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Abstract

In the present report, the structural stability order and electronic properties of the transition metal M@Ge12 (M = Co, Pd, Tc,

and Zr) doped germanium cage has been carried out at B3LYP/LANL2DZ ECP level by using spin polarized density functional

theory. Initially, we selected five lowest energy structure of neutral TM doped Ge12 cluster with high symmetry point like

D6h-symmetric hexagonal prism (HP), the D6d-symmetric hexagonal anti-prism (HAP), D2d-symmetric bi-capped pentagonal

prism (BPP), perfect icosahedrons (Ih) and Fullerene type structures. Further, we discussed the electronic origin of stability

as well as electronic properties by calculating binding energy, HOMO-LUMO gap, charge transfer mechanism and density of

states. We indentified that the Pd, Tc, and Zr encapsulated Ge12 cage with hexagonal prism [HP] structures are minimum

energy structures while Co@Ge12 cage prefer HAP structure. The magnitudes of binding energy of the clusters indicate that the

doping of 4d transition metal gives most stable structure rather than 3d transition metal Co atom. The large HOMO-LUMO

gap and natural bond orbital analysis explain the stability of these clusters using closed shell electronic configuration and the

contribution of π and σ bond. Charge transfer mechanism shows that the Tc, Pd and Zr atoms play role as an electron donor

in the system whereas Co inclined to accept the electrons. The importances of “d” orbital in localized electrons near the Fermi

level are also explained through partial density of states.

Keywords –

Binding energy, HOMO-LUMO gap, Density of states, Charge analysis, Density functional theory

Introduction

Electronic and structural properties of transition metal encapsulated in germanium clusters are incredibly
dynamic area of exploration because of its significant in building block for clusters assembled materials
and other expected applications in numerous fields[1-10]. Without a doubt, doping in silicon confine clus-
ters has additionally stood out because of its applications in nanoelectronic gadgets and building blocks
nanomaterials[7-10]. The decision of various sort of transition metal molecules prompts the much attractive
legitimacy in the properties of these confine clusters. It has additionally been researched that these hybrid
nano clusters could be collected to frame nanotubes[11-12]. As we probably aware, germanium has predomi-
nant electron and opening mobilities[13-14] because of the less viable mass as opposed to silicon, so germanium
is perhaps the most option in contrast to silicon in the field of semiconductor nanomaterials. Although, pure
germanium semiconductor clusters are chemically reactive due to the presence of dangling bond [15-16]. Its
mean reactive Ge cage can be stabilized by the doping of transition metal atom likewise to the instance
of TM-doped silicon groups[17-18]. Metal doped germanium groups play distinctive growth behavior and
electronic properties from the metal doped silicon clusters [19-22]. The experimetnal examination on TM
metal doped Si, Ge, Sn and Pb groups show that the stabilities qualities are identified with development of

1



P
os

te
d

on
A

u
th

or
ea

28
A

u
g

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

86
31

94
.4

85
46

24
0

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

enclosure like structure just as both host and dopant particles[23]. The transition metal doping in germanium
confine clusters give a one of a kind medium to investigating new auxiliary and electronic properties rely
upon the group size and doping[1-4]. In light of our past report[1-4, 12-15, 16] on TM metal doping germanium
nanoclusters by utilizing density fnctional theory (DFT) concentrate on unadulterated germanium clus-
ters found that Ge10(icosahedral), Ge12(Hexagonal crystal) and Ge16 (Fullerene or Frank-kesper) structures
are exceptionally stable hollow clusters groups with a huge inner volume proposing conceivable endohedral
doping to frame another class of hybrid nanoclusters with tuned properties. In these three structures, we
concentrated on Ge12, hexagonal crystal structure, which is the most contemplated species recommending
that metal molecule immerses the valence electrons of twelve germanium particles by sitting in the centre
point of the ring. In view of present hypothesis, we showed a noteworthy D6h symmetric hexagonal crystal
(HP) ground state structure for M@Ge12 (M = Co, Pd, Tc, and Zr). Recently our group [2] found the role of
shell closing model and NICS in the stability of Nb doped germanium group inside the size range of n = 7-18
germanium atom and anticipated hexagonal crystal type geometry is ground state structure. Electronic and
optical properties of Ag and Au doped Gen (n = 10, 12, and 14)[3] groups detailed a D6hhexagonal crystal
singlet ground state structure. Thermodynamical and synthetic soundness of Mo@Ge12 group in the size
scope of Ge from 1 to 20 and legitimacy of 18 electron counting rule from the conduct of various determined
boundaries has explored by the trivedi et al. [4] and they found the hexagonal crystal has least energy in the
arrangement.

As a past report on other TM metal doped germanium work, the structure of Ni@Ge12 hybrid cluster has
a pseudo-icosahedral triplet, [24] a D2d-symmetric singlet[25] or a puckered hexagonal prismatic singlet[26]

(BLYP, B3PW91 or PW91 functionals, separately). So also, icosahedral sextet [27] and hexagonal prismatic
doublet [28] ground states have been accounted for Mn@Ge12. By utilizing the relativistic all electron density
functional theory Tang et. al[24] revealed the structure, solidness and electronic properties of TM@Ge12 [TM
– Sc to Ni). It was discovered that all the custers are maybe incompletely metallic and the ground state
structure is most likely icosahedron. V. kumar et al.[29] contemplated the ZnGe12 metal typified superatom,
in which they found that doping of Zn in germanium created icosahedron ground state structure. Thus,
metal doped germanium clusters MGen at the size of n = 10, 12 researched by J. Lu and S. Nagase [30].

