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Abstract Structural, electronic, and magnetic properties
of Scy (N=2-14) clusters have been investigated using
density functional theory (DFT) calculations. Different
spin states isomer for each cluster size has been opti-
mized with symmetry relaxation. The structural stability,
dissociation energy, binding energy, spin stability, verti-
cal ionization energy, electron affinity, chemical hard-
ness, and size dependent magnetic moment per atom are
calculated for the energetically most stable spin isomer
for each size. The structural stability for a specific size
cluster has been explained in terms of atomic shell
closing effect, close packed symmetric structure, and
chemical bonding. Spin stability of each cluster size is
determined by calculating the value of spin gaps. The
maximum value for second-order energy difference is
observed for the clusters of size N=2, 6, 11, and 13,
which implies that these clusters are relatively more
stable. The magnetic moment per atom corresponding
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to lowest energy structure has also been calculated. The
magnetic moment per atom corresponding to lowest
energy structures has been calculated. The calculated
values of magnetic moment per atom vary in an oscil-
latory fashion with cluster size. The calculated results
are compared with the available experimental data.
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Introduction

For the last two decades, a variety of theoretical and experi-
mental studies have been done to identify the size dependent
structural, electronic, optical, and magnetic properties of
atomic clusters [1-6]. These properties are neither similar to
those observed at atomic scale nor at the bulk form. It is
expected that materials assembled from finite-sized clusters
may have special properties. Also, these properties are
changed drastically with the change of cluster size [1-13],
and it can be investigated by employing the cluster dynamics
approach. The cluster dynamics (CD) is based on kinetic
equations describing the formation and evolution of clusters.
The magnetic behavior of clusters with different geometry is
investigated by DFT within the quantum Heisenberg model.
Magnetic property of the clusters depends on the valence
electron of the cluster, symmetry, geometry, and size. The
valence electrons mediate the exchange interaction between
neighboring magnetic moment localized on the core electrons
of the atoms. It is to be believed that anomalous behavior of
magnetism in low-dimensional transition metals can be attrib-
uted to the enhancement of densities of d states at the Fermi
level resulting from spatial confinement [14]. The shifting of
3d electrons is sensitive to changes in the positions of the
atoms which is responsible for the change in magnetic

@ Springer


http://dx.doi.org/10.1007/s00894-014-2481-4

2481, Page 2 of 14

J Mol Model (2014) 20:2481

moment with change of cluster size. The symmetry of cluster
is another important issue which can contribute to the
change in magnetic property. It is because of the fact that
symmetry enables degeneracy and magnetism originates
due to degeneracy [15]. Therefore, an enhancement of
the magnetic moment is to be expected as long as the
cluster possesses geometry of high symmetry with lowest
structural energy, which is a challenging task for the
theoreticians. The magnetic property of the cluster also
depends on the optimization at different spin states. The
calculation at different spin states causes change in spin
density localized at the atoms, which ultimately change
the magnetic moment of the cluster.

The structural and magnetic properties of the transition
metal clusters have been a subject of intense research for
theoretical and experimental scientists owing to enhanced
magnetic properties for the smaller size cluster compared to
its bulk counterparts [6—13]. The study on emergence of
magnetic properties from atoms to the bulk form is the impor-
tant aspect which provides the idea to develop magnetic
nanomaterial [7] and tractable models for the better under-
standing of the effect of spin coupling in finite and low
dimensional systems. The transition metals have already been
taken into account by the theoretical scientists for exploring
size dependent magnetic properties due to partly filled d’ shell
(3d™4s?, n=1-9) which results in a number of spin isomers
within a very close energy range [6—16]. Within this close
energy, the structure of each spin isomer of Scy clusters has
different structural, electronic, and magnetic properties. The
magnetic moment of the transition metals is dominated by the
spin contribution from the highly localized 3d electrons, and
therefore these metals are a good example of localized ferro
magnets. The 3d electron shell can accommodate ten elec-
trons, and according to the Hund’s rule a half filled shell has
five electrons with parallel spin. It is important to note that the
system such as transition and rare earth metals, the behavior of
the valence electrons is crucial since these electrons mediate
the exchange interaction between neighboring magnetic mo-
ments localized on the parent atoms. The electron configura-
tion of an isolated Sc is [Ar] 3d'4s”. The magnetism in Sc
clusters is obviously governed by the unpaired valence elec-
tron, in contrast to the local magnetic moment observed in the
clusters of heavy rare earth elements due to the presence of the
inner electron. Due to enhanced magnetic properties of Sc at
low dimensional range, it may be used in the device applica-
tion such as bio-sensing. To the best of our knowledge, few
theoretical studies have been done on magnetic properties of
Scy clusters as a function of cluster size [17-20]. Recently, the
magnetic properties of Scy clusters of various size (N=5-20)
have been investigated through Stern-Gerlach molecular-
beam deflection experiment [7]. The results of the experiment
confirm that all Scy clusters are elemental molecular magnets
with a strong magnetic moment for Sc5 cluster. In a theoretical
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study [20], the authors have reported the size dependence on
structural, electronic, and magnetic properties of Scy clusters of
different sizes using DFT. They have performed all calculations
on clusters by considering symmetric structure, as the initial
guess, and the results thus obtained were used to calculate the
magnetic properties. They also have reported that the most
stable cluster of each size may be obtained only by performing
the symmetry based restricted calculations.

