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Abstract

We investigate structural and magnetic properties of small nickel cluster Nin (n< 15) by using a Density Functional Theory
code. The first steep consists to calculate the bond length and the binding energy in different geometries for each cluster. In
the second steep, after the equilibrium geometries and the binding energies have been obtained we calculate magnetic mo-

ment and the density of states.
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Introduction

The electronic and magnetic properties of small tran- sition metals (TM) clusters are of interest wide range of surfaces sciences,
catalysis, and magnetic recording applications. They are characterized by unfilled valence d- orbitals, such as nickel. This orbi-
tal has a localized character end require extensive compilation resources and im- portant time. The structural evolution and
magnetic proprieties of transition metal clusters have attracted the attention of a wide range of researches, both from experi-
mental and theoretical studies. The effect of geometric structure on magnetic ordering [1] is the most interesting aspect.
Among transition metal (TM) clus- ters, nickel clusters seem to be very interesting and have potential importance in the
physics and chemistry [2], and they are of special interest because of their practical applications in ferromagnetism and their su-
per param- agnetic behaviour [3, 4]. Some experimental [4-6], and several theoretical investigations based on Density Func- tio-

nal Theory (DFT) are done to study the structural and electronic properties of nickel clusters [7-12].

Using the framework of Tight-binding molecular- dynamics (TB-MD) method, the magnetic and struc- tural properties of nick-
el clusters of sizes from 5 to 60 atoms are investigated [13-18]. Granja et al. have used the Friedel’s model to study the structu-
ral and mag- netic properties of nickel clusters of sizes from 5 to 26 atoms [19]. Elsewhere, Nayak and al. used the EPEF model
to investigate the structural properties of nickel clusters of sizes up to 23 atoms [20]. Rosch et al., us- ing an all-electron spin-po-
larised calculations on nickel clusters with face-centered-cubic (and simple cubic) ge- ometry, have analyzed bonding, magnet-
ic behaviour, co- hesive energy, bond distances, ionization potentials, and DOS profiles, with paying particular attention to the

role of the nickel 4s and 3d electrons [21].

Small Ni, (n=7 to 10) clusters are computed by a quasi-classical molecular dynamics computer simulation technique. Opti-
mized structures of the clusters are ob- tained by an embedded-atom potential [22]. Structural stability and energetic of nickel
clusters, Ni, (n=3 to 459), have been investigated by molecular-dynamics simulations using a size-dependent empirical model
po- tential energy function [23]. Recently, Zhou et al. [24] have explored the stable structures and energies of Ni clusters using
particle swarm optimization(PSO) combined with simulated annealing.The simulation results in- dicated that the structures of
Ni clusters are icosahedral- like and binding energy per atom tends to approach that of bulk materials when the atoms number
increases. Using a newly proposed calculation scheme that com- bines the Hubbard approximation with the tight-binding
molecular-dynamics method, Andriotis et al. obtained that the average magnetic moment per atom is signifi- cantly higher in
the clusters than in the bulk, in agree- ment with experimental [15]. More recently, Wang et al. have, using the VASP code, ex-

plored Nickel clusters (Ni,;, Ni,,, Ni,,, and Ni;) and their catalytic activity on Carbon adsorption [25].

