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Equilibrium geometries and the electronic properties of NinSn �n=1–12� clusters have been studied by
using spin density functional theory with generalized gradient approximation. The results show that a single tin
impurity enhances the binding energy of the nickel cluster, reduces their magnetic moment, and decreases the
ionization potential. We find that the geometries of the host clusters do not change significantly after the
addition of the tin atom, except for the case of Ni6. The tin impurity prefers to sit on sites which can maximize
the number of Sn–Ni bonds, and occupies vertex sites.
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I. INTRODUCTION

In recent years, the field of atomic clusters has received
widespread attention.1–3 Their properties are known to
evolve nonmonotonically with size. An understanding of the
evolution of the equilibrium geometries and its relationship
to the underlying electronic structure are, therefore, of cen-
tral importance. Many of these properties can be changed by
doping the clusters or mixing the clusters with other species.
The rich diversity of mixed alloys, especially in extended
systems, has lead to their widespread application in electron-
ics and electrocatalytic processes. In this context, bimetallic
clusters containing transition metal atoms are of special in-
terest due to their potential role in catalysis and magnetism.

The nickel-tin system forms an important class of inter-
metallic compounds with high oxidation and corrosion resis-
tance. Huber et al.4 discovered a heterogeneous catalyst
based on Ni, Sn, and Al, which is useful for various hydro-
carbon reactions. A significant amount of experimental and
theoretical studies on the deposition of tin on the nickel sur-
faces has been conducted due to its importance in electronics
and catalytic processes.5–13 It is found that Sn-Ni�1 1 0�c
�2�2� surface alloy is energetically the most favorable,
where Sn atoms substitute Ni atoms in the outermost
layers.13 The binary clusters consisting of nickel and tin at-
oms are expected to provide useful prototype models to un-
derstand the physics and chemistry of surfaces and nano-
structures. The smaller size of the clusters makes it possible
to obtain a detailed information about the geometry, elec-
tronic structure, and the nature of bonding. However, there is
a dearth of both theoretical and experimental works on
nickel-tin at the cluster level. A few theoretical studies have
been reported on small NinSn clusters, n�6.14–16 For ex-
ample, the structural and vibrational properties on neutral
NinSn �n�4� have been reported earlier using density func-
tional formalism.14 Our aim is to perform a systematic study
of the evolution of the structural, electronic, and magnetic
properties of Ni clusters containing a single tin impurity. In
this work, we present the results of density functional calcu-
lations on neutral and ionized clusters of NinSn in the size
range of n=1–12. In the following section �Sec. II�, we de-
scribe in brief the computational details, which is followed

by the discussion of our results in Sec. III. In Sec. IV, con-
clusions are presented.

II. COMPUTATIONAL DETAILS

All the calculations have been performed using spin den-
sity functional theory within the pseudopotential plane wave
method. We have used projector augmented wave �PAW�
method17,18 and two different exchange-correlation function-
als: the local spin density approximation of Vosko, Wilk, and
Nusair19 �VWN� and generalized gradient approximation
�GGA� given by Perdew and Wang �PW-91�20 as imple-
mented in the VASP package.21 The clusters were placed in a
cubic supercell with an edge of 20 Å, and periodic boundary
conditions were imposed. The cutoff energy for the plane
wave was set to 269.56 eV. The optimized geometries of the
clusters were obtained by quenching the various planar and
three-dimensional �3D� configurations using the quasi-
Newton-Raphson method.21 At least 20 initial configurations
were considered for larger clusters. The structures were con-
sidered to be converged when the force on each ion was less
than 0.01 eV/Å, with a convergence in the total energy of
about 10−4–10−6 eV. In all the cases, the lowest-energy
structure has been confirmed by changing the positions of Ni
and Sn atoms, as well as by considering the configurations of
the Ni clusters available from the previous studies.22–29 The
equilibrium geometries of the stable neutral clusters are con-
sidered as a starting point for the geometry optimization of
the ionized aggregates. The stability of the lowest-energy
configuration and the isomers of a given cluster is further
checked by performing calculations with different spin
states.