In the present work, we have explored the role of asym-
metric structural calculations (without putting symmetry as
constraints while optimizing the structure of Scy clusters) on
structural and magnetic properties of Scy clusters of different
size. Further, we have also compared the calculated results of
asymmetric calculations with those done for symmetric cal-
culations for the same cluster size. The reason behind
performing the present study is based on the fact that in the
case of asymmetric calculation, the most stable structure of
Scy clusters may have structural energy far away from the
value of structural energy calculated through symmetric cal-
culation. Thus, there is a possibility that the stability of differ-
ent spin isomer might also be changed. According to the Jahn-
Teller theorem [21], every nonlinear molecule or crystal that
has orbital electronic degeneracy is unstable when the nuclei
are in a symmetrical configuration with respect to at least
one asymmetric distortion of the nuclei, which lifts the
degeneracy. In this work, we focus on the size dependence
of structural stability, spin stability, HOMO-LUMO gap,
electron affinity, vertical ionization energy, chemical hard-
ness, and magnetic moment of Scy clusters. Further, we
have also studied the variation in Raman features of Scs
cluster of various spin states. The authors do believe that
the present report will shed light on how these properties
vary for Scy (N=2-14) clusters with size.

Computational procedure

All the calculations have been carried out using DFT.
Depending on the reliability of DFT [16] studies on the
choice of functional and the basis set for the purpose
under investigation, the DFT calculations are done by
treating the exchange-correlation interaction by expanding
the electron orbital size, not the shape. The standard
LANL2DZ basis set of primitive Gaussians have been
used to expand the cluster orbitals formed by the 3d'4s>.
The remaining 28 core electrons, 1s* 2s* 2p° 3s* 3p® of
the Sc atom are represented by the Wadt-Hay effective
core potential [22]. In the present study, all geometry
optimizations are carried out with the DFT method based on
the gradient-corrected exchange-correlation functional of
Perdew, Burke, and Ernzerh of PBEPBE [23, 24]. The struc-
tures of Scy (N=2-14) clusters at different spin states have
been optimized using DFT at PBEPBE/LANL2DZ level of
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theory. This theoretical method has proven to be a reliable tool
for the ab-initio level of study of structure and properties of
transition metal clusters [3, 16, 19]. The cluster geometries
have been obtained by finding local minima on multi-
dimensional potential energy surface. We have applied an
efficient scheme of global optimization, called the cluster
fusion algorithm [25-27]. It works on the principle based on
the partitioning of the data points. In this method, it is assumed
that the atoms in a cluster are bound by Lennard-Jones poten-
tials and the growth of cluster takes place by addition of atoms
one by one. All atoms of the cluster are allowed to move while
the energy of the system is decreased (it happens only when
we do not restrict the symmetry of the molecule and allow the
program to search the full space of molecular configurational
degrees of freedom for getting minima at potential energy
surface). The motion of the atoms is stopped when the energy
minimum is reached. Otherwise, imposing restriction, the
optimization process reaches a stationary point (where forces
on the atoms are zero) which may be a saddle point. The
geometries and energies of all cluster isomers are calculated
without imposing any symmetry restriction. The most stable
cluster configuration (lowest energy isomer) is then used as
the starting configuration for the next step of the cluster
growing process. The optimization of cluster structure at the
minimum of the potential energy surface is confirmed by the
calculation of vibrational frequencies. The absence of imagi-
nary frequency corresponding to each geometry of Scy clus-
ters confirms that the optimization has been done at the
minimum of the potential energy surface.

All the calculations have been performed using GAUS
SIAN 09 software package [28]. The existence of a large
number of energetically close lying different spin states causes
the calculation of ground state structure difficult for the theo-
retical scientists. In order to find most stable structures, the
geometries are optimized without giving any symmetry based
constraints. We have computed the effect of spin multiplicity
on the structure and energy of Scy (N=2-14) clusters by
varying its value from 1 to 7.

Results and discussion
Optimized structure of different spin isomers of Scy (N=2-14)

The size dependent investigation of different properties of
transition metals in various spin states is still a challenge for
both experimentalists and theoreticians. Although, few exper-
imental and theoretical studies on Scy clusters of various size
have been done [17-20], however their results are not consis-
tent with each other.

The most stable structure of Scy (N=2-14) clusters for each
cluster size has been presented in Fig. 1. Our calculation
shows that the most stable structure of Sc, cluster to be singlet.

The singlet state structure is energetically more favorable over
the second most stable structure at quintet state by 0.02 eV.
This value is much closer to the value of energy difference Sc,
cluster between singlet and quintet spin states of Sc, cluster
reported in the earlier study [20]. In the present report, the
computed dissociation energy of Sc, cluster is 1.68 eV. It is in
good agreement with the experimentally measured value of
1.65+£0.22 eV [7]. The average value of bond length turns out
to be 2.30 A. This value slightly under estimates the bond
distance reported in an earlier study [20]. The dissociation
energy of Sc, cluster in quintet spin state is calculated to be
1.67 eV, which is also in good agreement with the experimen-
tally observed value [29]. We have also performed several
energetically close-lying spin isomers of Sc,. After singlet and
quintet spin states structure of Sc,, the next most stable spin
state structure is triplet having dissociation energy 1.56 eV,
which is 0.12 eV lower than that of dissociation energy of
quintet state. The order of stability of Sc, cluster is calculated
to be singlet>quintet>triplet>nonet>septet. For the Sc; clus-
ter, the lowest energy spin isomer is found to be doublet
having isosceles triangle type of structure with an angle
57.73° and dissociation energy 2.48 eV. The average bond
length between the Sc atoms is calculated to be 2.776 A. The
second energetically most stable spin state structure of Scs is
octet, which have nearly isosceles triangle type structure with
angle 63.34°. The values of dissociation energy and average
bond length for this spin state structure are calculated to be
2.16 eV and 2.86 A, respectively. The quartet spin state
structure of Sc; is the third most stable structure having
dissociation energy 0.35 eV higher than that of the doublet
spin state. In this spin state the Scs cluster also maintained its
isosceles triangular structure. Sextet spin state structure of Sc;
cluster is nearly an isosceles triangle having dissociation
energy lower than that of the values of other spin states
isomers. Although, the structures of low-lying spin isomers
of Scs cluster are not much different from each other except
the value of average bond length. It has been observed that the
value of average bond length is increased when we move
away from the most stable spin isomer.