Global optimization of the geometry of small nickel clusters, and their interaction with benzene were per- formed using the den-
sity functional theory with generalized gradient approximation for exchange and correlation [26]. Elsewhere, energetic of nick-
el clusters are studied using the embedded-atom method, demonstrate that geometric structural optimization of clusters are in
good agreement with those of available experimental and theoretical investigations [27]. We can also cite that stabilized geomet-
rical structures of Nickel clusters are probed via a transferable tight binding potential with a molecular-dynamics method and
simulated-annealing techniques [28]. Elsewhere and beyond a variety of transition metal clusters, Nickel ones are investigated
computationally using a density functional approach and the equilibrium geometries and binding energies are optimized [12].
Pablo et al. have explored the structures and energy effects of molecular nitrogen adsorbed on nickel cluster using an extended
Huckel model coupled with two models of the adsorbed-nickel interaction [29]. Using first-principles calculations based on
pseudo poten tial, Sakurai et al examined the structural stability and magnetization for nickel clusters containing up to 500
atoms [30]. A work conducted by Chikhaoui et al, have theoretically investigated the structural, electronic, and magnetic prop-
erties of Ni, (n = 2-10) clusters and the effects of the S-doping [31]. Since two years ago, Boud-jahem et al. have performed a
theoretical study of small nickel clusters in order to evaluate their stability, electronic and magnetic properties using density
functional t theory (DFT) calculations at the BLYP/Def2-TZVP level of theory [32].
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This present research work is devoted to study the electronic and magnetic properties of free nickel clusters Nin (n<15), that
were investigated using the Density Functional Theory (DFT) and pseudo potential based on SIESTA code [33-5] as tool to pre-

dict geometrical shape, and to calculate cohesive energies and magnetic moments of this clusters.

Compilation Method

Our calculations were been performed on the Den- sity Functional Theory (DFT) [36] by using exchange correlation function-
al PBEJsJrLO [37, 38] parameterize of the Generalized Gradient Approximation (GGA). To describe the interaction between va-
lence electrons and atomic-core, the pseudo potentials were constructed us- ing the Troullier-Martin scheme [39] with

4s'3d°4p’af’ as valence electronic configuration.

The atomic-orbital basis set employed was a split- valence double zeta polarized (DZP) basis for nickel atom (Ni). The cu-
toff-energy of 300 Ry is set to calculate a charge density in a regular real-space grid. For orbital- confining cutoff radius, a value

0f 0.0014 Ry is used.

To calculate properties of ground state nickel clusters Ni, (n<15), we investigate all possible geometric structures for each clus-
ter. The structures of the com- puted ground states of Ni, clusters for n=2 to 15 atoms are shown in Figure 1. The binding ener-

gies, average magnetic moments, and bond lengths are reported in the Table I.

Results and Discussion

Geometric Structure

Much possible geometric structures were examined for each nickel clusters Nin (2 n 15). The most stable structures obtained in
our works are shown in Figure 1, and their respective energies are represented in Figure 2. The same think for magnetic mo-
ment, all possibilities were examined, and the average magnetic moment per atom is represented in Figure 3. The numerical val-

ues of bond length, binding energy, and average magnetic moment are reported in Table L.

Ni2 and Ni3 Clusters

In our calculations, we found the ground state of nickel’s dimer Ni,, with a bond length value of 2.13 A and binding energy of
1.538 eV/atom(3.076 eV).

The bond length value is in good agreement with the experimental measurement of Pinegar et al. [5] (2.1545 0.0004 "A), and is
slightly shorter than that of Morse et al. [40]. The binding energy of the ground state of nickel’s dimer Ni, obtained is 3.76 eV
(1.538 eV/atom). This value is considerably larger than experimental value 2.042 eV [5]. The magnetic moment obtained for
the dimer of nickel is 1.00 y; for each atom. These results are in good agreement with those obtained by Ambrusi et al. [41]. Us-
ing the VASP package, they have obtained the respective values for inter atomic distance, bonding energy per atom and total
magnetic moment as 2.10 *A, 1.44 eV/atom and 2.00 y,. Our values seems also to be larger than that obtained by Zhou et al.
[24] using parti- cle swarm optimization(PSO) combined with simulated annealing (SA) (they found 1.06 eV/atom as the bind-
ing energy for the Ni, dimer). Elsewhere, with DFT calcula- tions at the BLYP/Def2-TZVP level of theory, Boudja-hem et al.
[32] have obtained 2.15 °A as the inter atomic distance for the Ni, cluster and binding energy per atom equal to 1.28 Eva. This

inter atomic distance is very close to our one and the binding energy is lager.

