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ABSTRACT

In the present report, the structures, energetics and electronic properties of
neutral and cationic Nb-doped Ge, (n =7-18) clusters are systematically
investigated under the first-principles density functional theory approach. The
isomers in which the Nb atom is encapsulated inside a germanium cage are
relatively stable compared to the exohedral surface doping. The thermodynamic
stability and chemical activity of the ground-state isomers are analyzed through
various energetic parameters. The results highlight the enhanced stability of the
neutral NbGe;, hexagonal prism-like structure with D¢, symmetry and cationic
NbGe;; fullerene isomers. The negative nucleus-independent chemical shift can
explain the enhanced stability of neutral NbGe;,. However, the enhanced sta-
bility of cationic NbGe;; is explained by shell closing model associated with the
quasi-spherical geometry with a sequence 15*1P°1D'°1F°1G"*25*2P°IF*IG®2D™
following Hund'’s rule. To understand the effect of hybridization on stability, we
have calculated density of states (DOS) and projected DOS (PDOS). From PDOS,
it is clear that Nb-p and Ge-s and p orbitals are mainly take part in hybridization;
however, near below Fermi level, the dominating contribution comes from Nb-
d orbitals. In addition, IR and Raman spectra of clusters are also calculated to
explain their vibrational properties of the isomers. Specifically, IR spectrum of
the clusters in the range of 12-16 shows the possible application of these clusters
in the IR sensing device.
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Introduction

The electronic structure and stabilities of transition
metal-doped semiconductor clusters are now inter-
esting field of research for their potential application
in the electronic industries. In the field of semicon-
ductor materials research, transition metal-doped
germanium clusters are an important alternative to
the silicon clusters because of its larger electron
number and hole mobility [1, 2]. However, pure
germanium clusters are chemically reactive [3] and
therefore are not suitable as a building block of
assembled materials [4, 5]. The transition metal atoms
absorb the unsaturated bonds present in the semi-
conductor clusters and form sp® hybridization to
stabilize the cage clusters [6-9]. Sometimes, these
hybrid clusters appear as thermodynamically
stable magnetic clusters depending upon their com-
position [10, 11]. A large number of investigations on
a transition metal-encapsulated semiconductor clus-
ters with potential applications in semiconductor
industries have been reported. At the early stages of
the investigation on transition metal-doped semi-
conductor clusters, the main focus was to search for
the globally stable clusters in a particular size and
within a definite size range. In the later stage, the
study shifted toward the search for the cause of the
stability of the clusters in a particular size and com-
position following existing electron counting rule,
shell closing model and measurement of nucleus-in-
dependent chemical shift (NICS) [7, 12-21]. There
have been a number of other interesting findings
reported on the metal-encapsulated germanium cage
clusters. Jin et al. [6] performed a global minimum
search for the multi-charged ruthenium-doped ger-
manium clusters using density functional theory
(DFT). A number of reports on electronic structures,
stabilities and magnetic quenching of transition metal
(TM)-doped silicon and germanium clusters (TM =
Mo, Cr, Ni, Ti, Zr, Hf, Cu, etc.) are reported by Dhaka
et al. [22] and Trivedi et al. [23] using DFT-based
study with indication of possible formation of
stable clusters and cluster-assembled materials.
Kumar et al. [7] also studied the IR and Raman
spectra to compare the vibrational nature of TM@Ge,
clusters (TM = Ti, Zr, Hf, n = 1-20). Recently, Trivedi
and Bandyopadhyay [24] studied the vibration
properties of Ag, Au-doped Ge and Si nanoclusters
with specific geometry and shown that Ag and Au in
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silicon cages are more preferable to the germanium
clusters. Dhaka and Bandyopadhyay [25] studied the
electronic structure, stability and magnetic quenching
of CrGe,, (n = 1-17) using density functional theory.
They explained the stability of CrGe;y and CrGeyq
clusters due to the closed-shell filled structure. The
mixing of Cr-d orbital with the s and p orbital of
germanium is mainly responsible for the stability and
quenching of the Cr magnetic moment. Similarly,
WGe,, (n =1-17) [26], AuGe, (n =2-13) [27] and
MGe, (n = 9-10, M = Si, Li, Mg, Al, Fe, Mn, Pb, Au,
Ag, Yb, Pm and Dy) [28] also have been investigated
by using density functional theory. Simultaneously,
one can tune the wide range of electronic and struc-
tural properties by varying the doping element in
semiconductor cage clusters. Bandyopadhyay et al.
[29-32] investigated the electronic structure, growth
behavior and different physical and chemical prop-
erties of TM metal-doped germanium cage clusters.
Depending upon the doped transition metal atom,
even a single-doped atom may significantly affect the
stability of a semiconductor clusters and show magic
behavior which is found by the anion photoelectron
spectroscopy [33]. Electronic structure of both the
anionic and neutral triatomic species was theoreti-
cally studied by Pham and Nguyen [34]. Recently,
Kumar [9] studied the divalent metal (M)-atom-
doped X,M (X = Si, Ge and Sn, n = 8-12, 14) clusters
and showed that the nine- and ten-atom-capped
prism structures as well as 12 and 14 atom clusters
can transform into magic clusters with higher sym-
metry and large HOMO-LUMO gap. Xia et al. [8]
reported neutral and charged niobium-doped silicon
clusters and found that anion NbSi;, cluster is very
stable in a high-symmetry endohedral D structure
in which Nb atom is placed at the center of a regular
hexagonal prism of Si atoms. Li et al. [35] determined
the structures of cationic NbSi, (n = 4-12) using the
combination of infrared phonon dissociation and
density functional calculations. They found that the
interaction with a Nb atom, with its partially unfilled
4d orbitals, leads to a significant stability enhance-
ment of the Si, framework as reflected. Kumar [36]
studied the stability of germanium nanotubes doped
with Nb, Mo and W, respectively, using density
functional calculations and suggested the Nb-doped
germanium nanotube having metallic characteristic.
So searching for an Nb-doped germanium
stable cluster is very interesting because it can be
used as building blocks in the cluster-assembled
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materials for various electronic and optical applica-
tions. In the present work, we have performed a
global minimum search for the Nb-doped Ge,
(n = 7-18) neutral and cationic clusters using density
functional theory. The size-dependent growth
behavior, electronic properties and IR or Raman
spectrum of the clusters are discussed. We have also
calculated the nucleus-independent chemical shift
(NICS) parameter to explain the enhanced stability of
neutral NbGe;, hexagonal prism-like structure.
Detailed analyses are performed for the density of
states (DOS) based on shell closing model for
explaining the stability of cationic NbGe;¢ clusters.
Though there are many such reports on the expla-
nation of the stability of the semiconductor clusters,
still it needs more light to understand the systems for
its potential applications in electronic industries as
optical sensors and cluster-assembled materials.
Therefore, the same question needs to address in the
present system too.

