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Low-energy geometry and electronic structures of nickel (Ni,) clusters, where the number of atoms n
constituting these clusters ranges from 2 to 10, have been obtained based on density functional theory
(DFT) with the use of Generalized Gradient Approximation (GGA) taken from SIESTA method. By search-
ing for clusters with low-energy structures, new structures with low-energies were obtained. For each clus-
ter size, the average bond length, binding energy, HOMO-LUMO gap, second difference in energy, Vertical
Tonization Potential (VIP), adiabatic ionization potential (AIP) and finally the Density of States (DOS)
were calculated by this method. Low-energy structures of clusters are even for values n < 6, while stability
showed that the cluster Niio has the highest value of the binding energy. The VIP, AIP and HOMO-LUMO
gap show clear oscillations at odd and even values, indicating that Nig 46510 clusters have a higher stability
compared to their neighboring clusters. The second difference in energy shows and confirms the stability of
the aforementioned clusters. The results also show the DOS of the clusters studied near the Fermi level
and the relation of oscillation behavior witnessed by odd and even clusters in the number of atoms with
their stability. In this research, I succeeded in studying some clusters of nickel Ni, using DFT, tackling

their structural aspects as well as their electronic properties.
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1. INTRODUCTION

In recent years, the interest in studying metal clus-
ters has intensively increased. This is due to the devel-
opment of experimental and theoretical techniques that
help to conduct in-depth studies of this type of systems.
The clusters of transition metals have a particular
interest, and this is due to their potential use in many
areas, such as catalytic processes, mineral chemistry,
organic matter, or new nanoelectronic materials.

These clusters are sensitive and changeable, de-
pending on the number of constituent atoms. They can
also change significantly if one atom of these clusters is
added or removed, and so they become completely dif-
ferent from the properties of the material and are in
bulk condition. Clusters are classified as nanoparticles
provided that their size is between 1 and 100 nm which
is the volume between molecules and bulk material.

Because of the electronic structure that nickel Ni
has [Ar]3d“4s!, when a single electron is outside the
shell (d), a slight difference in energy between the
atomic levels (d and s) leads to a strong hybridization
action that plays a major role in distinguishing nickel
clusters with unique electronic structures and proper-
ties. Clusters of noble metals can also be used within a
wide range in many technological fields due to their
catalytic, magnetic and electronic properties [1, 2].

In the last few years, the study of structures of nick-
el (Ni) clusters and their properties has received great
attention in both theoretical and experimental terms.
Several variables and electronic, optical and magnetic
properties have been experimentally and theoretically
demonstrated [3-8].
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Optimal electronic structures for clusters cannot be
reached except by comparing the obtained experi-
mental results along with the presented theoretical
predictions [9-11], the theoretical analysis used for the
DFT is still not clearly explored in this field. Actually,
the study of DFT is classified into three sections, name-
ly, theoretical, conceptual and computational study.

In this research, I succeeded in studying some clus-
ters of nickel Nin using DFT, tackling their structural
aspects as well as their electronic properties. The re-
sults were very interesting indeed.

2. COMPUTATIONAL DETAILS

In this research, I established the calculations on
the principles of spin-polarized density-functional theo-
ry (DFT) [12, 13]. In terms of exchange and correlation
functional, the Generalized Gradient Approximation
(GGA) functional was applied according to the sugges-
tions of Perdew, Burke and Ernzerhof (PBE) [14]. The
increase in geometries of clusters was made through
functional density first principle-simulations technique,
which is rooted in the numerical atomic orbital method
according to SIESTA code implementation [15, 16]. The
clusters’ structures were also confirmed by using the
MATERIAL STUDIO software code [17]. Extended
wave functions took place in plane-wave basic groups
using a kinetic energy cutoff of 300 eV. This was ap-
plied to all systems included in our research. Monk-
horst-Pack grid having special k-point meshes was used
to carry out the integrations of Brillouin zone. In terms
of implementing self-consistent field calculations, the
convergence criterion of 10 =4 on to the total energy was
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used for this purpose. Actually, 0.05 A was the value of
the maximum tolerance for ion displacement in the
cluster. I obtained the optimized structures when the
atomic forces were less than 0.005 eV/A. Geometric
optimizations have been initiated from many primary
candidate geometries, which range from the open-
structured arrangement of Ni atoms to the close-packed
one. Z-matrices in the Q-Chem program output provid-
ed the optimized electronic structure for each cluster.
However, 1 calculated electronic properties based on
both self-consistent field (SCF) total electronic energy
and orbital energy values. I use total energies of the
most stable clusters to find out their bonding energy,
vertical ionization potential (VIP), HOMO-LUMO en-
ergy gap, second difference in energy, density of state
(DOS) as they are functions helping in determining the
cluster stability.