For optimizing the Scy structure of different spin isomers
of a particular size cluster, the same initial guess has been
given to obtain the lowest energy state structure. As a result,
the structure of some low-lying spin isomers for each cluster
size appears differently than that of the structure reported in an
earlier study [20]. The most stable spin isomer for Sc, is found
to be triplet state, which is a tetrahedron with D,y symmetry.
The nearest low-lying spin isomer of Sc, is found to be singlet
state having C,,, symmetry with structural energy 0.24 eV
greater than that of the most stable structure [20]. The order
of structural stability of different spin isomers of Sc, is found
to be in the order of triplet>singlet>quintet. In the case of Scs,
the energetically most favorable spin state structure is doublet
having bi-pyramid structure with C; point group symmetry.
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Fig. 1 Most stable geometries of Scy (N=2-14) clusters. The value of bond length has been presented in range (min-max)

The first low lying spin isomer near to doublet spin state  doublet>quartet>sextet>octet. The most stable isomer for
is quartet having energy 0.01 eV higher than that of the  Scg is octahedron with quintet spin state and having C,,
energy of the most stable spin state isomer. The order of = symmetry. The next stable structure of Scg is triplet state
structural stability for Scs is found to be in the order of  having octahedron configuration with Cy;, symmetry and its
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structural energy is 0.10 eV greater than that of the most stable
structure. After quintet and triplet, another low lying structure
of Scg is singlet spin state with Dy, symmetry. The structural
energy of singlet spin state structure is 0.39 eV higher than
that of quintet state. The most stable geometry of different spin
isomers of Sc; cluster turns out to be pentagonal bi-pyramid.
However, the structural symmetry of some spin isomers is
found to be different. The doublet state with C,y, symmetry is
found to be more stable than that of octet and sextet spin state
structure by 0.08 and 0.09 eV, respectively. It is interesting to
note that the octet (Cs;,) and sextet (C,y) states are energeti-
cally degenerate states since the energy difference between
these two spin isomers is only 0.007 eV. These degenerate
spin isomers have not been reported previously [20]. For Scg,
the quintet state structure turns out to be bi-capped octahe-
drons with C,v structural symmetry. It is energetically found
to be more stable than that of other spin states structure, singlet
and triplet. Similar types of structure have been found for
singlet and triplet states having C; symmetry. The struc-
tural energy of singlet and triplet spin sates is greater by
0.09 eV and 0.44 eV, respectively than that of the energy
of quintet spin state.

For Scy, the lowest energy structure is found to be single
capped tetragonal prism structure in a doublet spin state. A
similar single capped tetragonal prism type structure in quartet
state is also found which is energetically quasi-degenerate
with the doublet spin state structure by 0.04 eV. Further, single
capped tetragonal structure has been obtained for the sextet
spin state whose structural energy is 0.05 eV larger than that of
doublet spin state isomer. For Scy¢, the minimum energy spin
isomer is calculated to be quintet state and the next minimum
energy conformer is found to be singlet state with the energy
difference of 0.0008 eV. The difference in structural energy is
very tiny and therefore these two spin state structures are said
to be degenerate with C; point group symmetry. Minimum
low energy structure of Sc;; is a distorted D4y structure in
sextet spin state. A similar type of structure is also found in
quartet spin state at energy 0.02 ¢V higher than the sextet spin
state structure. The triplet spin state structure of Scy, is found
to be energetically more stable than that of singlet and quintet
spin state structures. The triplet spin state structure is more
stable by 0.12 eV and 0.31 eV, respectively compared to
singlet and quintet spin state structures. For Scy3, the lowest
energy structure is found to be sextet with distorted I, sym-
metry. The quartet spin state structure is found to be the
second most energetically stable structure having energy
higher by 0.007 eV than that of the sextet spin state. Here,
these two structures exist in degenerate state. A triplet spin
state isomer with nearly spherical compact Cgy symmetry
structure is found to be energetically the most stable for
Scy4. The order of structural stability is found to be in the
order of triplet>quintet>singlet. The value of average bond
length corresponding to the most stable spin isomers for each

cluster size is plotted as a function of cluster size and the
plotted curve has been shown in Fig. 2. From Fig. 2, it is quite
evident that the average bond length for the cluster size (N=2-6)
is increased consistently. After the cluster size N=6, the value of
average bond length does not show any consistent trend with
the cluster size. The change of the average bond length with the
cluster size depends on the co-ordination number, compact
form, and type of symmetry of the clusters. For the higher
value of N, the average bond length approaches the bulk value
of the Scy clusters [30]. The dissociation energy (D,) of differ-
ent spin state isomers of Scy (N=2-14) clusters has been
calculated using the following equation:

De(N) = (Ex 1 + E;) — Ex. (1)

The calculated value of D, corresponding to each spin
isomer of Scy (N=2-14) has been presented in Table 1. It is
quite evident by looking at the data presented in Table 1 that
the most stable spin isomer for each cluster size has the least
amount of D, and its value is decreased consistently according
to order of structural stability of the Scy (N=2-14) clusters.