Computational method

Geometrical structural optimization and frequency
analysis of NbGe, (7-18) clusters have been per-
formed by using the DFT-B3LYP [37] functional and
the LanL2DZdp for Ge and LanL2DZ (with effective
core potential) for Nb atoms. While calculating DOS
and PDOS using Vienna Ab Initio Simulation Pack-
age (VASP) computational code [38, 39] in order to
avoid interaction between neighboring clusters, a
large cubic cell of 40 A edge lengths with a periodic
boundary condition is taken. The k-grid integration
has been carried using the I'-point approximation.
The atomic positions have been optimized by the
conjugate gradients dynamics algorithm until the
residual forces are smaller than 1072 eV/ A, and
without any symmetry constraints. Further analysis
of the electronic properties and molecular orbitals has
been performed with the software Gaussian "09 [40]
using B3LYP and the Gaussian-type basis sets as
mentioned. To search for the lowest energy structures
of Nb-doped germanium clusters, a large number of
possible initial geometries include one-, two- and
three-dimensional configurations obtained by using
the reported structures and Universal Structure Pre-
dictor: Evolutionary Xtalloraphy (USPEX) [41] to
predict initial guess structures. All clusters are
relaxed fully without any symmetry constraints. All

the structures have positive frequencies which indi-
cate that all clusters are physically acceptable and
therefore correspond to the potential energy minima.
In addition, to explain the stability of NbGe,
hexagonal prism-like structure based on aromaticity,
the nucleus-independent chemical shift (NICS) [42]
was calculated by gauge-independent atomic orbital
(GIAO) method. Calculated DOS and PDOS are also
used to explain the shell closing model of cationic
NbGe;4 cluster which follow the sequence 15%1P°1-
D'1F°1G'*25?2P°IF°IG*2D"° that follow the Hund’s
rule.