Equilateral triangle structure (D3h point group sym- metry) is the most stable structure for Ni, cluster .The Ni-Ni bond dis-

tances are about 2.23 *A. The average binding energy and magnetic moment obtained are re-spectively 1.975 eV/atom and 0.67
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yg/atom. This inter atomic distance is very close to that reported by Nayak et al. [20]. The binding energy is in good agreement
with results yielded by Reuse et al. [42]. Also, our results seem to be in good agreement with those obtained by Ambrusi et al.
[41]. The triangular form of Ni,, was re- ported to be more stable elsewhere [43]. Erkoc et al. [44] have also obtained D3h sym-
metry with 2.22 °A as inter atomic distance where as our results gives D3h and 2.23 ° A in excellent agreement. We shall note al-
so experimental observations show that Ni, is triangular [45]. Michelini et al. [7] have concluded that the ground-state geome-

try for Ni, is an equilateral triangle (D3h symmetry).

Ni4, Ni5 and Ni6 Clusters

Erkoc et al. [44] found that the stable structures of Ni, clusters with sizes n = 4 to 6, have a regular symmetry. The correspond-
ing point groups of these clusters are: Ni, (Td), Ni; (D3h) and Ni; (Oh) respectively. According to our findings, the tetramer
Ni, is a distorted tetrahe- dron with a D2d symmetry group, bond lengths ranging from 2.23 to 2.41 °A, and an average binding
energy of 2.213 eV/atom. Boudjahem et al. obtain the same space group [32]. Arzivu et al. [46] and Venkataramanan [47] have
also reported the same configuration as the ground state. According to Fengyou et al. [48], a planar rhombus with D2h symme-

try is the lowest-energy geometry.

. I

n=4
- !
P
P
n=> n=6 n=7
n =10
n=13

Figure 1: The most stable structures for Nin (2 > n < 15) clusters

The ground state of Ni; is a pyramidal structure, with a regular square base (C4v symmetry group). The Ni-Ni bond length in
the base is about 2.32 °A, and the fifth atom in top of the pyramid is placed at a distances of 2.30-2.33 *A. The average binding
energy of Ni; cluster is 2.578 eV/atom. Elsewhere, it is established that a trigonal bipyramid geometry is nearly isoenergetic
with the square pyramid [14, 15]. According to other studies, Ni, has a magnetic moment of 1.81 y;, with a trigonal bipyramid
geometry [44, 45]. More recently, Boudjahem et al. found that a trigonal bipyramid geometry with D3h symmetry is the most

stable geometry for the Ni; cluster [32]. Our results are consistent with those obtained by Venkataramanan [47] as the most sta-
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ble configuration, whereas Reddy et al. [49] reported the ground state to be the trigonal pyramid geometry.

Among all possible configurations of Ni cluster, the most stable structure is a distorted bi pyramid (Oh symmetry). The bond
lengths are 2 .39 °A between atom in the base, and 2.35 A° between each atom in the top of the structure and the atoms in the
base. The average binding energy equals to 2.806 eV/atom. Parks et al. have obtained experimentally that Ni, cluster adopts the
octahedron structure [45]. Earliest works show that Ni; is a more tightly bound octahedron [42, 45, 50], with a smaller magnet-
ic moment of 1.47 y;. Apsel et al. have found that Ni cluster in the lowest-energy geometry is in a capped trigonal bi-pyramid
structure with C2V sym- metry [3], and the lowest-energy geometry is a capped trigonal bi-pyramid with C2V symmetry for
Boudjahem et al. [32]. Moreover, using a self consistent tight-binding method , the structure of Ni, is an octahedron formed by

atoms with coordination number Z = 4. In contrast, Ni, contains atoms with coordination Z =4 and Z = 3 [51].