Size dependence of average binding energy of Scy (N=2-14)

The average binding energy of various spin state isomers of
Scn (N=2-14) clusters has been calculated by the following
expression:

E,/N = E; — Ex/N, (2)

where Ey is the energy of a neutral N-particle Sc cluster, and
E, is the energy of a single Sc atom. The calculated value of
average binding energy for different spin isomers of Scy
cluster are presented in Table 1. The calculated value of
binding energy per atom corresponding to the most stable spin
isomer for each cluster size has been plotted against the cluster
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Fig. 2 The variation of average bond length calculated corresponding to
the most stable geometry as a function of cluster size (N)
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Table 1 The calculated values of

binding energy/atom, HOMO- Cluster Spin multiplicity Binding energy/atom HOMO — D.(N) dA) AE
LUMO gap, dissociation energy LUMO (eV) (eV) (eV)
(D.), average bond length (d),
second order energy difference Sc, singlet 0.84 0.01 1.68 2.30 0.77
(A2E) corresponding to most sta- triplet 0.78 0.02 1.56
ble structure of Scy (N=2-14) quintet 0.83 0.01 1.66
clusters
septet 0.55 0.01 1.10
Scs doublet 1.38 0.02 248 2.78 0.03
quartet 1.26 0.01 2.12
sextet 1.23 0.01 2.03
Scy singlet 1.79 0.03 3.00 2.89 0.20
triplet 1.85 0.01 3.25
quintet 1.75 0.01 2.70
Scs doublet 2.03 0.01 2.97 291 0.02
quartet 2.07 0.01 2.96
sextet 2.09 0.01 3.04
octet 2.04 0.02 2.80
Sce singlet 2.19 0.01 2.69 2.96 0.35
triplet 223 0.01 2.97
quintet 223 0.02 3.07
N doublet 242 0.01 3.43 295 0.02
quartet 2.40 0.20 3.30
sextet 241 0.01 3.35
Scg singlet 242 0.01 2.44 293 0.13
triplet 247 0.01 2.79
quintet 248 0.01 2.88
Scy doublet 2.54 0.01 3.01 3.01 0.05
quartet 2.53 0.01 2.97
sextet 2.53 0.01 2.96
Scio singlet 2.58 0.002 2.96 295 0.52
triplet 2.59 0.003 3.13
quintet 2.58 0.01 2.96
Scyy quartet 2.56 0.04 242 2.86 1.09
sextet 2.57 0.04 242
Scia singlet 2.64 0.005 3.40 295 0.02
triplet 2.65 0.01 3.53
quintet 2.62 0.04 321
Scy3 doublet 2.67 0.04 291 292 0.99
quartet 2.68 0.04 3.05
sextet 2.68 0.04 3.06
Sciy singlet 2.76 0.001 3.83 2.90
triplet 2.78 0.01 4.05
quintet 2.77 0.008 4.01

size in Fig. 3. For small Scy clusters, N=2-6 the binding
energy per atom increases steadily with the cluster size and
upon further increasing the cluster size from N=7-14, the
binding energy per atom increases almost linearly. The max-
imum value of binding energy per atom for N=13 and 14
indicate the high stability of Scy clusters. The average binding
energy of Scy4 is 2.78 eV. This value is enhanced with in-
creasing the cluster size and therefore it may gradually ap-
proach to the value corresponding to bulk form, 3.9 eV [30].
The value of binding energy corresponding to different spin
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state isomers for each cluster size has been plotted against the
cluster size, N and it has been shown in Fig. 4. The difference
in binding energy between the most stable spin state and the
second most stable spin isomer lies in the energy range 0.02—
0.07 eV for all cluster size. It suggests that the ensemble of
energetically low-lying isomers would be thermally available
at relatively low temperature circumstances [16].

In order to have more insight about the cluster stability, the
analysis of the second order difference of the binding energy
for energetically most stable cluster has also been calculated
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for each cluster size. In cluster physics, the second-order
difference (A,E,) of the cluster energy is defined as:

AsEn = Eny1 + Eno1 — 2En, (3)

where Ey, En.1, and Ey; are the cluster energy of size N=N,
N+1, and N-1, respectively. The plot between second order
energy difference and cluster size has been shown in Fig. 5.
From Fig. 5 one can easily notice that the prominent maxima
occurs at N=2, 11, 13. It implies that these sizes of the clusters
are highly more stable than that of their neighboring size. The
other local peaks are found for N=6 and 10 clusters. The
enhanced cluster stability for a specific size cluster can be
explained in terms of three factors, atomic shells closing effects,
close packing symmetric structure [20], and chemical bonding
[1]. The valence electronic configuration of Sc is 3d'4s” and the
total number of the valence electrons in Sc,, Scg, and Scy;
clusters are 6, 18, and 33, respectively. The number of electrons
in these three clusters is consistent with the closure of electronic
shell within the elliptical spherical Jellium model [31]. There-
fore these clusters may have additional structural stability as we
have observed in the form of maximum value of A,E,. More-
over, the total number of the valence electrons of cluster Sc;q is
30, which is approximately close to applicability of closure of
electronic shells within the elliptical spherical Jellium model.
Therefore, the special stability for a specific size (N=2, 6, 10,
and 11) clusters may be the result of coexistence of atomic
motif and electronic ordering, which play an important role in
determining the stability of these clusters. Indeed, the enhanced
stability of Sce, Scqy, and Scy3 clusters arises when their ionic
structure is highly symmetric and corresponds to the icosahe-
dral type of packing [16]. This icosahedral growth sequence for
metal clusters has also been seen for clusters of alkaline earth
metals such as Sr [32] and Ba [33], which exhibit non-metal to
metal transitions with increasing cluster size. It is important to
note that for alkaline earth metal clusters there is a strong
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Fig. 3 Binding energy per atom calculated corresponding to the most
stable geometry as a function of cluster size (N)
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Fig. 4 Binding energy calculated for each spin isomer of Scy (N=2-14)
cluster as a function of cluster size (N)