To justify the reliability of our calculations, the
bond length (A), vibrational frequency () and ver-
tical ionization potential of NbGe, Nb, and Ge,
dimers are calculated using different density func-
tional methods and the results as well as theoretical
and experimental data summarized in Table 1. The
Ge-Ge dimer has a ground state with bond length of
2.45 A, frequency 267.50 cm ! and first IP 6.44 €V,
which is in excellent agreement with reported theo-
retical and experimental calculation [43, 44]. The Ge-
Nb dimer with bond length 2.34 A has agreement
with the experimental result [45]. For Nb, dimer, the
theoretical and experimental bond length and vibra-
tional frequencies are 2.08 Ao, 472 em™! [46] and
2.08 A, 424.9 cm™! [47], respectively, and are in good
agreement with our theoretical observation. So the
calculated results using B3LYP functional are closer
to experimental and calculated theoretical data than
other functional. Therefore, our calculated results are
reasonably good to describe properties of NbGe,
clusters.

Results and discussion

To check the reliability of our computation, first we
have calculated different parameters, bond length,
ionization potential, etc., of the Ge-Ge, Ge-Nb and
Nb-Nb diameters calculated. The calculated results
perfectly matched with theoretical and experimental
results. We summarized the calculated results and
compared with experimental data, which is shown in
Table 1. We can wrap up that our calculated results
based on B3LYP method and the basis sets as men-
tioned in computation section are very close to the
experimental results. So our computational scheme is
logically good to describe these clusters.
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Table 1 Bond length, frequency and first IP of Ge-Ge, Ge—Nb and Nb-Nb dimer

Dimer Methods Bond length (A)  Frequency (cmfl) First IP (eV)  Experimental values
Bond length (A)  Frequency (cm™")  IP (eV)
Ge-Ge  B3LYP 2.456 267.5 6.45 2.46 [43] 258 [44] 7.89%
MPWIPWI1  2.456 267.5 6.65
B3PWI1 2.455 267.6 6.69
Ge-Nb  B3LYP 2.345 305.9 5.90 2.35 [45]
MPWIPWI1  2.346 306.2 6.14
B3PWI1 2.335 306.5 5.44
Nb-Nb  B3LYP 2.093 472.33 5.94 2.08 [46, 47] 424-472 [46, 47] 6.74*
MPWI1PWIl  2.074 485.92 6.02
B3PWI1 2.10 480.15 5.99

NIST atomic spectra database

Geometrical structures of pure Ge, clusters

Based on the previous reports, we have recalculated
the pure germanium clusters using B3LYP functional.
It is worth to mention here that Tai and Nguyen [48]
adopted a stochastic search method that covers a
good number of isomeric structures of pure germa-
nium clusters and increases the chance of finding the
ground-state geometry. In the present work, we have
also found similar kinds of structures which are
comparable to their report. The ground-state isomer
of the Gej cluster is a C,y triangular geometry, while
the addition of another Ge atom changes the struc-
ture to a bend rhombus structure with Dy}, symmetry.
The Ges cluster is a triangular bipyramid with D3y
symmetry. The Gegs is a bi-capped rectangular
geometry with Dy, symmetry. The most stable isomer
of the Gey is bi-capped pentagonal structure having
C, point group symmetry. The ground-state structure
of Geg cluster is nearly a capped pentagonal bipyra-
mid with Cs symmetry. The Gey cluster forms a
capped cube-like structure with C4, symmetry. For
Gejo, the most stable structure is a two-sided capped
Geg cubic structure with C; symmetry. Ges; is a
caped pentagonal prism structure with C,, point
group symmetry. Gej, ground-state isomer is a bend
hexagonal prism with Dj, symmetry. With the
increasing size, the structures of pure Ge clusters
divert from the symmetrical shape and can be
assigned with C; symmetry. The ground-state Ge;; is
a capped hexagonal prism-like Ge;; structure. Gey4 is
relatively symmetric. It is a combination of three
rhombi and six pentagons. Four pentagons are con-
nected with each rhombus. The Ge;s is a rectangular
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tube structure capped with a Ge atom. Ge; ground
state is different from cage structure. It is a combi-
nation of two Geg clusters in the form of cluster
assembly. Ge;7 also is a combination of Ge;o and Gey.
Ge;s is similar to the structure of ground-state Gey4
isomer. It is a combination of two rhombi, eight
pentagons and one hexagon. The next large-sized
structure Ge;g looks like a mask with one Ge atom is
endohedral doped. Geyp ground structure is again a
combination of two identical Ge;y bi-capped rectan-
gular prism-like structures.

