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Abstract
Using the density functional theory calculations with the PBE exchange–correlation energy functional, we have studied the

magnetic property and electronic properties such as binding energy, embedding energy, charge transfer, ionization

potential and electron affinity of the NinGe (n = 19–29) neutral and ionic clusters. The addition of Ge atom can decrease

the magnetic moments of Nin clusters except Ni28 and Ni28
?/-. The charge is transferred from Ge atom to Ni clusters. And

the local maxima value has appeared at Ni25Ge cluster. Both the calculated ionization potential and electron affinity exhibit

an oscillating behavior as the cluster size increases.
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Introduction

The study of the electronic structure and properties of

atomic clusters is an extremely active area of research due

to its importance in nanoscience and nanotechnology. In

the past three decades, considerable theoretical and

experimental effort has been devoted to the understanding

of pure transition metal clusters. However, in recent years,

more and more attention has been paid to the study of the

physical and chemical properties of bimetallic clusters.

Because the bimetallic clusters have potential application

in many fields such as catalyst, corrosion, heat resistance,

magnetism and so forth. Ni clusters have been widespread

concerned in catalytic reaction and magnetic materials

because of their unique geometrical structures and delo-

calized d electrons. Therefore the bimetallic systems of

many metals such as Ge [1, 2], Al [3], Fe [4], Rh [5], Pd

[6], Ti [7], Cu [8], Mn [9] or others adsorbed Ni clusters

have been reported. It is well known that Ge plays an

important role in the development of the semiconductor

industry. So Ni-Ge clusters are the primary target because

of their wide applications in advanced material technology.

Unfortunately, as regards Ni-Ge clusters, to the best of our

knowledge, only a few studies have reported. To give some

examples, Feng et al. studied ab initio calculations of the

structures, binding energy and total spin moment of NinGe

(n = 2–12) clusters using all electron density-functional

method. Their results showed that the doped Ge made both

stability and magnetism of NinGe clusters weakened as

compared with pure Nin?1 clusters [1]. Dhaka et al. [2]

calculated the geometry, electronic structures, growth

behavior and stability of neutral and ionized Ni encapsu-

lated Ge clusters within the framework of a linear combi-

nation of atomic orbital density functional theory (DFT)

under a spin polarized generalized gradient approximation.

Moreover there are several studies which have been per-

formed to analyze the structure, electronic and magnetic

properties of transition metal impurities in Ge clusters

[10, 11]. Thus the study of Ge on the configurations and

electronic properties of Ni clusters has very important
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significance. Such clusters enhance stability because the

semiconductor atom absorbs the dangling bonds present on

the transition metal cages. Simultaneously, the cluster

exhibits a wide range of electronic properties by varying

the doping elements. If clusters are to be used for synthe-

sizing materials, one must understand how sensitive their

tailored properties are to size and topology. Unfortunately,

there are very few experimental techniques can determine

cluster structure, which is mainly because nanoclusters are

too small to be detected using diffraction techniques and

too large to be explored using spectroscopy. Therefore,

theoretical calculations are particularly important. Usually

the properties of clusters are sensitive to the size and the

constituent element types for clusters, so the study of

structures and properties for clusters on the one hand can

help us to understand some of the features and laws con-

densed matter, and on the other hand play a guiding role in

experimental synthesis.

The purpose of the present work is to perform the

equilibrium structures of the NinGe (n = 19–29) clusters

theoretically by applying the DFT method implemented in

the VASP code with the spin polarized PBE (Perdew,

Burke, and Ernzerhof) gradient-corrected exchange–cor-

relation functional method. Based on the neutral and ionic

NinGe clusters structures optimized from our DFT-PBE

calculations, the magnetic moment, binding energy,

embedding energy, charge transfer, adiabatic ionization

potential and adiabatic electron affinity of the clusters as

the cluster size increases have been systematically ana-

lyzed, which can provide useful information for the sta-

bility and electronic properties of Ni-Ge clusters in this

range. The purpose of this study is to provide the funda-

mental data for the future estimation of the magnetic alloy

materials.

Small size range Ni-Ge alloy clusters have been studied

the theoretically before [12–14], but due to the smaller size

range study can not provide clear growth behavior, struc-

tural and electronic properties of the series. Therefore, a

study of the range is important from a realistic point of

view and would be helpful to compare with the experi-

mentally obtained data over a wide size range in future.

The main focus of the present study is to explain the

thermodynamic stability of clusters in neutral and charged

states along with their chemical properties in detail.