Ni7, Ni8 and Ni9 clusters

The most stable structure of Ni, cluster is an distorded bipyramide (D5h as symmetry group) with pentagonal base. The intera-
tomic bond lenghts are between 2.38 and 2.43 °A in the base, and 2.36-2.39 ° A between the atoms in top and the atoms in base.
The binding energy averages 2.912 eV/atom. The total magnetic mo ment of Ni, cluster is 6.00 y; (0.875 y; per atom). The same
structure was obtained by Nayak et al. [20]. Recently,Boudjahem reported that the most stable configu- ration of the Ni, cluster
is a bicapped trigonal bipyramid with C3h symmetry [32].

An assembly of two crossed distorded tetrahedrons (D3d space group) is the most stable structure for Ni; cluster. The total mag-
netic moment is equal to 8.00 p;, (1.00 g, per atom), the bond lengths range from 2.36 to 2.43 °A, and the binding energy ob-
tained is equal to 2.991 eV/atom. Boudjahem et al. [32] have obtained that the bicapped octahedron geometry with C2V sym-
metry is the most stable geometry structure for the Nij cluster. The bidisphenoid (point group D2d) was proposed by Zhou et

al. [24] as the more stable structure of Ni, isomers.

The structure of Ni, shown in Figure 1 is a distorted structure with bond lengths values 2.33-2.57 ° A, and its binding energy is
3.101 eV/atom. This structure ex- hibit a total magnetic moment of 8.02 y; (0.89 y; per atom).The most stable configuration of
the Ni, cluster is a tetra-capped trigonal bi-pyramid with C2V symmetry obtained by boudjahem et al. [32]. Rodriguez-Kessler
et al. [52] have reported a tricapped trigonal prism geometry as the ground-state configuration. Durmus et al. suggest that Ni, is
a capped somewhat distorted pentagonal bi- pyramid [22]. A tricapped triangular prism configuration is found to be the
ground state of Ni, [54]. For Ni,, pre- vious calculation obtained the tricapped trigonal prism as the most stable structure

[28].N,, (10 < n <15) clusters

in

The most stable structures of Ni, (10 n<15) are shown in Figure 1. The corresponding bond lengths, binding energies, and aver-

age magnetic moments are re- ported in the Table I.

Experimental observations [45] give for Ni,, a tricapped pentagonal bi-pyramid, Ni,, as pentagonal, Ni,, is in icosahedron, Ni,,
is in icosahedron, Ni,, is in bi- capped hexagonal anti-prism, and finally Ni,, is in bicapped icosahedron form. Ni,, adopts a
D2h symmetry structure. The same results is obtained by Boudjahem et al. [32] concerning inter atomic distances and magnet-
ic moment Durmus et al. [22] suggest for Ni,, the C3v space group. Lu et al. [53] exploring physical properties of nickel clus-
ters, found that the trigonal pyramid with Td symmetry is the most stable structure of Ni,, and pos- sesses a regular tetrahedral
configuration. A trilayered structure with 3-5-3 stacking is found to be the ground state of Ni,, cluster. Ni,, is also three layered
structures with 3-6-3 stacking. The ground state of Ni,, is found to be a continued layered structural pattern based on the
ground states of Ni,, and Ni,,. It is also a piece of a dou- ble tetrahedron and packed with 1-3-6-3 atoms. Among all isomers,

one pentagonal bi-pyramid based structure is more favorable in energy for Ni,, [54].
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In contrast to the structure found by Boudjahem et al. [32], our results indicate that Ni,; cluster crystallizes in the Cs structure,
which has fewer symmetry. Their lowest-energy geometry is a combination of one square pyramid and two prisms with C2V
symmetry [32]. In- teratomic distances are between 2.22 and 2.62 A with an average binding energy of 3.21 eV per atom. Ac-
cording to our findings, C3v is displayed as a symmetry group for Ni,, cluster. Elsewhere, other recent study [32] gives for Ni,,
cluster, the most stable geometry can be viewed as a combination of two prisms and two square pyra- mids with C2V symme-
try. Andriotis et al. [15] find that hollow starting geometries for Ni,, (icosahedral struc- ture), evolves into stable geometry with
central atoms on MD relaxation, using the Hubbard approximation with the tight-binding molecular-dynamics method. The

Ni,, cluster with C5v symmetry has a fully occupied HOMO state with twofold degeneracy obtained by Xie et al. [55].