Geometrical structures of NbGe,, clusters

The goal of this section in the present study is looking
at the relevant features related to the geometric,
electronic and vibrational properties of the NbGe,
(n = 7-18) clusters. Using the computational scheme,
as described in the “Computational method” section,
we have explored many low-lying isomers with n > 6
and selected the ground-state isomer in each size.
Stable isomers along with other low-lying isomers
with point group symmetry of clusters are shown in
Fig. 1. [All other additional ground-state structures of
neutral and charged clusters are shown in supple-
mentary information A and Al, respectively]. The
ground-state structure of NbGe; is a distorted cube
with Cg; symmetry. Here, the Nb atom absorbs over
the surface of the Ge; pure cluster. Other two next
low-lying isomers are at 0.29 eV and 0.44 eV higher
in neutral state compared to the ground-state struc-
ture. The ground-state NbGeg structure is Nb-capped
cubic Geg structure. So, Nb atom is completely
exposed. In NbGey, the Nb atom absorbs partially
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Figure 1 Optimized ground-state structures of NbGe,, (n = 7—18) clusters with point group symmetry. Blue balls are Ge and pink balls
are Nb atoms. Superscripts in point group symmetry present the spin state of ground-state structures.

inside the Gey cages. The next two low-lying clusters
are 0.24 eV and 0.45 eV higher in energy compared to
the ground state. The optimized ground state of
NbGey is a modification over ground-state NbGeg
structure. In the cage of NbGes, Nb is replaced by
additional Ge and Nb atom which absorbs partially
inside the Gey cage. Again by replacing Nb by Ge in
NbGe,, it gives Ge;o cage where Nb absorbs com-
pletely endohedral. The addition of one Ge atom,
NbGe;( ground-state cluster, converted to a structure
where Nb atom sandwiched between two pentagonal
surfaces and one surface is capped by a Ge atom with
C, symmetry. The immediate higher NbGe;, ground
state is a hexagonal prism-like structure where the

endohedral doped Nb atom hybridized with all Ge
atoms in the cage. The other low-energy isomers are
distorted icosahedral and fullerene kinds. The
geometry of ground-state isomer NbGe;; can be
understood after capping three germanium atoms at
different surfaces of NbGe;, ground-state isomer.
Ground-state NbGe,4 is well-known structure and is
a combination of six pentagons and three rhombi.
The geometry of NbGe;s is a modification of the
ground-state NbGe structure where five additional
germanium atoms are added in the form of two Ge-
Ge dimers and one germanium atom at different
places. NbGej ground state is again fullerene kind of
structure and is a combination of ten pentagons and
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two rhombi. The structure can be understood by
adding a Ge-Ge dimer at the top of NbGe;4 ground
state. By adding one Ge atom with the one of the
rhombus in NbGeye and then after optimization, one
can get NbGe;; ground-state structure. NbGe;g is a
flying disk-like structure where the central part is
pentagonal prism kind. Most of these geometries
have already been reported for other systems
obtained by global optimization methods.

Stabilities of NbGe,, clusters

To identify a stable cluster in a particular composi-
tion, it is necessary to study the variations of different
thermodynamic and chemical parameters from the
ground-state energy of different clusters in different
charge states. These parameters are binding energy
(BE), fragmentation energy (FE), stability or second-
order energy difference (4,), HOMO-LUMO gap,
ionization potential (IP), electron affinity (EA), etc.,
and can be compared between different cluster sizes
during the growth process. In the present investiga-
tion, we have studied NbGe,, (n = 7-18) clusters in
neutral and cationic states.

To explore the relative stability of the clusters with
the increase in the cluster size during the growth
process, we have calculated different thermodynamic
and chemical parameters. The average binding
energy per atom (BE), stability and fragmentation
energy (FE) are calculated following the our previous
reports [22-25]. These parameters are defined as:

BE = (ENb + TlEGe — ENbGey,)/(n + 1)
FE = EnpGe,_; + Ece — nEnbGe,
Ay = (EvGe,,; — EnvGe,) — (EnbGe, — ENbGe, 1)