3. RESULTS AND DISCUSSION
3.1 Geometrical Structures

In Table 1, I present a summary of the average
bonding lengths of Ni. clusters, where n = 2-10. After
obtaining the most stable structures for nickel Ni,
clusters, we studied in depth each obtained cluster. In
Fig. 1, I show the most stable structures in this study,
using SIESTA program based on DFT.

For Niz cluster, its average bond length is estimated
to be 2.374 A. Actually, this result is close to theoretical
results of Basch et al. and Mlynarsky et al. [18, 19] and
experimental results of the average bond length in the
work quoted in Ref. [20].

Various values of the average bond length of clusters
Ni» where n = 2-10 are shown in Fig. 2. For the clusters
of Nin where n =2-6, they are either linear or closed
chains in the plane, with an average bond length esti-
mated as 2.373 A, 2.408 A, 2.413 A, 2.505 A, 2,518 A,
respectively. Generally, it is observed that the average
bond length increases with the cluster size.
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Fig. 1 - The lowest energy structures of Ni, (n = 2-10) clusters
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Fig. 2 — Average bond lengths for Ni, clusters
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Based on the results shown in Fig. 2, I conclude
that the values of the average bond length increase in
parallel with the increase in the cluster size. This is
due to the fact that the ratio of atoms on the surface of
the cluster is greater than the ratio of atoms in the core
of it. In fact, because they are less compact, they cause
the increase in the bond length. These results are
somewhat compatible with theoretical and experi-
mental results of Lathiotakis et al. [20].

3.2 Electronic Properties

One of the most important physical factors that are
to be studied in materials and clusters physics is the
binding energy (cohesion). It shows the stability of
clusters obtained by comparing the result of their bind-
ing energy to other previous results for the same metal
clusters. On this purpose, I use the following equation,
which is related to the cluster energy and the energy of
atoms constituting the cluster being alone:

ET — nEatom (eV)

n

Ej =

where Er is the total electronic energy of the cluster;
Eatom is the total electronic energy of the atom being
alone.

The results obtained are included in Fig. 3 below. In
this figure, I highlight the binding energies of nickel
Ni, clusters, where n = 2-10.
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Fig. 3 - Binding energies per atom for Ni, clusters

It is clear that the binding energy increases with
the increase in the cluster size. This explains the stabil-
ity of major clusters constituting the materials during
their construction processes. It is noticed in Fig. 3 that
the cluster Niio is the most stable compared to the re-
maining clusters. These results are quite similar to the
results in Ref. [20].

Another variable of equal importance, which is
equivalent to a gap in materials, is HOMO-LUMO gap.
It is the difference in energy between the highest occu-
pied orbit and the lowest unoccupied orbit in the spec-
trum of cluster energy levels. It shows the stability of
clusters, as well as their interaction. Also, my calcula-
tions were carried out in the case of spin polarization.
This provided me with two gaps for every studied clus-
ter. Then I made the difference between them, hence I
obtained the real gap for each cluster.

The obtained results illustrated in Fig. 4 show that
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the cluster Niz2 has the highest value, i.e. it has great
stability. This means that we need tremendous energy
to transfer an electron from HOMO to LUMO region;
that is why it is widely used in the nano-field.

As I saw previously in the results of HOMO-LUMO
gap, I calculated the second difference in energy AsE(n)
as shown in Fig. 5.
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Fig. 4 - HOMO-LUMO gap for Ni, clusters
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The amount of energy required to deliver the sys-
tem ions to the lowest levels of vibration, called adia-
batic ionization potential (AIP), has been calculated.
We see in Fig. 6 that a decrease in the values of the
VIP has been recorded and this is by increasing the
volume. This means that it facilitates the extraction of
an electron in larger systems (which have more atoms).
Thus, this system is considered to be the least stable.

I have noticed the existence of peaks at each of Ni,
clusters, where n =2, 4, 6, 8, 10. We can consider them
more stable clusters compared to their neighbors; this
result is close to theoretical results and experimental
results of the ionization.

Also, the AIP in cluster physics shows the nature of
the formed bonds of clusters. When weak values are
recorded in the clusters (Fig. 7), it becomes clear that
when approaching the metal state, the AIP values de-
crease with increasing cluster size. This means that
when we process bigger clusters we move to the metal-
lic properties of these systems. Adding to that, a great-
er value has been recorded in Nig, which can be consid-
ered more stable compared to the remaining clusters.
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Fig. 5 — Second difference in energy AsE(n) for Ni, clusters

In the field of clusters, there is another significant
variable that is calculable, through which I know the
stability of the clusters obtained and compare them to
each other. Actually, the more this values in the cluster
increases, the greater the stability. This is given by the
following equation:

AE(n) =B+ B, )~ 28,

where E

(n+1)°

E

(n-1)> E(n) are energies of clusters hav-

ing the size (n + 1), (n — 1), (n), respectively.