Our results for Ni;;, Ni,, and Ni,, evolve with these following space groups C2v, C4v and Oh respectively. Binding energies,

magnetic moments and inter atomic distances can be seen in the Table I.

The Ni,; cluster is one of most studied clusters because it is considered as the seed for different cluster growth patterns. For this
one, Lia et al. [56] using the framework of VASP code, have obtained CCP (cubic-closed packed) structure. The total magnetic
moments of Ni,; cluster is 10 y; and a space group of C3v. Piotrowski et al. [57] indicated that Ni , has a structure much closer

to the Co,; hexagonal bi-layer (HBL) structure.

Song et al. [58] have investigated the magnetic properties of the nickel clusters using DFT (density functional theory)-PBE
(Perdew-Burke-Ernzerhof) calculations. Their results show that the Ni,; nanoclus- ters can be considered magic clusters with
large chemical stability and small magnetic moments. Chaves et al. [59], based on spin-polarized symmetry-unrestricted DFT
within the formulation proposed by PBE for the exchange-correlation, have obtained the icosahedral con- figuration. using
Embedded-atom method (EAM), Grig- oryan et al. [27] have obtained an icosahedron as the most stable structures for Ni,;.
Elsewhere, Lu et al. [54] have found that the ground state of Ni,; is found to be a continued layered structural pattern and it is
piece of a double tetrahedron and packed with 1-3-6-3 atoms. Using VASP code , the authors of reference [25] have found that
Ni,; adopt an icosahedral geometry. Ni,, has one atom at the center and other 12 identical atoms on the spherical shell surface
with a coordination number of 6. The distance between the spherical shell and the central atom is 2.32 °A. The surface Ni-Ni
bond length is 2.44 ° A and binding energy equals 3.22 eV per atom. Lathio- takis et al. [17] using tight-binding molecular-dy-
namics scheme, obtained the icosahedral structure is the only one of the Ni,;. In an other work [60], using this time an other
tight-binding approximations, retrieve the cuboc- tahedron structure. Luo et al. [61] have noted that Ni,, about 3.04 eV and av-

erage inter atomic distances aver- aging 2.52 A [60]. Song et al. proposed for Ni,; cluster, the adjacently bi-capped icosahedron

citeSong.
Table I: Bond length, binding energy, and average magnetic moment of Nin (10 < n <15)
Cluster bond length (*A) Binding energy (eV/atom) Average magnetic (uB )
Ni 2.32-2.44 3.167 0.79
Ni 2.22-2.62 3212 0.9
Ni 2.22-2.76 3.259 0.67
Ni | 2.28-2.47 3.285 0.75
Ni 2.29-2.60 3.378 0.71
Ni 2.33-2.75 3.433 0.37
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The evolution of binding energy and magnetic moment with the cluster’s size

The binding energy per atom E, as function of cluster size plotted in Figure 1 was calculated according to the Equation 1.
n(E(ND) = E(Niw) ),
n

FE =

where E, is the binding energy per atom, n is the num- ber of Ni atoms in cluster, and E(Ni) is the energy of Ni atom in the

most stable.