Computational Methods

In the present theoretical work, we have verified the low-

est-energy structures of neutral and ionic Nin (n = 19–29)

clusters derived from Refs. [15–18] using density func-

tional theory (DFT) calculations firstly. Next according to

the lowest-energy structures of Ni clusters, the

stable structures of neutral and ionic NinGe (n = 19–29)

clusters have been obtained. DFT has evolved into a widely

applicable computational technique, while requiring less

computational effort than convergent quantum mechanical

methods such as coupled cluster theory. And our calcula-

tions are carried out using VASP code [19, 20] with the

Perdew, Burke, and Ernzerhof (PBE) gradient-corrected

exchange–correlation energy functional. The cutoff energy

of plane wave (PW) in the calculations is taken to be

269.5 eV. A simple cubic supercell of size of 20 Å is used.

The geometry optimization of each isomer was carried out

till the energy is converged to an accuracy of 10-5 eV.

In order to understand the relative stability of the NinGe

(n = 19–29) clusters, we have analyzed the binding energy

(BE) for neutral and ionic NinGe compared to Nin clusters.

BE is defined as the energy gained in assembling a cluster

from its isolated constituents. The BE of Nin and NinGe

clusters are calculated according to the following definition

[21–27],

BE Ninð Þ ¼ nEtotal Nið Þ � Etotal Ninð Þ½ �=n

BE NinGeð Þ ¼ nEtotal Nið Þ þ Etotal Geð Þ � Etotal NinGeð Þ½ �=n þ 1

where Etotal (Nin) and Etotal (NinGe) are the total energy of

Nin and NinGe clusters. Etotal(Ni) and Etotal(Ge) are the

energy of a free Ni and Ge atom, respectively.

Next, we also define the BE of Nin and NinGe ionic

clusters

BE Niþ=�
n

� �
¼ n � 1ð ÞEtotal Nið Þ þ Etotal Niþ=�

� �
� Etotal Niþ=�

n

� �h i.
n

BE NinGeþ=�
� �

¼ nEtotal Nið Þ þ Etotal Geþ=�
� �

� Etotal NinGeþ=�
� �h i.

n þ 1

in which Etotal (Nin
?/-) and Etotal (NinGe?/-) are the total

energy of the Nin
?/- and NinGe?/- clusters, Etotal(Ni?/-)

and Etotal (Ge?/-) are the energy of a free Ni?/- and Ge?/-

ion.

In addition, we have calculated the embedding energy

(EE), which is the energy gain in incorporating a Ge atom

in the lowest energy isomer of the pure Nin cluster [21–27].

In the case of NinGe clusters, this is defined as

EE ¼ Etotal Ninð Þ þ Etotal Geð Þ � Etotal NinGeð Þ

The configurations of Ni and Ge atoms are 3d84s2 and

4s24p2, respectively. We set the spin in our calculation

process, and the total spin value is one, so the spin multi-

plicity of the ground state structures for NinGe clusters are

three, which follow the Wigner-Witmer (WW) spin con-

servation [21–27].

For charged clusters, there are two possibilities,

EE ¼ Etotal Niþ=�
n

� �
þ Etotal Geð Þ � Etotal NinGeð Þ

or
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EE ¼ Etotal Ninð Þ þ Etotal Geþ=�
� �

� Etotal NinGeð Þ

either the charged Ge atom can be embedded in a neutral

Nin cluster or the other way round. We take the lower of

these two numbers as the EE with enforcement of the WW

spin conservation rule.

Results and Discussion

Structures of the Neutral and Ionic NinGe
(n = 19–29) Alloy Clusters

In this section, we have discussed the structures of NinGe

(n = 19–29) clusters. And a number of isomers are calcu-

lated at each size. Only selected isomers with energy close

to the supposed ground state structures are presented in

Fig. 1. It has been shown by previous experimental and

theoretical studies 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 ground-state structures, the first and the