competition between atomic and electronic shells closure [32,
34]. On the other hand, the chemical bonding could also be
responsible for the better stability of specific size cluster [35].
Depending on the structural geometry, the increase in coordi-
nation number and decrease of interatomic distance could also
enhance the binding energy of Scy clusters. These factors
improve the delocalization of 3d electrons, which causes the
reduction of local magnetic moment of Scy cluster [34]. Con-
trary to it, the Ey, could also be enhanced by increasing the
exchange splitting of 3d orbit, which would further increase the
magnetic moment. The competition between these two governs
the resultant stability of Scy clusters [35].

Size dependence of HOMO-LUMO gap of Scy (N=2-14)

The HOMO-LUMO gap of the transition metal cluster is an
important qualitative characteristic to study the modification

1.2

A

0.0 4

2 4 6 8 10 12 14
Cluster size N

Fig. 5 Second order energy difference A,E calculated corresponding to the
most stable geometry of Scyy (N=2-14) cluster as a function of cluster size (N)
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in band structure with size of cluster. The HOMO-LUMO gap
is also used to determine the ability of a molecule or cluster to
participate in the chemical reactions. The value of HOMO-
LUMO gap has been calculated for each spin isomer for all
cluster sizes and the value thus obtained by the calculation has
been plotted as a function of cluster size, N. The variation of
HOMO-LUMO gap with the cluster size is shown in Fig. 6.
From Fig. 6, one can easily notice that the value of HOMO-
LUMO gap changes abruptly with cluster size, even with the
different spin isomers of the same cluster size. From Fig. 6, it
is quite clear that the prominent peak occurs magically at
N=7, 11, and 13 indicating the extra high chemical sta-
bility for Sc,, Scy;, and Sc;; clusters. Here, we would like
to mention that the stability of Sc, cluster is also consis-
tent with the electron shell model. Although, the shell
model neglects the core potential of the atoms in the
clusters however it uses the Jellium model, which considers
the positive charges of the atoms being smeared out to a
homogeneous background. However, for metal clusters with
highly delocalized valence electrons, the electronic-shell model
can be applied [31].

Sc is a transition metal atom which includes both localized
3d electrons and delocalized 4s electrons. These electronic
(3d, 4s) states have different cluster size dependence. Sc has
double s electron outside a closed shell. The energy of 3d state
lies just below the energy of 4s state, which is expected to
influence the cluster properties. The metal clusters with closed
electron shells are spherical but with increasing the cluster size
toward the bulk Sc, the clusters with open electronic shells are
deformed from the spherical shape. The deformation in the
shape causes changes to the electron-shell energies. In case of
spin isomers of the same cluster size, the shape is deformed
due to the Jahn—Teller effect and due to the change in shape
the electron shell energy could also be changed and therefore
contribution of 3d state to the density of states at the Fermi
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Fig. 6 The HOMO-LUMO (E,) calculated for each spin isomers of Scy
(N=2-14) as a function of cluster size (N)
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level might be changed. The 4s state are delocalized and
confined by the boundaries of the cluster and relevantly show
strong discontinuous size dependent variations. Due to the
above facts, the HOMO-LUMO gap changes abruptly with
varying the cluster size and different spin isomer of same
cluster size. The changes in the value of HOMO-LUMO gap
for Scyn (N=2-14) clusters and its different spin isomers indi-
cate the alternation of metal and non-metal like behavior.

Spin-stability of Scy (N=2-14)

The spin gaps (8, &,) are another qualitative feature of the
metal cluster to determine the size dependent spin stability of
the cluster and it is defined as [20]:

5 — _[ majority _ minority}

1= " [Enomo ~€rumo |
__ _ [_minority __majority] *

by = [EHOMO €Lumo ]

In general, the spin isomer of a particular size cluster is said
to be magnetically stable if the values of 6, and &, are positive.
The magnetic stability exits when the LUMO of the majority
manifolds (spin-up) lies above the HOMO of the minority
(spin-down) manifolds and vice versa. The values of &, &,
and Eg (HOMO-LUMO gap) have been calculated for the
most stable cluster of each size and the calculated values are
plotted against the cluster size, N and presented in Fig. 7.
From Fig. 7, one can easily notice that the values of both, &,
and 0, are positive for the Scyy (N=2-14) cluster. Thus, the Scy
clusters reported in the present study are found to be
magnetically stable. Further, it has also been observed by
looking at Fig. 7 that the values of §; and 0, are decreased
consistently with increase of cluster size from N=3 to
N=10. However, two local prominent maxima occurs at
N=11 and N=13, which correspond to the high magnetic
stability of Sc;; and Sc;3 clusters.
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Fig. 7 The HOMO-LUMO (Ey,), spin stabilities (5; and d,) calculated
corresponding to the most stable geometry of Scy (N=2-14) as a function
of cluster size
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Vertical ionization energy and electron affinity of Scy
(N=2-14)