= EnbGe,,; + EnbGe, 1 — 2EnbGe,

where Exy, Ege, Ege, and Exyce, represent the energies
of Nb, Ge, Ge,, and NbGe,, respectively. The varia-
tion of average binding energy is shown in Fig. 2a.
The BE as well as the increase rate of BE for n = 7-12
is relatively higher in both neutral and cationic
NbGe,, clusters compared to the pure Ge,, series. This
indicates that the doping of Nb atom increases the BE
and helps to improve the stability of the clusters.
Visible local peaks at n = 12 for neutral and n = 16 in
cationic clusters indicate the enhanced stability of
these clusters in the respective series (in addition, the
variation of binding energy of neutral, cation and
anion is shown in supplementary information SI-B).
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Figure 2 Variation of a averaged binding energies (BE),
b second-order change in energy (4,) and ¢ fragmentation
energy (FE) of NbGe, and NbGe,, (n = 7-18) clusters with the
number of germanium atom.

To further check stability of the clusters, we calculate
the stability and fragmentation energies of different
clusters. Expression of stability is basically repre-
senting the second-order change in energy, whereas
the expression of the fragmentation energy indicates
the stability of the cluster. As seen from Fig. 2b,
neutral clusters with n =10 and 12 and cationic
clusters with n = 13 and 16 show local maxima. The
relatively high change in second-order change in
energy could be related to the formation of
stable cage structure. The cluster with higher value of
fragmentation energy needs more energy to dissoci-
ate it. The variation of stability and fragmentation
energies with the size of clusters (number of germa-
nium atoms, 1) is shown in Fig. 2. The FE rises from
n =11-12 and drops from n =12-13 during the
growth process. These indicate that NbGe;; cluster is
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relatively stable compared to its neighboring sizes.
The same is true for cationic NbGe;¢ cluster. There
are wide ranges of variations in the HOMO-LUMO
gap with a number of ups and downs. From this
nature, it is difficult to identify the chemically
stable clusters. However, comparing this nature with
the ionization energy (or ionization potential) varia-
tion, one can select neutral NbGe;, and cationic
NbGe¢ clusters as the chemically stable clusters. This
selection with the wvariation of thermodynamic
parameter variation, select neutral NbGe;, and
cationic NbGey¢ clusters are globally stable clusters.
We define ionization energy (or ionization potential)
as follows:

VIE(or AIE) = Expge: — Enbae,

By definition, vertical ionization energy (VIE) is the
energy difference between the cationic and neutral
clusters, where the cationic cluster is at the same
equilibrium geometry of the neutral cluster, whereas
adiabatic ionization energy (AIE) is defining the
energy difference between the neutral and its cationic
clusters and both are at the same equilibrium geom-
etry of the cationic cluster. Ionization of a molecule or
a cluster often changes its geometry on ionization. It
is to be noted that the variation in VIE and AIE is
almost similar to the variation of size of the cluster.
This is an indication that hardly there is any struc-
tural variation due to ionization of the neutral clus-
ters. Therefore, we have calculated both AIE and VIE
values in the present study. Calculated results are
shown in Fig. 3b, c¢ (see also Table 2 in SI). Both IPs
are almost same at all sizes (with a sharp peak at
n = 12) indicating that the cluster geometries remain
same after ionization. The analysis indicates that both
VIE and AIE increase sharply for n = 11-12. Both VIP
and AIP trends support the enhanced stability of
neutral NbGe;, cluster in the series. We have also
calculated the charge transfer and bond length
parameter which may play an important role in
defining the stability and geometry of the clusters.
Both parameter as a function of cluster size is shown
in supplementary information SI-C and SI-D,
respectively. In summary, from the variation of the
thermodynamic parameters and chemical parame-
ters, one may found that NbGe;, and NbGef; clusters
have enhanced stability.
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Figure 3 Variation of a HOMO-LUMO gap, b vertical
ionization energy (VIE), adiabatic ionization energy (AIE) and
c vertical electron affinity (VEA), adiabatic electron affinity
(AEA) of the NbGen clusters with number of germanium atom.