3= —

251 -

Binding energy (eV/atom)
t
|
|

| | | | | | | | | | | | | |
0 1 2 3 4 5 6 T 8§ 9 10 11 12 13 14 15 16
Number of atoms

Figure 2: Binding energy of Nin (2 n15) as function of cluster size (Number of atoms)

The average binding energy per atom increases as the cluster size increases, it shows an exponential like grow- ing. We note
that the variation of average binding energy with respect to the cluster size is fast from n=2 to n=6. However, this variation for
n=7 to n=15 changes rela- tively slowly. The simulation results indicate that the binding energy per atom tends to approach
that of bulk materials when the atom number increases. Lu et al. have demonstrated that binding energy increases rapidly with
size n up to n = 7, and the size dependence be- comes smooth at n = 8. It still not converges toward to the bulk value (6.38 eV/a-
tom) [54]. The same general behavior of the binding energy of pure Ni, clusters as function of size is observed by authors of ref-

erence [31]. Our results are also consistent with previous theoretical results [54, 62, 63].

A central issue in cluster physics is to identify particu- larly stable sizes using the second difference of total ener- gies. It is also a
sensitive physical parameter associated with the stability of clusters. A’E(n) is the difference of energy of two fragmentation

paths Ni,,, to Ni, + Ni and Ni, to Ni,_, + Ni. If A’E(n) > 0, it means that the dissociation of Ni,,, into Ni, leaving one atom free

n+1
is more favorable than the dissociation of Ni, into Ni,_, and one free Ni atom. These values were calculated from the Equation
2.

A’E (n) = E (Niy, 1) + E (Nin_y) — 2E(Niy,)
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Figure 3: Second order difference in energy for Nin clusters (2< n < 14)

As we can see in Figure 3, what shows the A2E as a function of cluster size (number of atoms), both results show the same ten-
dency, with the exception for n=2,7,9, and 12. For Ni2, Ni7, Ni9, Nil12, and Nil4 there are pronounced peaks, these clusters are
more stable than their neighboring clusters. This result confirm that in the transition metal clusters there are no magic num-
bers [64]. Nayak et al. [20], by using an empirical many- body potential and molecular dynamics simulation, are found that the
Ni2 cluster be most favorable channel for nickel clusters in the size range n <24. However in the present work and as shown in

Figure 3, we found that most favorable channel for nickel clusters is the Nil4 cluster.

Our results are different compared with those found by Erkoc et al. [44]. They access that clusters with 4, 6 and 13 atoms are
the most stable. This difference is essentially due to the method used which lacks relevance and accuracy, in this case molecular
dynamics simulation at constant temperature. Among other results, Zhou et al. [24] found that clusters with 13 atoms appeared
to be more stable. That is to say, the stability depends on both the size and the symmetrical structure. In their stability investiga-
tion, Boudjahem et al, show that two local peaks appear at n = 6 and 8, indicating that Ni6 and Ni8 clusters are more stable
than their neighboring ones [32]. Elsewhere, Grigiryan et al. [65] demonstrate that the peaks appearing in stability curve corre-
spond to the most stable structures (often termed magic clusters) and the minima show the most unstable. They indicate
among other results that n=13 is magic numbers [27]. Erkoc et al. [44], and Grigoryan et al. [65] confirm that the clusters with
the number of atoms n = 4, 6, 13, are more stable. Chaves et al. [59] investigations shown that Ni6 and Nil0 are particularly
more stable than their neighbours, which agree with previous results [58, 65]. However, Grigoryan et al. [65] and Nayak et al.
[20] and our results do not indicate that Nil3 is a magic cluster as previously reported. Completely in opposite direction of our
results, Luo indicates that n=13 is a magic number: 13, and the corresponding sizes for the most unstable clusters are: 12, 14.

[61]. Same results than those Luo et al. [61] can be found in references [27, 58, 66].