The most familiar theoretical method used to evaluate the
ionization energy (IE) and electron affinity (EA) of atomic
cluster is IE=E (Scx) — E (Scy) and EA=E (Scy) — E (Scy)
where E (Scy), E (Scy), and E (Scy) are the total energies of the
cation, anion, and neutral clusters, respectively. The values of
E (Scx) and E(Scy) are calculated at the optimized geometries
of neutral clusters. The above total energy based on vertical
method provides comparatively better results. However, in
this method, the possible error occurs in total energy values
due to the approximations used in the theoretical models.
Since the values of ionization energy and electron affinity
are highly sensitive to the incorporation of electron correlation
in the calculation method they demand the use of a relatively
larger basis set [36, 37]. Thus in order to minimize this error,
we have performed all the calculations using the larger basis
set, LANL2DZ. The IE and EA can also be calculated using
Koopmans’ theorem. However, we have not used this method
for calculating IE and EA since it considers the relaxation of
the spin orbitals (spin orbitals in the N-1 electron states are
identical with those of the N-electron state) which tend to
produce too positive ionization potential and too negative
electron affinity [32]. The values of IE and EA for the most
stable cluster of each size have been plotted as the function of
cluster size, N and it is shown in Figs. 8 and 9, respectively.
From Fig. 8, it is clear that the ionization energy decreases
gradually with increasing the cluster size and an opposite
trend has been observed for the variation of electron affinity
with cluster size (see Fig. 9). At larger cluster size, the values
of [E and EA vary asymptotically. The asymptotic behavior of
IE and EA can be explained by the semi classical theory
derived by Smith [38] and Wood [39]. They proposed the

Vertical ionization energy (eV)

L] L] L] L]
2 4 6 8 10 12
Cluster size N

Fig. 8 Vertical ionization energy calculated corresponding to the most
stable geometry of Scyy (N=2-14) cluster as a function of cluster size (N)

1.5 n

10 NN )

Electron affinity (eV)
"

0.5+

2 4 6 8 10 12
Cluster size N

Fig. 9 Electron affinity calculated corresponding to the most stable
geometry of Scy (N=2-14) cluster as a function of cluster size (N)

following relationships for determination of IE and EA for a
metal sphere with radius R and work function W:

31

IE=W+—— 4

+3 (4)
51

EA=W ———. 5
8 Rs (5)

Further, the asymptotic behavior of IE and EA can also be
explained by the quantum based theory [1]. Since the excess
charge in a metal at equilibrium is located on the surface, the
change of surface and curvature energies with cluster size
affects the ionization energy and electron affinity of the clus-
ters. A large dip at N=7 in IE for Sc; cluster may be explained
in terms of close-shell electronic configuration of the Scy
(outer total free electron 20) cluster.

Chemical hardness of Scy (N=2-14)

We use the Koopmans’s formula to calculate the chemical
hardness of the Scyy (N=2-14) clusters. It provides sufficiently
good results [40—42] due to the omission of electron correla-
tion which tends to cancel the aforementioned relaxation error.
According to the Koopmans’s formula, the chemical hardness
is defined as [38]:

1
n= = (eLumo —€HOMO)- (6)

2
Figure 10 represents the chemical hardness of Scy cluster
as a function of the cluster size, N. The value of 1 for Sc; and
Scy3 cluster is calculated to be 0.275 and 0.481 eV, respec-
tively. Thus, the Sc;; is the most stable cluster followed by
Scs. In fact, chemical hardness depends on the ionization
energy. The ionization potential of small cluster having s

@ Springer
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Fig. 10 Chemical hardness calculated corresponding to the most stable
geometry of Scy (N=2-14) cluster as a function of cluster size (N)

electron in its outer most shell shows an even odd alternation.
The even size clusters systematically have slightly larger
(0.1-0.5 eV) ionization potential than that of the odd size
clusters. The odd-even alternation also appears in the mass
abundance spectra [41]. This odd-even effect is observed
up to some limiting cluster size, which depends on the
particular element. The odd-even effects can be explained
in terms of stabilization of cluster due to electron pairing
effect of s electron [43].

Size dependence of magnetic properties of Scy (N=2-14)

The magnetism of small size clusters depends on symmetry of
the cluster, atomic coordination, and interatomic distances
between neighbor atoms [16]. According to Hund’s rule the
electronic configurations of Sc is 3d'14S?. Sc atom has one
un-paired spin, which may be responsible for its magnetic
behavior. When atoms condense to form a cluster or a metal,
the overlap between the atomic orbitals of neighboring atoms
leads to the formation of bands of electronic levels. The
orbitals corresponding to 4s electrons produce a nearly free
electron band, whereas the d electrons stay localized on the
atomic sites having band width value in the range 5-10 eV [1].
The crystal potential stabilizes the d and s states by different
magnitudes. This process and partial hybridization between
the s and d shells leads to charge transfer from s to d states. In
order to investigate the size dependent magnetic properties of
Scn (N=2-14) clusters, the structure of Scy clusters are opti-
mized without putting the symmetric restriction. The magnetic
moment per atom for the structurally most stable spin isomer
of each size of Scy (N=2-14) clusters is plotted as a function of
cluster size, N and presented in Fig. 11. The magnetic value of
magnetic moment per atom calculated corresponding to the
most stable spin isomer along with the experimental value [7]
of magnetic moment per atom is given in Table 2. From
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Fig. 11 The value of magnetic moment per atom calculated correspond-
ing to the most stable geometry of Scy (N=2-14) cluster as a function of
cluster size (N)

Fig. 11, one can easily notice that the even size cluster possess
greater magnetic moment than that of the odd size cluster. As
expected, the value of magnetic moment is larger for the
cluster of smaller size (N=2-4), which has also been observed
in an earlier study [20]. The value of magnetic moment of the
cluster for N=2, 3, and 4 is calculated to be 2.0, 0.33, and 0.50
1, respectively. The magnetic moment has been calculated
for the cluster size (N=2-4) is in good agreement with the
values reported in an earlier study [20]. The value of magnetic
moment calculated for each cluster size decays separately for
even and odd number of clusters, which also supports the odd-
even effect in the clusters up to cluster size N=12. In the case
of cluster size (N>6), the local maxima of the magnetic
moment occurs at (N=13) and the value is calculated to be
0.38 pp. It is in good agreement with the value observed
experimentally [7]. From the experimental values presented
in Table 2, one can easily notice that the greater magnetic
moment of the Scy cluster is obtained for N=13 within the
range of cluster size (N=5-18). The calculated values of