second adsorption structures (wherever applicable) are

marked (a), (b) and (c), respectively. The structures and

relative energies presented in this work are all resulted

from the DFT-PBE calculations. The lowest-energy struc-

ture of Ni19Ge can be viewed as adding one Ge atom to the

cluster side face in the waist of Ni19. And the Ni-Ge

average bond length is calculated to be 2.365 Å, which is

shortened compared to the optimized Ni19 clusters

(2.484 Å). The other two low-energy adsorption structures

(Ni19Geb and Ni19Gec) are lying 0.409 and 0.682 eV

higher above Ni19Gea. The Ni20Gea is formed by adding

one Ni atom and Ge atom on the adjacent waist sites of

Ni19, which is similar to the lowest-energy structure of Ni21

[17]. Next, in a similar fashion, the Ni21Gea is obtained by

adding one Ge atom above the adjacent centre of equilat-

eral triangle in the Ni21. The Ni-Ge average bond lengths of

Ni20Gea and Ni21Gea are 2.389 and 2.372 Å, which are

shorter than the optimized Ni20 and Ni21 clusters (2.416

and 2.434 Å). It is found to be 0.054 and 0.430 eV (Ni20-

Geb and Ni20Gec), 0.029 and 0.147 eV (Ni21Geb and

Ni21Gec) higher in energy than Ni20Gea and Ni21Gea,

respectively. The Ni23 can be seen as three interpenetrating

13-atom icosahedrons. The Ni22Gea is viewed as substi-

tution of one Ni atom above centre of equilateral triangle

by one Ge atom of Ni23 [17]. And the average bond lengths

of the Ni-Ge (2.511 Å) for Ni22Gea can increase compared

to the Ni–Ni (2.431 Å) for Ni22. The low-energy adsorbed

structures Ni22Geb and Ni22Gec, 0.029 and 0.135 eV less

stable than Ni22Gea. The Ni23Gea and Ni24Gea are found

to be one Ge atom located at the adjacent centre of

equilateral triangle. The lowest-energy structures of Ni26

and Ni29 are considered to be composed of two interpen-

etrating 19-atom double-icosahedrons, and two interpene-

trating double-icosahedrons and double-icositetrahedrons

(with three parallel hexagonal rings), respectively [17].

And the average bond lengths are shortened from 2.471 to

2.443 Å for Ni–Ni (Ni23 and Ni24) to 2.379 and 2.389 Å for

Ni-Ge (Ni23Gea and Ni24Gea). The energies of adsorption

structures (Ni23Geb and Ni23Gec, Ni24Geb and Ni24Gec)

are more than 0.172 and 0.476 eV, 0.071 and 0.205 eV

above Ni23Gea and Ni24Gea. The energetically most

favorable structure of Ni25Gea from our present study can

be viewed as substitution of one Ni atom by one Ge atom to

the waist site of Ni26. The average bond lengths of the Ni-

Ge (2.571 Å) for Ni25Gea can increase compared to the

Ni–Ni (2.491 Å) for Ni25. And the Ni25Geb and Ni25Gec

are 0.148 and 0.334 eV higher in energy than Ni25Gea,

respectively. The structures of Ni26Gea and Ni29Gea are

viewed as adding one Ge atom at an adjacent hollow

rhombus site in the waist of double-icosahedral structures

for Ni26 and Ni29. The Ni27Gea can be viewed as adding

one Ni atom to the cluster side face in the waist of Ni26Gea.

We can remove one Ni atom on the top site of pentagonal

pyramid of Ni29Gea to form the Ni28Gea. The average

bond lengths of Ni-Ge for Ni26Gea, Ni27Gea, Ni28Gea and

Ni29Gea are 2.384, 2.386, 2.577 and 2.375 Å. The average

bond length of Ni-Ge is increasing and decreasing for

Ni28Gea and Ni26,27,29Gea, respectively. The relative

energies of the Ni26Geb, Ni27Geb(Ni27Gec) Ni28-

Geb(Ni28Gec) and Ni29Geb(Ni29Gec) are 0.438,

0.074(0.115), 0.071(0.281) and 0.108(0.478) eV higher

compared to Ni26Gea, Ni27Gea, Ni28Gea and Ni29Gea,

respectively. Because of the high symmetry, there is only

one kind of adsorption isomer for Ni26 cluster. It has been

found that the lowest-energy structures of the cluster ions

are almost identical with the neutral ones.

Relative Stabilities

The calculated Binding energies (BEs) for neutral and ionic

NinGea compared to Nin clusters are shown in Fig. 2a–c. It

is found from observing Fig. 2a–c that the BEs of neutral

and ionic NinGea clusters is higher than the corresponding

Nin clusters, showing that Ni-Ge alloy clusters are rela-

tively more stable. This is mainly because Ge is a relatively

stable semiconductor material. When the Ge atom is

adsorbed to the active transition-metal Nin clusters, the

stability of NinGea clusters is relatively enhanced. The

curve of BEs is seen to increase monotonically as a func-

tion of cluster size, which shows that the cluster can con-

tinue to gain energy during the growth process, and the

adsorption of Ge atom is beneficial to improve the stability

of the cluster. We also find that the BEs of cationic clusters
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Fig. 1 Low-energy adsorption

structures of the NinGea

(n = 19–29) clusters and

relative energies (in eV)

calculated at the DFT-PBE level
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are significantly higher than of neutral clusters, whereas

anionic clusters are just the opposite. It can be seen from

that the neutral clusters transit to an ionic clusters, the

stability of the cluster structures change to some extent due

to the change in the number of electrons.