III. RESULTS

In this section, we present the equilibrium structures, the
stability, energetics, and the magnetic moments of the NinSn
neutral and ionic clusters �n=1–12�. The equilibrium
structures of NinSn clusters along with Nin+1 geometries �n
=2–12� are shown in Figs. 1 and 2. Before beginning our
discussion, we note that the ionic radii of the Ni and
Sn atoms are 0.69 and 0.71 Å, respectively. The binding
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energy �BE� of NiSn dimer �1.85 eV/atom� is larger than Ni2
�1.46 eV/atom�. The dimer bond lengths of Ni-Sn and Ni-Ni
are 2.27 and 2.09 Å, respectively. The anionic NiSn is found
to be more �BE=2.90 eV/atom� stable than the neutral NiSn
with RNi-Sn distance of 2.33 Å. This is consistent with the
picture given by the molecular orbitals. The electron added
to the neutral NiSn occupies the lowest unoccupied molecu-
lar orbital �LUMO�, which has a bonding character. For the
cationic case, the ionized electron comes out from a deeper
bonding orbital of the neutral NiSn. It therefore results in the
less stable configuration.

The lowest-energy configuration of Ni2Sn is found to be
an isosceles triangle, similar to that of Ni3. The other two
linear configurations Sn-center �Ni-Sn-Ni� and Ni-center �Ni-
Ni-Sn� are well above the triangular configuration ��E=1.0
and 1.69 eV, respectively�. The triangular configuration

maximizes the overall number of bonds �both Ni-Ni and Ni-
Sn� as compared to the other linear isomers. By preferring
3D configuration, Ni3Sn follows the same trend as that of
Ni2Sn. The overall number of bonds increases in 3D configu-
ration as compared to a planar rhombus configuration. The
planar rhombus structure is 0.32 eV higher in energy than
the pyramid configuration. To focus on the stability of 3D
configuration, we have examined the isodensity surfaces of
the molecular orbitals of 3D and rhombus structures. In our
discussion, a typical occupied orbital is denoted by the nota-
tion HOMO-n, where n represents the number of level
counted from highest occupied molecular orbital �HOMO�.
Figure 3 shows the isodensity surface for HOMO-17 of the
pyramidal structure. In the case of the 3D configuration, a
strong localization region is identified at the center of three
Ni atoms, indicating a three-centered bonding region. This

n Nin+1 NinSn (n = 2 − 7)

2
∆ E (eV) = 0.0 1.0 1.69

µB = 2 0 0

3
∆ E (eV) = 0.0 0.32 0.45

µB = 2 2 2

4
∆ E (eV) = 0.0 0.01 1.46

µB = 4 4 2

5
∆ E (eV) = 0.0 0.02 0.13

µB = 4 4 4

6
∆ E (eV) = 0.0 0.2 0.31

µB = 4 4 4

7
∆ E (eV) = 0.0 0.03 0.6

µB = 6 4 4

FIG. 1. �Color online� The
ground-state geometries of Nin+1

clusters �column 2�. The structures
on the right side show the lowest-
energy structure �column 3� and
some of the low-lying configura-
tions for NinSn clusters �n=2–7�.
n �column 1� represents the total
number of Ni atoms in NinSn clus-
ters. The lightly shaded spheres
represent the Ni atoms, and the
dark sphere represents the Sn
atom. The energies are in eV and
the magnetic moments are in �B.
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makes the 3D configuration more stable as compared to the
planar one.

The lowest-energy structure of Ni4Sn is a triangular pyra-
mid configuration. The square pyramid configuration is
nearly degenerate with the lowest-energy configuration ��E
=0.01 eV�. For Ni5Sn, the ground-state structure is a slightly
distorted octahedron configuration, where a Sn atom is at the
vertex position. The capped trigonal pyramid and capped tet-
rahedron configurations of Ni5Sn are the other low-lying
structures at higher energies by 0.02 and 0.13 eV, respec-
tively. Ni6Sn is a pentagonal bipyramid, while Ni7 has a
capped octahedron structure. Our calculations found that for
Ni7, the capped octahedron is 0.16 eV lower in energy than
the pentagonal bipyramid structure. This is consistent with
the previous theoretical30,31 and experimental28 results. A
capped octahedron configuration of Ni6Sn is 0.2 eV higher in

energy than the pentagonal bipyramid structure. The lowest-
energy structure of Ni7Sn is found to be a bicapped octahe-
dron configuration. This trend of capping continues with the
addition of Ni atom up to n=12. The tendency for the for-
mation of a pentagonal ring is seen from n�6.