The average magnetic moment per atom as a function of number of atoms in the cluster is plotted in Figure 4. The diagram
shows only small variations of the average magnetic moment per atom with the clusters size. The highest value is 1.44 yy/atom
(Nig), and the lowest value is 0.37 pz/atom Ni,;). For Ni,, Ni,, and Ni, clusters, the mean magnetic moments are the same and
equal to 1.00 py/atom. For the remaining clusters the values are lower than 1.00 y,/atom. It’s important to precise that clusters
are ferromagnetic. The analyzed Ni, clusters ex- hibited ferromagnetic behavior with a magnetic moment that depended on the

size.
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A recent study done by Lia et al. gives the total mag- netic moments of Ni,, clusters the value of 10 y, [56], being consistent
with the available studies [59, 67, 68]. Our values are also lower than those of Chikhaoui et al. [31] when comparing with those
obtained experimen- tally. It is also the case for almost all ab initio calcu- lations on nickel clusters [61, 69]. These discrepancies
between theory and experiment remain an open ques- tion, although the problem may arise from the additional orbital mo-
ment contributions or isomerization effects as suggested by some authors [70]. Elsewhere, other study show that the total mag-
netic moments of nickel clusters are in the range of 0.67 to 1.33 y,/atom. The highest magnetic moment value is obtained for
the Ni, cluster (1.33 py/atom) [32]. Our magnetic moment for Ni, clus- ter is in excellent agreement with the experimental val-

ue (1.47 py/atom) [58].
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= w— Experimental .
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Figure 4: Evolution of average magnetic moment per atom with the number of atoms in nickel clusters Nin (2 < n < 15)

Our Ni; magnetic moment is much smaller than that obtained by Apsel et al., with a magnetic moment of 1.81 y; [3]. Nigis a
more tightly bound octahe- dron [42, 45], with a magnetic moment of 1.47 yy/atom exactly the same that our value. Our Ni,
magnetic mo- ment is less than 1.00 y,/atom, in opposite direction with study showing that gives a large value for this clus- ter
[71]. Ni,; with closed-shell icosahedron is the first cluster with an interior atom [42, 45]. Its compact struc- ture explains its ano-
malously small magnetic moment of 0.96 y,/atom greater than our value (0.75 g /atom). Ni,,, with a magnetic moment of 0.71

yg/atom is very less than 1.22 yy/atom obtained by Parks et al. [45].

R.E. Ambrusi et al. and H. Xu et al., with the frame- work of DFT have obtained for Ni4 a less lowest value (0.92 py,/atom) com-
pared to our one which equals to 1.00 p,/atom [41, 72]. Experimentally, Apsel et al. [3] have found for Ni, clusters for n=>5 to
n=8 and for n=11 and 12 the following magnetic moments per atom 1.65, 1.35, 1.4, 1.45, 0.93 and 1.10 yy/atom. Our results
agree perfectly with results obtained by Reddy et al. [49]. Par- tially, from n=2 to n=_8, our variation seems to have the same ten-
dency of variation found by Futschek et al. [73]. From n=6 to n=13, our study reproduce the same re- sults of Duan et al. [74]
and clearly differentiates before n less than 6. Guirado-Lopez et al. [75] have argued that the discrepancy between DFT and ex-
periment is due to a large orbital moment in the clusters. Then the contri- bution of the orbital moment is particularly impor-
tant for Ni where the difference between the orbital moment of the free atom (L = 2 y, for an electron configuration 4s'3d’) and

in the bulk (L = 0.05 y;) is rather dramatic.

All nickel clusters are highly magnetic [21]. As it is widely knew, the bonding in nickel clusters (also in the metal) arises from

the interaction of nickel atoms in a 4s'3d’ like atomic configuration. The spatial extent of the two atomic orbitals 3d and 4s,
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however, is very dif- ferent. The radial expansion of 4S orbital is more than three time of that of 3d orbital. Then, when nickel
atoms combine to form a small cluster, the interaction occurs primarily between the spatially more diffuse 4s orbitals whereas
the 3d-3d overlap is quite weak. Therefore the bonding originates largely from the coupling of 4s elec- trons resulting in a

broad contribution to the DOS. How- ever, 3d orbitals are highly localized, resulting in a much narrower DOS.