The relative stability of the clusters can be also esti-

mated through the second difference in energy which is

defined by D2E(n) = E(n ? 1) ? E(n - 1) - 2E(n) in

which E(n) represents the total energy of cluster of size n.

According to this definition, the clusters with positive D2E

are more stable than those with negative D2E. The second

difference in energy is a sensitive quantity that can reflect

the relative stability of clusters and can be directly com-

pared with the experimental relative abundance. The cal-

culated D2E for the Nin and NinGea clusters are plotted in

Fig. 2d, showing an oscillating behavior. NinGea at n = 20,

23 and 26 correspond to the local maxima on the curve of

D2E, indicating that they are relatively more stable than the

Fig. 2 Binding energy (BE) of

Nin and NinGea (n = 19–29) for

a neutral, b cationic, and

c anionic clusters; and second

difference in energy of Nin and

NinGea (n = 20–28), for

d neutral, e cationic, and

f anionic clusters

Fig. 3 Embedding energy (EE) of neutral and ionized NinGea

(n = 19–29) clusters
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others. For the ionic clusters, there are several peaks on

D2E curve at n = 21 and 26 for the cationic clusters, and at

n = 20, 23 and 26 for the anionic clusters, showing these

cluster ions are relatively more stable in Fig. 2e, f.

Figure 3 shows the embedding energies (EEs) of NinGea

neutral, cationic and anionic clusters as a function of

cluster size n. It is clear that there is not significant change

in the EEs with the increase in cluster size. Similar to the

BEs, the EEs of neutral clusters have lower and higher than

cationic and anionic clusters, respectively.

Magnetic Properties

Ni clusters are typically ferromagnetic transition-metal

clusters in the 3d group. The configuration of the Ni atom

is 3d84s2. The spin of the electron follows the Pauli

exclusion principle and the Hund’s rules, and the two

unpaired 3d electrons of the Ni atom will contribute to its

magnetic property. In principle, both spin and orbital

magnetic moments have contribution to the total magnetic

moment in any system. The orbital magnetic moment can

be produced by orbital motion of each electron while the

spin magnetic moment can be produced by electron spin.

For ferromagnetic transition metal clusters, the magnetic

moment mainly comes from the spin motion of the elec-

tron, while the orbital magnetic moment has almost no

contribution to the total magnetic moment, which is called

‘‘orbital quenching effect’’. This conclusion has also been

proven by recent experiments [25, 28]. Therefore, for the

transition metals in the 3d group, the magnetic moment

which is caused by the unpaired electron orbital motion is

relatively small. The atomic total magnetic moment

depends mainly on the electronic spin magnetic moment.

As shown in Fig. 4a, the total magnetic moments obtained

for NinGea clusters from our calculation have the same

trend as pure Nin clusters, which increase monotonically as

a function of cluster size except Ni28Gea. The calculated

total magnetic moments decrease with the addition of Ge

atom, but the Ge atom in all these clusters has negligible

magnetic moments, which is in good agreement with pre-

vious results [19]. This is mainly due to a strong

hybridization between the 3d8 of Ni with the 4s24p2 of Ge

atom results in the magnetic moment of Ni being quenched

with leftover part to hold its spin moment in the NinGe

ground state cluster. The present investigation follows the

same reported [25] and is one of the strongest evidence of

the quenching of spin magnetic moment of the Ni atom.

However the total magnetic moment of Ni28Gea is higher

than Ni29. In order to analyze the reasons for this phe-

nomenon, we have plotted the total density of states

(TDOS) for Ni28 and Ni28Gea clusters in Fig. 5a, b and the

projected density of states (PDOS) for Ni28Gea in Fig. 5c,

d. It can be seen from Fig. 5a, b, the structure of Ni28Gea

can be considered to be composed of two interpenetrating

Fig. 4 The total magnetic

moment (in units of lB) of Nin
and NinGea (n = 19–29)

clusters for a neutral, b cationic,

and c anionic clusters
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double icosahedron and double icositetrahedron (with three