Nucleus-independent chemical shift (NICS)
of NbGe,, cluster

Further, to understand the cause of the stability of
NbGe;;, we have calculated nucleus-independent
chemical shift (NICS) parameter. In chemistry and in
cluster science, the aromaticity is a key concept [49] to
understand the stability. The aromatic behavior of a
cluster is the measure nucleus-independent chemical
shift (NICS) index and is defined as the negative
value of the magnetic shielding, computed at the ring
center (as like benzene ring) or at some other selected
point. Chen et al. [42] reported the NICS approach as
aromaticity criteria based on magnetic properties,
which have been applied to characterize the metallic
clusters with aromatic and antiaromatic nature. The
rings with more negative values are considered as
more aromatic species and hence with enhanced
stability nature. However, positive and zero NICS

@ Springer
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Figure 4 Nucleus-independent chemical shift (NICS) variations
of NbGe;, cluster with the distance from center.

values indicate antiaromatic and non-aromatic spe-
cies. Using the GIAO-B3LYP/Lanl2dz method with
effective core potential, we have calculated NICS
values. The variation of NICS values of NbGe;,
cluster are shown in Fig. 4. Calculated NICS values
close to the outer surface are relatively smaller than
the NICS values inside the cage. Calculated NICS
variation with the distance from the central Nb atom
shows a minimum value of — 44.89 ppm at a distance
1.5 A above from the center of the cluster. Aro-
maticity in hexagonal structure like benzene is an
important conformation of stability of NbGej; cluster.
With reference to our previous work [23] on MoGe;,,
the size variation of NICS supports the aromatic
nature and hence enhanced stability of neutral
NbGe;, cluster. However, in the cationic series, there

J Mater Sci (2019) 54:515-528

is no such evidence that could explain the stability of
the cationic clusters. We did not calculate NICS val-
ues of the other clusters because they are not stable as
we discuss in relative stability section. We have cal-
culated NICS value of NbGe;, only just because of
predicting aromatic character of this cluster which is
one of the main causes of its enhanced stability.

Shell model of cationic NbGe;,

A number of reports are there to explain the
enhanced stability of the clusters using the closed-
shell model [50-53]. It has already been reported that
in FeMgg cluster, partially filled sub-shells can
enhance chemical stability [51] with a closed core of
182, 1P, 1D, 25? superatomic shells followed by a
crystal-field split 2D* valence state resulting in a
magnetic moment of 4.0 uB. Khanna and Jena [52]
proposed that the stable clusters could be treated as
superatoms that form a third dimension to the peri-
odic table. Kumar [53] studied doping of different
divalent Mn atoms and report the finding of Mn-
doped Ge and Sn clusters with 5 ub magnetic
moment in accordance with the Hund’s rule in clus-
ters. In VLig magnetic superatom, Zhang et al. [54]
found a filled d sub-shell with a magnetic moment of
5pup with 15% 1P° 1D° electronic distributions. In the
present report to understand the magic nature of
cationic NbGe;4 cluster, we have calculated the den-
sity of states (DOS) and partial orbital contributions

Figure 5 Electron density of 20
4 —— Nb-s - Orbital
states of NbGej cluster a total - Nb - p - Orbital
DOS, b contribution of Ge s, 15|—|—— Nb-d-Orbital
. . —— Ge - s - Orbital
p and Nb-s, p, and d orbital in L Ge - p- Orbital
total DOS. —— TDOS

10 —
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in total DOS (PDOS) of the NbGe;4 clusters in cationic
states in Fig. 5.

From the atomic orbital contribution in total DOS,
it is clearly seen that most of the contribution in the
total density of states is from Nb d orbital (red color)
and from p orbitals (green color) of all Ge atoms.
Therefore, Nb d orbital is mainly taking part in
hybridization to make the cluster stable. Again, the
HOMO-LUMO gap of NbGe¢ is more in the cationic
states (1.8 eV) compared to the neutral clusters
(1.5 eV). We have presented the complete sequence of
the single-electron orbitals in Fig. 5. Due to finite
broadening during the calculation of DOS, closely
spaced orbitals are taken as one in DOS, and on the
basis of it, we have assign the orbitals as shown. We
found that cationic NbGe4 cluster follows the orbital
15*1P°1D'""1F°1G"*25*2P°IFIG*2D""
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Fig. 6 and adjusts totally 68 electrons as like closed-
shell filled number.

We have also calculated the one-electron energy
level and orbital iso-surface to show interaction
between transition metal and Ge cage as shown in
Fig. 6. The electronic structure of NbGe;s cation
accounts for a total of 68 delocalized valance elec-
trons (4 electrons form each Ge and 4 electrons form
the Nb atom) arranged in 15*1P°1D'"1F*1G'?25%2P*
IF*IG®2D" in accordance with closed-shell configu-
rations as shown by the one-electron energy levels
and molecular orbitals iso-surfaces in Fig. 6. There is
a significant interaction between the transition metal
atom and the Ge cage. Further due to crystal-field
splitting, some of the lower orbitals appear at the
higher energy levels as shown in the sequence. This is
one of the strongest evidence of the insight of the
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Figure 6 One-clectron energy level and molecular orbital iso-surface of cationic NbGe¢ (blue color showing positive diffuse and yellow

color showing negative diffuse).
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stability of cationic NbGe;¢ cluster as reported by
others [32], and hence, NbGefy can be taken as a
superatom with very high embedding energy
10.58 eV, IP (10.25 eV) and HOMO-LUMO gap of
1.85 eV.