Table 2 The total magnetic moment (1) and magnetic moment (jt)/atom
corresponding to the most stable structure of Scy (N=2-14) cluster

N w(ps) patom(iip) Exp. (ref. 7) (1)
Sc5 1 0.200 0.170+0.017
Sc6 2 0.333 0.218+0.011
Sc7 1 0.143 0.131+0.008
Sc8 2 0.250 0.246+0.009
Sc9 1 0.111 0.112+0.005
Scl0 2 0.20 0.154+0.140
Scll 3 0.27 0.140+0.010
Scl2 2 0.167 0.187+0.007
Scl3 5 0.386 0.461+0.017
Scl4 2 0.14 0.1260.007
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magnetic moment corresponding to the most stable Scy clus-
ters match nicely with the experimentally observed values (see
Table 2). The deviation between the computational and ex-
perimental values of magnetic moments for cluster size N=6,
10, and 13 turn out to be less than 0.02 pp/per atom.

In order to demonstrate the variation of magnetic ordering
(ferromagnetic and ferrimagnetic) with the cluster size, we
have performed the Mulliken analysis for atomic spin density
of Scy clusters. In the present study, size dependent ferromag-
netic and ferrimagnetic ordering are observed in the Scy
clusters. The ferromagnetic ordering of spin (aligned parallel
order) of Scy clusters has been obtained for cluster size N<6.
The ferrimagnetic ordering of the spins is observed for Sc;
cluster where one spin has a value of 0.77 up and is aligned
antiparallel to the other remaining spins. In the case of Scg, the
three spins are aligned antiparallel to the other reaming spins.
Thus, the competition of spin alignment between parallel and
antiparallel spins is continued for the clusters of other sizes also.
For Scy3, there are two anti-parallel spins one due to core atom
and another one due to surface atom. For Scy4, there are also
two anti-parallel spins, existing on the closely placed side to
side of the surface atoms. Except for the cluster of smaller size,
the larger value of magnetic moment per atom is observed for
the Sc;; cluster and found to have ferrimagnetic ordering.

In an earlier study [20], “effective” magnetic moment of
each size cluster has been calculated from spin-weighted
averages over the quasi-degenerate structures using the fol-
lowing the relationship:

> @S+ 1)S;

S=——— (7)

d@Si+1)

1

where, S, is the total magnetic moment of the corresponding
ith isomer of the corresponding cluster structure. The value of
average spin magnetic moment of different spin isomers of
Scy cluster (N=2-14) has been calculated using the above
equation. The value of the effective magnetic moment calcu-
lated from spin-weighted averages is not well supported by the
values [7]. The measured value of magnetic moment of Scy
(N=2-18) clusters was reported to lie in between the values of
magnetic moment of the most stable spin isomer and the
second most stable spin isomer [1]. For example, the calculated
value of magnetic moment of Sc;; for the most stable spin
isomer (doublet) is 0.091 pp/atom and the magnetic moment of
second most stable spin isomer (quartet) is 0.273 pp/ atom. The
experimental value of magnetic moment per atom for this
cluster size is reported to be 0.140+0.010 pp/atom. It is quite
evident that the experimental value of magnetic moment is
lying in between the theoretically calculated value of magnetic
moment corresponding to the most stable and the second most
stable spin isomers. A similar trend has also been observed in

our present study. Since, the experimental value of magnetic
moment lies in between the value of magnetic moments of the
most stable and the second most stable spin isomers, it is
therefore not possible to consider the cluster of fractional
multiplicity for performing the theoretical calculations. Here,
we would only calculate the average magnetic moment per
atom corresponding to the lowest energy spin isomers of Scy
(N=2-14) clusters theoretically and compared these values with
the experimental results. Another reason for this discrepancy
could be due to the fact that the energetically close spin isomers
cannot be nicely distinguished in Stern-Gerlach deflection ex-
periments [2] because of the limited resolving ability of the
experimental apparatus. Further, DFT computed structures in
their static states (0 K) whereas the experimental data is mea-
sured at finite temperature (58 +2 K) [2]. Further, for computing
the magnetic property of the cluster by DFT calculation, two
issues (i) a possible non-collinear (NC) setting of magnetic
moments (i.e., a smooth variation of magnetic density vector
from point to point in space), and (ii) spin-orbit interaction
(SOI) must be taken into account. However, difficulties in
combining NC spin density with the IOC and choice of correct
non collinear solution among many metastable configurations
may also be responsible for departure of calculated values of
magnetic moment of the cluster from the experimentally ob-
served value. The change of temperature may cause structural
changes such as; structural energy and structural symmetry for
different spin isomers clusters. As a result, the multiplicity of
the most stable spin isomers may also change by changing the
temperature. The variation of temperature (low to high or high
to low) causes transition of spin states for the different spin
isomer structures. However, an earlier study [44], reported that
the spin can couple to the rotation and this combined with spin
orbit coupling in Pd atoms provides the mechanism for the
transition between the various spin states of Pd clusters. Koster
et al. [45] have reported that both bi-layer structures, Cs and
Cs, of Pd, 3, are significantly populated in the septet and quintet
states even at lower temperature (100 K). However, the lower
multiplicities of these two structures are populated at higher
temperature. This might be the reason for the reduction of the
spin magnetic moment with increasing temperature and causes
change in the total magnetic moment of the clusters.