For Ni12Sn, the lowest-energy structure is the icosahedral
configuration, where the Sn atom is at vertex position. The
next low-lying configuration is 0.7 eV higher in energy with
D5h symmetry. Even though for the lowest �Ih� and next low-
lying �D5h� configurations, the coordination number of Sn is
the same, the RSn-Ni distance from vertex Sn to center Ni
atom increases from 2.65 to 2.83 Å, and the overall Ni-Ni
distance increases by 3% as compared to the icosahedron
structure. This increase in Ni-Sn and Ni-Ni bond lengths
makes the cluster relatively unstable. The icosahedral con-
figuration with the Sn atom at the center site is well above

n Nin+1 NinSn (n = 8 − 12)

8
∆ E (eV) = 0.0 0.1 0.38

µB = 6 6 6

9
∆ E (eV) = 0.0 0.1 0.12

µB = 8 6 6

10
∆ E (eV) = 0.0 0.12 0.28

µB = 8 8 6

11
∆ E (eV) = 0.0 0.16 0.25

µB = 7 7 7

12
∆ E (eV) = 0.0 0.7 0.74

µB = 7 9 8

∆ E (eV) = 3.6 4.0
µB = 4 4

FIG. 2. �Color online� Ground-
state geometries of Nin+1 clusters
�column 2�. The structures on the
right side show the lowest-energy
structure �column 3� and some of
the low-lying configurations for
NinSn clusters �n=8–12�. n �col-
umn 1� represents the total number
of Ni atoms in NinSn clusters. The
lightly shaded spheres represent
the Ni atoms, and the dark sphere
represents the Sn atom. The ener-
gies are in eV and the magnetic
moments are in �B.
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the lowest-energy structure �3.6 eV�. It is found that if a
larger Sn atom is placed at the center of the icosahedron, the
cluster would undergo a slight expansion; this would reduce
the Ni-Sn and Ni-Ni interactions. The minimum RNi-Sn dis-
tance increases by 5% as compared to the lowest-energy con-
figuration. Thus, the atomic size mismatch appears to be the
origin of the higher stability of the Ni12Sn configuration,
where Sn is at the vertex position. This observation is con-
sistent with previous studies32,33 on nickel clusters with bo-
ron and aluminum impurities. The larger size Al atom prefers
the vertex site in the nickel cluster, while the smaller boron
atom prefers to go at the center of the nickel cluster.

The overall evolutionary trend for the NinSn series shows
that, except for n=6, the Sn doped geometries are similar to
those of Nin+1 clusters, where the Sn atom occupies a substi-
tutional surface site accompanied with a slight distortion in
the host cluster. It is seen that Sn prefers to maximize the
Ni-Sn bonds by selecting that site which increases the coor-
dination of Ni with Sn. It is also seen that from n�7, the
cluster minimizes energy by maximizing Ni-Ni bonds. Our
results for NinSn geometries are similar to the earlier
reported14–16 geometries, except for n=6. This difference is
clearly due to the strategy used in their work. They have
performed a symmetry constrained optimization.

All the ground-state configurations of anionic and cationic
NinSn clusters �n�12� �not shown� are similar to those of
neutral configurations, except for Ni4Sn− and Ni7Sn+. The
anionic Ni4Sn tetrahedral configuration is more stable as
compared to the triangular configuration ��E=0.01 eV�. The
distorted capped pentagonal bipyramidal configuration of
Ni7Sn+ is more stable than the Archimedian antiprism �Td�
��E=0.21 eV�. These structural change can be explained on
the basis of the electronic structure of the cluster, which will
be discussed in the next section. It is also found that, when
the cation is formed, the Ni-Sn bond lengths increase with

respect to the neutral cluster, while the addition of electron
enhances the Ni-Sn interactions by decreasing the Ni-Sn
bond lengths. The stability of neutral and ionic clusters can
be found by examining the binding energy per atom �Eb�.

The BE is calculated as

Eb�NinSn� = �− E�NinSn� + nE�Ni� + E�Sn��/�n + 1� , �1�

where E is the total energy of the system.
The binding energy per atom �in eV� for NinSn neutral

and ionic clusters against the number of atoms is shown in
Fig. 4. For comparison, we have also plotted the binding
energy per atom �in eV� for Nin+1 cluster, which clearly in-
dicates that the substitution of the Ni atom by Sn enhances
the binding energy of the given cluster. Up to n=6, for Sn
doped clusters, the BE increases substantially as compared to
the binding energy of the host cluster. After n�6, it in-
creases with n, but finally tends to saturate. This indicates
that the structures are stabilized with the coordination of six
Ni atoms for the Sn, for clusters with n�6. The BE curves
for anionic and cationic clusters show a similar nature as that
of the neutral clusters. As noted earlier, an addition of one
electron increases the Ni-Sn interaction by decreasing the
Ni-Sn bond lengths in anionic clusters. This will enhance the
binding energy of �NinSn�− as compared to a neutral one as
well as compared to the host clusters. However, the removal
of electron decreases the Ni-Sn interaction, which results in
less stability for the cationic clusters.