parallel hexagonal rings), which exhibits high (C2v) sym-

metry. This high symmetry makes the electronic state have

a greater degree of degeneracy, resulting in high DOS. In

addition, there is also charge transfer between the d orbit

and s, p orbits of Ni (Fig. 5c), which leads to a reduction in

the d-band width of Ni28Gea cluster and increasing the

DOS, especially near the Fermi level. Finally exchange

splitting induces a relative movement of the spin-up and

spin-down band, which leads to different electron occu-

pations in the spin-up and spin-down states, thus increasing

the magnetic moment of Ni28Gea cluster. Next we have

also plotted the total magnetic moment for the cationic and

anionic clusters as shown in Fig. 4b, c, respectively. Sim-

ilar to the corresponding neutral clusters, the total magnetic

moment of Nin
?/- is larger than that of NinGe?/- except

Ni28
?/- (Ni28Ge?/-). And the total magnetic moments of

Ni19Ge?/- and Ni20Ge- are very close to Ni19
?/- and Ni20

- .

The results obtained by the present study help us choose

magnetic materials.

Charge Transfer

The charge transfer between the Ge atom and Ni clusters

for neutral and ionic NinGea (n = 19–29) clusters are dis-

played in Fig. 6. Compared to the pure Nin clusters, the

adsorption of Ge atom makes the electron cloud between

the atoms lean toward the side of Nin clusters, and the

electrons are transferred from the Ge atom to Nin clusters.

In general, the electronegative of Ge(2.01) is more than

Fig. 5 The total (TDOS) and

projected (PDOS) density of

states for a Ni28 and b–

d Ni28Gea clusters

Fig. 6 Charge transfer (in units of e) from Ge atom to Nin
(n = 19–29) clusters
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Ni(1.91). But Mulliken population analysis showed that, in

this system, charge is always transferred from Ge to Ni, so

Ge acts as an electron donor in NinGe clusters. This mainly

has two side reasons. On one hand, the whole Ni clusters

have stronger electron withdrawing ability; on the other

hand, the Ni atom has a large number of charges than Ge

atom, so the transfer of electrons from Ge atom to Ni

clusters. We find the amount of the charge transfer is less

than 0.5e as a function of cluster size for NinGea

(n = 19–22, 27 and 29) clusters, and the cationic clusters is

larger than that for neutral and anionic clusters. And the

local maxima value has appeared at Ni25Gea cluster.

Ionization Potential and Electron Affinity

The adiabatic ionization potential (AIP) is an important

character in understanding the electronic properties of

clusters, and it can also account for the metallicity of the

clusters. The calculated AIP for Nin and NinGea

(n = 19–29) clusters are shown in Fig. 7a. It can be seen

from the plot that the AIP exhibits an oscillating behavior

as the cluster size increases for Nin and NinGea clusters.

And the AIP is larger for NinGea than that for Nin clusters

except Ni21 (Ni21Gea). And the AIP is very close to each

other for n = 22, 24–26. As is well known, when the AIP

gets smaller, the cluster will be more close to a metallic

system; hence the metallicity is weakened with the addition

of Ge atom. And the strongest metallicity is Ni28Gea

cluster, which can be applied in the field of alloy materials.

The adiabatic electron affinity (AEA) for Nin and Nin-

Gea (n = 19–29) clusters have been plotted in Fig. 7b as a

function of cluster size. The clusters with greater AEA are

more reactive. Similar to the trend of AIP, the AEA also

exhibits an oscillating behavior as the cluster size increases

for Nin and NinGea clusters. The local maxima and minima

of the AEA are Ni24 and Ni19 for Nin clusters, Ni29Gea and

Ni22Gea for NinGea clusters, respectively. And Ni20Gea,

Ni23Gea, Ni27Gea and Ni29Gea clusters have the stronger

ability to capture electrons.

Summary

The properties of the NinGe (n = 19–29) clusters have been

studied using the DFT-PBE calculations. In this work, we

focused on analyzing a series of properties of the lowest-

energy Ni-Ge alloy clusters including binding energy,

embedding energy, magnetic property, charge transfer,

ionization potential and electron affinity. The binding

energies of NinGe clusters are higher than the corre-

sponding Nin clusters, and the curve of the binding energies

is increasing monotonically as a function of cluster size.

From the magnetic moment analyses, it is found that the

addition of the Ge atom can decrease the magnetic

moments of Nin clusters except Ni28 and Ni28
?/-, but the Ge

atom in all these clusters has negligible magnetic moments.

On the other hand, the charge is transferred from Ge atom

to Ni clusters. And the local maxima value has appeared at

Ni25Ge cluster. Finally both the calculated ionization

potential and electron affinity exhibit an oscillating

behavior as the cluster size increases.
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