Here, in order to investigate size dependent magnetic mo-
ment of Scy, we choose the value of the magnetic moment of
the most stable structure of Scy clusters and plotted the values
of magnetic moment as a function of cluster size. The plot is
shown in Fig. 11. The magnetic properties of free transition
metal clusters have been investigated in the past primarily by
means of Stern—Gerlach type experiments [46—50]. Both, the
experimental as well as theoretical results (see Fig. 11) have
shown a strong enhancement of the magnetic moment per
atom for smaller size clusters. By the increase of cluster size,
the magnetic moment per atom slowly approaches to the bulk
value in an oscillatory fashion. Another interesting point of

@ Springer



2481, Page 12 of 14

J Mol Model (2014) 20:2481

this result is that the magnetic moment decays separately for
even and odd number of cluster size, which also supports the
odd-even effect in the clusters. The decay of magnetic mo-
ment with the increase of cluster size can be explained by
considering the Friedel model [51] and using the Jensen and
Bennemann [52] equation for magnetic moment. The average
magnetic moment depends on sensitively the ratio between
the number of surface atoms and the bulk-like atoms.

1/2
zp .
o = <Z> ppif Zi=Z,, (8)

1

where Z; ,Zy, are the local atomic co-ordination number and bulk
atomic co-ordination number, respectively. Z. is a threshold
value of atomic coordination number below it, local magnetic
moment of that atom adopts the value g, of the dimer. Surface
atoms have small values of Z; and large values of ;, whereas the
internal atoms have Z;=Z, and 1;=,. Most atoms of the small
clusters are on the surface and hence the value of 7z is large. On
increasing the cluster size, the fraction of surface atoms de-
creases and the value of 7z also decreases. Considering magnetic
moments L for the surface atoms and 1, for the bulk atoms,
Jensen and Bennemann [52] calculated the average magnetic
moment of the cluster using the following equation: [46]

L=y + (1t —1)N 3, )

where N is the number of atoms in the corresponding clusters.
This formula also indicates a smooth decrease of i toward the
bulk magnetic moment with increasing cluster size.

Raman spectra of different spin isomers of Scs

In order to correlate the structural stability with spectroscopic
properties of different spin isomers for a particular size of Scy
clusters, we have simulated the Raman spectra of different
spin isomers of Scs cluster. We have chosen Scs for simulating
the Raman spectra because of the fact that the structure of
different spin isomers of Scs has almost the same symmetry.
The simulated spectra of different spin isomers (doublet,
quartet, sextet and octet) of Scs cluster are presented in
Fig. 12. After optimization, the symmetry of doublet, quartet,
and sextet structures of Scs turns out to be C, and for octet
structure it turns out to be C,y. Although the doublet, sextet,
and octet structures belong to the same symmetry, the simu-
lated Raman spectra for these structures appeared differently.
Raman spectra of doublet, sextet, and octet spin states struc-
ture contain five Raman bands at 110, 132, 162, 194, and
266 cm . The intensity of Raman band appearing at 266 cm '
is relatively larger compared to the other four Raman bands.
The Raman band at ~266 cm " is assigned to symmetric ring
breathing mode where all the Sc atoms of closed pentagon
vibrate coherently. The intensity and position of this band
changes with varying the spin state of the structure. However,
the Raman features for the quartet structure is entirely differ-
ent than that of the doublet spin state structure. Further, the
Raman spectra of sextet spin state have four Raman bands.
The Raman band at ~160 cm ! has larger intensity compared
to other Raman bands. Similarly, the Raman spectra of octet
spin state have five Raman bands where the band ~158 cm !
has larger intensity. The variation in positions and intensities

Fig. 12 The calculated Raman
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of Raman bands for different spin states structure of Scs
cluster could be due to the overall redistribution of electronic
charge density around the cluster, which might be responsible
for the change in polarizabilty matrix and consequently
change the Raman features of the Scs cluster.

Conclusions

The structural, electronic, and magnetic properties of different
spin isomers of Scy (N=2-14) clusters have been investigated
using DFT at PBEPBE/LANL2DZ level of theory. The greater
structural stability of the Scy clusters were found for N=2, 6,
10, 11, and 13. On the basis of calculated values of spin gaps
energy for each size of cluster, we found that the clusters of
size N=11 and 13 are more stable. The present study also
provides a comprehensive analysis of variation of vertical
ionization energy, electron affinity, and chemical hardness
with cluster size. The ionization energy and electron affinity
are calculated through the total energy of neutral and ionic
states of Scy clusters. The values of chemical hardness were
calculated using the orbital energies obtained at PBEPBE/
LANL2DZ level of theory. The value of magnetic moment
per atom calculated corresponding to the energetically most
stable Scy clusters has shown strong size dependence. The
value of magnetic moment/atom is found to be maximum
(0.3846 pp) for the cluster size, N=13. The value of magnetic
moments/atom computed for the most stable spin isomers are
in good agreement with the experimentally observed values.
Further, a ferromagnetic coupling is found to be energetically
more preferred for the clusters of size N<6 whereas ferrimag-
netic coupling is observed for the cluster size, N=7—-14. In
order to see the changes in the Raman features by varying the
spin states of the same size Scy cluster, the Raman spectra of
different spin states of Scs have also been calculated. A
significant change in the Raman features was observed by
varying the spin states of the Scs cluster. It could be due to the
overall re-distribution of electronic charge density around the
cluster, which might be responsible for the change in the
polaizability matrix and consequently Raman features ap-
peared differently for the different spin states structure of Scs.
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