IR and Raman spectra

To understand the vibrational properties of the
ground-state clusters, IR and Raman spectra of the
optimized geometries are calculated and shown in
Fig. 7. The absence of any imaginary frequency in the
spectrum represents the real nature of the clusters. It
also indicates that there is no transition state in any of
the ground-state isomers. The dominant peaks shown
in the IR and Raman spectra are due to the vibration
of the atoms in the cage. Careful observation shows
the presence of mainly three to four dominating
modes in IR and Raman spectra for all clusters. A
lower number of vibrational modes in IR are basically
the indication of the vibration of the bonds (stretch-
ing) present in the structure nearly at the same fre-
quency or within a very narrow frequency range.
This is because of the strong structural symmetry of
these clusters. Raman frequency in general indicates
the bending mode in the clusters. The dominating
higher mode frequency with very high intensity is the
breathing mode of the cage cluster atoms similar to
the work done by Bandhyopadhyay [7], while the IR
intensities have three or four peaks in neutral and
cationic cluster corresponding to the motion of Nb
atom in different directions. In the breathing mode,
all Ge atoms vibrate in the same phase, whereas the
doped atom remains static. The frequency region,
which is less than 200 cm™}, is mainly due to the
vibration of the germanium atoms and the doped
atom as well. This frequency mode shifted toward the
low-frequency region except for n =12 structure.
Also for n =14 and 15 the dominant peaks in the
infrared spectrum shifted toward lower frequencies
suggesting that the Ge-Nb bonds become relatively
weak as the size of the cluster grows. The data of
infrared spectrum of NbGe,, (n = 10-15) are shown in
supplementary information (SI) in Table 2. Gaussian
broadened of different ground-state clusters (n = 10,
12, 14 and 15) to check the stability is shown in
supplementary information (SI-E). Closer observation
of the dominating mode frequencies in both IR and

@ Springer

Raman spectra, it is found that the infrared spectrum
of NbGe;; has dominant peak at around 251 cm ™!
due to additional strength in bonding because of
NICS behavior. The high-frequency region indicates
the higher bond energy between the elements.
Comparing this with the binding energy graph, it can
be said that the increase in bond energies helps to
increase the binding energy per atom in the clusters.
So, IR and Raman activities show distinct spectra of
these clusters and reflect the effect of structural
change and bonding nature. Now comparing to the
far-infrared range, which is approximately
400-10 cm™"' (25-1000 pm), it appears in the IR range
of the present isomers. Therefore, the ground-state
clusters with the composition could be useful for IR
sensing device in the far-infrared region.

Conclusions

In summary, we have theoretically studied the elec-
tronic structure, vibrational properties and super-
atomic behavior of Nb-doped germanium clusters at
different sizes in neutral and cationic states. Different
thermodynamic and chemical parameters of the
clusters show that neutral NbGe;, and -cationic
NbGe¢ are the most stable species in the whole range
of study. We have further applied NICS on neutral
NbGe;, and closed-shell model on cationic NbGeq
ground-state clusters. We found that the NICS
behavior of the ground-state NbGe;, cluster supports
the aromatic nature of this cluster with a minimum
NICS value of — 44.89 ppm, while cationic NbGe;q
follows the closed-shell superatomic model with the
orbital sequence 15*1P°1D'°1F*1G"*25*2P°TF*1G®2D"°
to accommodate 68 electrons which is a shell closing
number. The large HOMO-LUMO gap of 1.85 eV
makes this cluster chemically stable and suitable for
application as optoelectronic devices. Further, the
absence of any imaginary frequencies in these clus-
ters shows that there is no presence of imaginary
bonds in the clusters and clusters can be physically
acceptable. These clusters could be useful for IR
sensing device in the far-infrared region. Therefore,
Nb-doped germanium stable cluster is very interest-
ing because it can be used as building blocks in the
cluster-assembled materials for various electronic
and optical applications.
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