To understand the s, p, and d orbitals contribution to the magnetic moment, we examined the partial den- sity of states the Ni
(highest magnetic moment), and Ni,; (lowest magnetic moment) clusters, as shown in Fig- ure 5. The contribution to density of

states is dominated by 3d band’s contribution, and the contribution of 4s and 4p bands is much less pronounced.
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Figure 5: Partial density of States (PDOS) of Nin(n=6, and n=15) clusters.

As we can show in Figure 5: -The majority spin 3d band is completely filed, while the minority spin 3d band extends above E,;

this is the origin of the ferromagnetic ordering in the clusters and shows that the unpaired elec- trons are localized in the 3d

shell.

-The 4s band completely envelopes the 3d band in the interval of -1 to -2 eV energies and is broader. Our results are in good
agreement with those Rasch et al. obtained using All-electron, spin-polarised, LCGTG-LDF calcula- tions [21]. For the Ni,; clus-
ter the the majority spin 3d band is not completely filled and difference in population of electrons with minority spin 3d band is

small which explains the low magnetic moment.

For all clusters calculated in our work, the majority spin 3d band are populated by electrons more than the minority spin 3d.
This evidences t he ferromagnetic prop-erty of the Nickel clusters Ni, (2 2n < 15). experimental and theoretical. Unfortunate-
ly, in the case of nickel, experimental studies are rares, and the results of theoretical studies are not always in good agreement,
and even contradictory. Through this work, we tried to shed a little more light on the electronic and structural properties of

small nickel aggregates.

To investigate the geometrical, electronic structures, and magnetic properties of small nickel clusters Ni, (2 < It is very notice-
able in Figure 5 that both cluster has a very low electronic density at the Fermi level. Based on this analysis, we can expect that
these clusters are less chemically active . The density of states (DOS) demon- strates that the Fermi energy is located in the

spin-down nickel 3d states for Ni; and Ni,;. The spin-up gap of Ni, is twice as wide as the spin-up gap of Ni,, (see Figure 5) We
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note that all atoms of Ni,, but the majority of atoms of Ni,;, constitute the surface of the cluster. Our results agree with those of
reference [76]. The chemical activity of some clusters is closely related to the density of elec- trons located near the Fermi level
(Er ). The more DOS in this region, the greater the chemical activity of the cluster [77]. The PDOS spectra of Ni; is in quite con-

cor- dance with that obtained by [31]. The hybridization is weak and involves molecular orbitals far from the Fermi level.

For all clusters calculated in our work, The majority spin 3d band ere populated by electrons more than the minority spin 3d.

This evidences of the ferromagnetic property for the nickel clusters Ni, (2 < n < 15).

Conclusion

Several studies have been and are being devoted to the electronic properties of transition materials clusters, both n 15), We
have used the density functional theory with the generalized gradient approximation, combined to the pseudo potential
Method. In a first step, we have gener- ated, tested and optimized the pseudo potential of nickel. After in a second step, we have
performed to optimize a Double Zeta basis. And finally we calculated the geomet- rical, electronic structures, and magnetic

properties for each cluster of interest.

A great number of geometric and magnetic configu- rations are investigated for each size, and the ground states are depicted.
For the studied clusters,the more stable structures are closed structures with inter atomic distances between 2.13 °A and 2.76
°A. Our results shown that Ni,, Ni,, Ni,, Ni,,, and Ni,, clusters are more stable than their neighboring clusters, and the most fa-
vorable channel for nickel clusters is the Ni,, cluster. This result confirm that in the transition metal clusters there are no magic
numbers [64]. The average magnetic moment per atom shows only small variations with the clusters size. The highest value is
1.44 pg/atom (Ni), and the lowest value is 0.37 yy/atom (Ni,;). It remains in the vicin- ity of 1.00 yz/atom, and the electronic

study shows the evidence of ferromagnetic property of the nickel clusters studied here.
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