According to the results, it was noticed that all clus-
ters have a positive value, except for the clusters Nis
and Nio. In addition, the cluster Ni7 is more stable
compared to the rest. However, it should be noted that
the slight differences between the more and less stable
clusters are not significant.

The vertical ionization potential (VIP) is used to de-
termine the chemical stability of small clusters as the
proportion between the size of the cluster and its stability
is inverse, meaning that the greater the size of the clus-
ter, the less its chemical activity, and thus its stability.

Cluster size/atoms

Fig. 6 — Ionization potential for Ni, clusters

—&— Ni
7.0 4 -
>
=
a
X 6.5
=
=
=
a A
&£ 6.0 a
c \
S
=
E A
S 554 \A .
2 -
g S
o
=
2 5.0 A——a
T T T T T T T T T

Cluster size/atoms
Fig. 7 — AIP for Ni, clusters

The density of states (DOS) provides us with a gen-
eral explanation of the electronic structures of these
clusters. For example, I find that 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. In this research, I looked for electronic proper-
ties, specifically for the DOS for all obtained clusters
Ni, where n = 2-10, as shown in Fig. 8.
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Fig. 8 - DOS for Ni, clusters

In Fig. 8, I present a comparison between all the
most stable Ni, clusters. It is observed that the upper
peaks of DOS near the Fermi level of the Niz and Nis
clusters extend in the range 0.2 +— 0.9 eV, while Nis
and Nis — in the range — 0.25 + — 0.52 eV. Concerning
Nis, Ni7 and Nis, they are limited to — 1.70 + — 1.80 eV.
The cluster Nig has the highest peaks of its DOS con-
centrated in the energy field — 1.25 + — 1.46 eV, while
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HusbkoenepreTuyHi Ta eJeKTPOHHI CTPYKTypu KJacTepiB Hikeaio (Niy), me KUIBKICTH aTOMIB n, IO
CKJIAJAIOTH Il KJIACTEPH, KOJMUBaeThes Bim 2 mo 10, oTpuMaHi HA OCHOBI (DYHKITIOHAJIBLHOI TEOpil T'yCTHHN
(DFT) 3 Bukopucranusm ysarajgbHeHOro HabmmkeHHsa rpamgienra (GGA), sasroro 3 meroxy SIESTA. Ilmsa-
XOM IIOIIYKY KJIACTEPIB 3 HU3bKOGHEPreTUYHNMU CTPYKTYPAMU OyJIM OTPHUMAHI HOBI CTPYKTYPU 3 HUSBKUMU
eHeprisgmu. J[yist KOsKHOrO po3Mipy KJiacTepa M METOJIOM PO3PAXOBYBAJIM CEPEIHIO JOBKUHY 3B'SI3KY, €He-
priwo 38's13ry, 3oy HOMO-LUMO, npyry pisuuiiio B eHeprii, BepTUKaiIpHui noreHriast loxisamii (VIP), ami-
abaTuuHui moreHItial iomisaii (AIP) i, maperrri, rycruny cramis (DOS). HusbkoernepreTuyHi cTpyKTypn
KJIACTEPIB € MApHUMM [JIs 3HAUYeHb n < 6, B TOM Yac Sk CTAOLIbHICTD MOKas3asa, 1o kgacrep Nip Mae HaM-
BUIlEe 3HAUeHHA eHeprii 38'a3ky. VIP, AIP ta soma HOMO-LUMO pmeMoHCTPYIOTh YiTKI KOJUBAHHS IPHU He-
TapHUX 1 TapHUX 3HAYEHHSX, 0 BKa3ye Ha Te, M0 KiaacTteph Niz 46810 MAIOTH BUILY CTAOLIHHICTD TOPIBHIHO
3 cycimaiMu Kyacrtepamu. JIpyra pisHUISA B eHeprii mokaaye 1 miATBep/sKye CTablIBHICTD 3rajJaHuX KjIacre-
piB. Peaysbraru Takosk nmokadyors DOS kiacrepis, 110 BUBYAIUCH, 1100sm3y piBHS Depmi Ta 3B'sI30K KOJIH-
BaJIbHOI MOBEIIHKU HEMAPHUX 1 MapHUX (3a YHUCIIOM aTOMIB) KJIACTEPIB 3 IXHBOIO CTAOLIBHICTIO. Y CTaTTl
BIAJIOCSI BUBUMTH JIesTK] Kyactepu Hikeaio Ni, 3a momomoroo DFT, posrisimaioun iX cTpyKTypHI acIeKTH, a
TAKOK eJIEKTPOHHI BJIACTUBOCTI.

Kmiouosi cinosa: OyukirionanbHa Teopisa rycrunn, Knacrep, Hikens, EnexTporna crpykrypa, Enexrpormi
BJIACTUBOCTI.
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