The stability of these clusters is also analyzed by exam-
ining fragmentation energies. Here, we consider two frag-
mentation channels involving either a Ni atom or a Sn atom.
The fragmentation energies for a neutral NinSn cluster are
calculated as

�1E�NinSn� = E�NinSn� − �E�Nin� + E�Sn�� , �2�

�2E�NinSn� = E�NinSn� − �E�Nin−1Sn� + E�Ni�� , �3�

where E is the total energy of the system.
Figure 5 shows the fragmentation energies for the NinSn

cluster with respect to Ni and Sn atoms. �1 is the energy gain

FIG. 3. �Color online� Isodensity surface corresponding to the
HOMO-17 state for the lowest-energy configuration of Ni3Sn, at
one-third of its maximum isosurface value.

0

0.5

1

1.5

2

2.5

3

3.5

4

2 4 6 8 10 12 14

B
in

di
ng

E
ne

rg
y/

A
to

m
(e

V
)

Number of Atoms

NinSn

Nin+1

NinSn-

NinSn+

FIG. 4. Binding energy per atom �eV� for neutral, ionic NinSn
�n=1–12�, and Nin+1 clusters vs number of atoms in the cluster.

DESHPANDE, ROY, AND KANHERE PHYSICAL REVIEW B 76, 195423 �2007�

195423-4



in adding a Sn atom to a Nin cluster, and �2 the energy gain
in adding a Ni atom to a Nin−1Sn cluster. It is found that for
Sn induced clusters, the energetically lowest fragmentation
channel corresponds to the loss of a single Ni atom. �2 gives
the number of how many Ni atoms can be bonded to a single
Sn atom. It is 3.54 eV for Ni4Sn, and the lowest 3.22 eV for
Ni9Sn. These behaviors of �1 and �2, and more precisely,
�1��2 for all n, indicate that the addition of Sn to a Ni
cluster is energetically favorable.

The total magnetic moment for NinSn clusters against the
number of atoms in the cluster is shown in Fig. 6, where we
have also plotted the total moment of the host nickel clusters.
It is seen that the doping of the Sn atom reduces the mag-
netic moment of the nickel clusters. The overall magnetic
moment of the NinSn series varies considerably with the
number of atoms in the cluster. For the NiSn dimer, it is 0; it
increases up to 7�B for n=12. It is found that the spin state
of the NinSn cluster appears to depend on the placement of
the tin atom, the Ni-Ni interactions, and the nature of the

hybridization of Sn p with Ni d complex. For example, the
magnetic moment of the lowest-energy configuration of
Ni4Sn is 4�B, while for the planar isomer it is 2�B. In the
case of Ni7Sn, the lowest-energy configuration, the total
magnetic moment is 6�B, while for the nearly degenerate
next low-lying configuration �0.03 eV�, it reduces to 4�B.
These variations are further illustrated by considering differ-
ent configurations of the Ni12Sn cluster, where the placement
of the Sn atom, the cluster symmetry, significantly changes
the magnetic moment of the cluster.

As noted earlier, the Sn-vertex icosahedra is 0.7 eV lower
in energy as compared to the Sn-vertex Ni12Sn configuration
with D5h symmetry. The magnetic moment of lowest-energy
icosahedral configuration is 7�B, while for the next low-
lying configuration, it is 9�B, which is higher than the mag-
netic moment of Ni13 cluster �8�B�. The Sn-center icosahe-
dra is at a higher energy �3.6 eV� as compared to the Sn-
vertex icosahedral configuration. For Sn-center icosahedral
structure, the coordination number of the Sn atom is 12. This
increase in coordination as compared to the lowest-energy
configuration decreases the magnetic moment to 4�B. All
these remarks are further explained by considering the nature
of bonding in these clusters.

We have examined the charge density isosurfaces of the
molecular orbitals, the eigenvalue spectrum �not shown� for
the lowest-energy configuration, and some of the low-lying
configurations of all clusters. The localized charge density
distribution is found around Ni atoms. This is consistent with
the fact that Ni �1.12� has a greater electron affinity than Sn
�1.07�. The charge transfer is observed from Sn to Ni atoms.
The HOMO of all the lowest-energy configurations belongs
to Ni d, and the tin atom induces the density of states at the
middle of the energy spectrum due to hybridization of Sn p
with Ni d. A typical state from the lowest-energy configura-
tion of Ni12B is shown in Fig 7. It is seen that the Sn p
hybridizes with six Ni dz2.

