusters are seriously deformed and the coordina-
tion numbers are reduced, the total magnetic moments of 
some structures increase after Cl-doped  Nin clusters. We will 

Fig. 6  The total magnetic moments (in units of µB) of  Nin and  Nin-1X (n = 19–23; X = Na–Cl) clusters for a neutral, b cation, and c anion
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analyze more details for the specific reasons in the density 
of state discussion.

3.6  Density of states (DOS)

The density of state (DOS) represents the number of elec-
trons allowed in the unit energy range, that is, the distribu-
tion of electrons in a certain energy range. DOS can reflect 
the distribution of electrons in each orbit, the interaction 
between atoms, and the information of chemical bonds. 
Therefore, in this study, we can understand the electronic 
origin of the cooperative effect Ni-X hybridization by 
analyzing DOS and identify changes in the electronic and 
magnetic properties of the clusters. To further understand 
the reasons for the change of the total magnetic moments, 
we can plot the projected density of states (PDOS) for the 
neutral and ionic  Ni23,  Ni22Na and  Ni22Cl clusters as repre-
sentatives in Fig. 7a–c. From the PDOS analysis, it can be 

concluded that 3d orbitals interactions have a strong influ-
ence on the total magnetic moments of these clusters, but the 
interactions among the 3s and 3p orbitals with 3d orbitals 
have little effect on their magnetic moments. In general, the 
relative shifts between the spin up and down of electrons can 
be the degree of the spin splitting of the density of states, 
the stronger the polarization and the greater the magnetism. 
It can be seen from Fig. 7a, Ni 3d orbitals show a peak near 
the Fermi level for  Ni23 cluster. However, the Ni 3d orbital 
peaks broaden for  Ni23

+ cluster and shorten for  Ni23
· clus-

ter, respectively. As a result, the total magnetic moments 
of  Ni23

+ cluster increase and that of  Ni23
· cluster decrease. 

These are consistent with the calculated total magnetic 
moments with 18.173 µB, 18.892 µB and 17.402 µB for  Ni23, 
 Ni23

+ and  Ni23
· clusters, respectively. Similarly, we also have 

found from observing Fig. 7b-c that the 3d orbital peaks 
shorten for Na-doped and broaden for Cl-doped  Ni23 clus-
ters, which explains the lower and higher magnetic moments 

Fig. 7  The projected density of states (PDOS) of the neutral, cationic and anionic for a  Ni23, b  Ni22Na, and c  Ni22Cl clusters
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of  Ni22Na and  Ni22Cl clusters than those of  Ni23 cluster, 
respectively.

To explore in better detail the magnetism, we have also 
carried out the local density of states (LDOS) for the neu-
tral and ionic  Ni22Na and  Ni22Cl clusters (Fig. 8a-b). It 

can be seen from Fig. 8, the degree of the spin splitting of 
 Ni22Na/Ni22 and  Ni22Cl/Ni22 is similar to that of  Ni22Na 
and  Ni22Cl, respectively. It implies a weak hybridization 
between s–d and p–d orbitals at the Fermi level, which 
also shows that the magnetism of  Ni22Na and  Ni22Cl clus-
ters is derived from Ni atoms.

Fig. 8  The local density of states (LDOS) of the neutral, cationic and anionic for a  Ni22Na, and b  Ni22Cl clusters
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3.7  Electron affinity and ionization potential

It is well known that the electron affinity (EA) of elements 
reflects the degree of difficulty for obtaining electrons 
from atoms of elements. The smaller the EA of an atom 
is, the greater the tendency of the atom to gain electrons is. 
While the ionization potential (IP) can be used to measure 
the chemical reactivity and metallicity of the elements. 
The larger the IP is, the harder it is for an element to lose 
electrons. In other words, the smaller EA and the larger 
IP can indicate the nature of weaker metallicity and the 
stronger nonmetallicity of the element. Therefore, the EA 
and IP play an important role as a quantitative measure of 
the metallic and nonmetallic properties of the elements.

The EA and IP are calculated using the ground-state 
energies of the neutral and cationic/anionic clusters and 
thus correspond to the adiabatic electron affinity (AEA) 
and the adiabatic ionization potential (AIP), respectively. 
These equations are defined as follows:

Where E is the total energy of the corresponding system. 
The AEA and AIP values have been calculated based on 
the lowest-energy structures of the neutral and ionic of  Nin 
and  Nin-1X (n = 19–23; X = Na–Cl) clusters and displayed in 
Fig. 9a, b, respectively.

The AEA values for pure  Nin clusters are all around 
3.2 eV plotted in Fig. 9a, indicating that the effect of scale 
is not obvious. When X-doped  Nin clusters, the AEA values 
are reduced as a whole, which indicates that the stability of 
 Nin-1X clusters is enhanced. And  Ni19P corresponds to the 
local minima value about 1.23 eV, exhibiting that it is the 
stronger nonmetallicity.

In addition, as can be seen from Fig. 9b, we have observed 
the AIP values increase for  Nin-1X excluding  Nin-1Na clus-
ters. The AIP values of  Ni19Si and  Ni19S are calculated to be 
more than 6.0 eV, which are the maxima value, indicating 

AEA = E(optimized neutral) −E(optimized anion).

AIP = E(optimized cation) −E(optimized neutral).

Fig. 9  a The adiabatic electron affinity (AEA) and b the adiabatic ionization potential (AIP) of  Nin and  Nin-1X (n = 19–23; X = Na–Cl) clusters
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that these clusters are difficult to lose electrons and the 
weaker metallicity.

Finally, the curves of the AEA and AIP show an oscil-
lating behavior with the increase in cluster size and the dif-
ference of doped atoms. And there is no certain regularity 
to be found, so we need to carry out further analysis and 
discussion in future work.

4  Summary

Our systematic investigation on the neutral and ionic  Nin-1X 
(n = 19–23; X = Na–Cl) clusters employs the density func-
tional theory with the PBE exchange–correlation energy 
functional. All calculated results can be summarized as 
follows:

(1) The most stable structures of  Nin-1X (X = Na, Mg, Al, 
Si) clusters are all similar to those of corresponding  Nin 
clusters, while there are substantial structural deforma-
tions of  Nin-1X (X = P, S, Cl) clusters.

(2) The binding energy per atom (BE) curves increase and 
oscillate for neutral and ionic clusters as a function of 
cluster size, respectively. We have found that the BE 
curves increase with the substitution of one Ni atom 
by one Si or P atom. However, the BE curves show an 
opposite trend for doping Na and Mg atoms. Overall, 
the BE values do not show some regularity for doping 
Al, S and Cl atoms.

(3) The charge transfer takes place from metal atoms (Na, 
Mg, Al) to Ni clusters. On the contrary, the charge is 
transferred from the nonmetallic atoms (P, S, Cl) atoms 
to Ni clusters except Si atom. Most electrons can be lost 
by Al and Si atoms, corresponding to the local maxima 
of  Ni21Si at a value of about 3.6e.

(4) For the majority of X-doped  Nin clusters, the total 
magnetic moments are lower than those of  Nin clusters 
by 1 ~ 4 µB. And the more the number of outermost 
electrons is, the more obvious the reduction of total 
magnetic moments is for the metal atoms (Na, Mg, Al) 
doping, and the trend is exactly the opposite for the 
nonmetallic atoms (Si, P, S, Cl) doping.

(5) The curves of the adiabatic electron affinity (AEA) and 
the adiabatic ionization potential (AIP) show an oscil-
lating behavior with the increase in cluster size and the 
difference of doped atoms.
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