As mentioned earlier, the icosahedron configuration is
0.7 eV lower in energy as compared to the cluster with D5h
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symmetry. Figures 8�a� and 8�b� show the isodensity for the
HOMOs of two isomers of Ni12Sn with different symmetries.
It is seen that for the lowest-energy configuration, the
HOMO is dominated by dx2−y2, and the Sn, central Ni, and
vertex Ni atoms are not participating in the hybridization.
For the next low-lying configuration, the mixture of dx2−y2

and dz2 is observed on the nickel atoms, and here, the central
Ni atom is also participating in the hybridization. The mix-
ture of d orbitals and the inhomogeneous distribution of
charge density lead to an increase in magnetic moment,

which has already been discussed. Figure 9 shows the spin
density ��↑�r�−�↓�r�� for this low-lying configuration. The
magnetization density is seen on all Ni atoms including the
central one. It is already noted that for Ni12Sn-D5h, there is a
6% increase in Ni-Sn distance from vertex Sn to central Ni
atom as compared to Ni12Sn-Ih configuration. This decrease
in Ni-Sn interaction induces the magnetization on the central
Ni atom.

The analysis of the molecular orbitals for anionic and cat-
ionic clusters shows similar findings as those of the dimer.
When the electron is added to the neutral NinSn cluster, it
occupies the LUMO, which has a bonding character. This
leads to an enhancement in stability and a decrease in the
magnetic moment of anionic clusters. On the other hand, the
electron comes out from the deeper bonding orbital of the
neutral NinSn cluster, which makes the cationic cluster less
stable as compared to the neutral one.

We have also calculated the adiabatic electron affinity
�EA� and the ionization potential �IP�. Adiabatic electron af-
finity �AEA� is defined as the energy difference between the
anionic and neutral clusters in their respective optimized ge-
ometries, while the adiabatic ionization potential �AIP� is
defined as the energy difference between the cationic and
neutral clusters in their respective optimized geometries. Ver-
tical electron affinity �VEA� is defined as the energy differ-
ence between the anionic and neutral clusters with both at
the optimized geometry of the anionic cluster, while the ver-
tical ionization potential �VIP� is defined as the energy dif-

(a)

(b)

FIG. 8. �Color online� HOMO isodensity surface �a� for lowest-
energy configuration �Ni12Sn-Ih� and �b� for next low-lying con-
figuration �Ni12Sn-D5h�.

FIG. 9. �Color online� The spin density ��↑�r�-�↓�r�� isosurface
of the low-lying configuration of Ni12Sn �D5h�, at one-sixth of its
maximum isosurface value.
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ference between the cationic and neutral clusters with both at
the optimized geometry of the neutral cluster.

Table I shows the calculated IP and the EA of the NinSn
clusters. The IPs show a decrease from NiSn to Ni12Sn,
while EAs increase with n. The vertical and adiabatic EAs
and IPs are nearly the same, which indicates that there is not
much structural differences between neutral and ionic con-
figurations of NinSn clusters. Our calculated values of IPs
and EAs agree qualitatively with the reported calculations by
Finetti et al.15,16 Reddy et al.25 computed the vertical ioniza-
tion potential of Nin clusters using a self-consistent molecu-
lar orbital theory. For comparison, we have also noted their
results for the vertical ionization potential of nickel clusters.
It clearly indicates that doping with Sn atom reduces the
ionization potential of nickel clusters.

It would be interesting to further investigate the effect on
geometries and on the electronic properties of nickel clusters
of more number of Sn atoms. The work involving mixed
Ni-Sn clusters is being performed to investigate more deeply
the effect of Sn on nickel clusters.

IV. CONCLUSIONS

In the present investigation, we have reported the lowest-
energy configuration and some of the low-lying configura-

tions of NinSn �n=1–12� using spin density functional
theory. The overall evolutionary trend shows that, except n
=6, the geometries of doped clusters are similar to those of
Nin+1, where the Sn atom occupies the vertex site, accompa-
nied by a slight distortion in the cluster. The doping by tin
atom increases the binding energy and reduces the magnetic
moment and the ionization potential of the nickel cluster. The
structural stability and magnetic properties of these clusters
appear to be the outcome of a delicate interplay among the
coordination number of the Sn atom, the cluster symmetry,
and the hybridization of Sn p and Ni d orbitals.
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