In this current report, we break down the size stability and electronic properties of M@Ge12 (M = Co,
Pd, Tc, and Zr) nanoclusters. Electronically Tc is described considerably field 4d5 cell joined with 5s2

valence cell. Co and Zr, then again show 3d7 and 4d2 ”d” orbital setups joined with 4s2 and 5s2 valence
cell individually. Essentially, Pd molecule has a field 4d10 cell joined with 5s0 valence electron. Since the
adjustment of dopant embodied germanium confine firmly relies upon the d band filling. The empty d orbital
can oblige the dangling bonds on confine surface and give a solid strong interaction among dopant and have
confine. These current arrangements of transtion metal atoms were chosen based on the development they
can give to tune the properties of germanium confine groups. The advancement is accomplished in the TM
metal doped Ge confine groups yet at the same time there are some inquiries for academic network that
there is no immediate experimetnal check on the soundness order of 3d and 4d TM metal doped germanium
confine clusters. The host germanium confine are vacant and numerous TM doped molecule could be utilized
as dopant to shape new endohedral group that would especially show new electronic and thermodynamic
properties that are unique in relation to the unadulterated germanium clusters.

Computational method

The calculations to search low lying structures of M@Ge12 (M = Co, Pd, Tc, and Zr) in this work began with
lot of previous geometries where transition metal atom sits at various different position i.e. (1) Substitution
(2) Endohedral (3) Exohedral on the basis of optimized Ge12 and calculated at all possible spin states as
reported in the literature[1-10]. All the initial geometries optimized without any symmetry constraint. For
the optimization [to get total minimum energy], we used B3LYP [31-34] exchange correlation function with
spin polarized generalized gradient approximation (GGA) as implemented in the Gaussian 03 computational
code[35] which is based on linear combination of atomic orbitals density functional theory method. A very
standard Gaussian basis (LANL2DZ) sets coupled with effective core potential to express molecular orbital
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as linear combination of atom-centered basis function is used on all atoms. This basis set can reduce the
difficulties in two electron integrals caused by the doped transition metal atoms [36-39]. We have used 3d7

4s2, 4d105s0, 4d5 5s2, and 4d2 5s2 configuration for Co, Pd, Tc, and Zr and 4s2 4p2 configuration for
Ge respectively. The accuracy of standard Gaussian basis (LANL2DZ) sets for different transition metal
atoms doped in germanium cage clusters was validated by many recently publications[2-4, 15-17]. In present
work, the minimum energy structure accepted as optimized when the maximum displacement of atoms, RMS
displacement of atoms and the maximum force of atoms have very less magnitudes respectively. Furthermore,
we have also corrected the zero point energy correction of the isomer however they are not expected to affect
the relative binding energy [40]. The ground state structures were calculated at the same level of theory
and found zero imaginary frequency to make sure that the optimized geometries corresponds to real local
minima. To find the nature of materials and localized and delocalized electrons near the Fermi level, we
also obtained the partial density of states (PDOS) using GaussSum software [41]. The natural bond orbital
analysis (NBO) analysis [42-43] was also conducted to find out the charge analysis of valence orbitals on each
atom and contribution near the Fermi level in the DOS.

Further to check the quality of our adopted method, test calculations were performed on the Ge-Ge and
Ge-Co, Ge-Pd, Ge-Tc, and Ge-Zr dimmers. The bond length and frequencies of these dimmers are 2.54 Å
(245 cm-1), 2.26 Å (273 cm-1), 2.25 Å (307 cm-1), 2.25 Å (291 cm-1), and 2.44 Å (307 cm-1) respectively. All
the calculated structural parameter such as the bond length and frequency compared with other theoretical
and experimental results shown in table 1. To further check the validity of our functional we determined
bond length and frequency with different functional such as (B3LYP, MPW1PW91, and B3PW91). All the
related parameters are shown in table 2. The outcomes gained by the B3LYP functional with LANL2DZ
ECP basis set are acceptable as it is in good agreement with reported theoretical and experimental results
[1-4, 44-49]

Results and discussion

Five significant kind of introductory structure of neutral Ge12 cluster with high symmetry point are ap-
peared in figure 1. To decide the most minimal energy structure of unadulterated Ge12 cluster, we chose 5
separate high symmetry geometries: the D6h-symmetric hexagonal crystal (HP), the D6d-symmetric hexa-
gonal anti-prism (HAP), D2d-symmetric bi-capped pentagonal prism (BPP), immaculate icosahedrons (Ih)
and Fullerene type structures. We improved these underlying geometries at B3LYP/LANL2DZ ECP level of
theory.

Effect of TM doping

So as to talk about the impacts of transition metal doped impurity on pure Ge12 confine clusters, we did
again least energy optimization calculation by utilizing strategy referenced in computational methodology
segment. The 12-vertex TM metal doped cage clusters are extraordinary in three totally various geometries
like hexagonal crystal [HP], Icosahedral [IH] or bicapped pentagonal prism [BPP] among the five endohedral
structure characterized as in figure 1. It must be brought up that Ge12 confine cluster lean toward hexagonal
crystal structure with TM = Tc, Pd, and Zr, comparable as some past reports [1-4,7, 16, 20] aside from Co
doping which has hexagonal anti-prism [HAP] symmetry.

Noteworthy twisting from the high symmetry limits after relaxation because of the TMGe12 confine local
interaction characterized the Jahn teller [50] impact that can be found in the figure 2. The ground state
structures with some metastable isomers having diminishing size dependability order in optimized structure
with energy contrast among them are appeared in figure 2. Utilizing present approach, we got hexagonal
anti-prism [HAP] symmetry with 57 valence electrons is more steady than hexagonal-crystal [HP] structure
in Ge12Co cluster. The energy distinction is extremely less around 0.002 eV only. Our predicted outcome
is totally different with icosahedral dependability of first line transition metal (Zn, Mn) [28, 30] atom doped
Ge12 confine. The complete ”d” electron count including all valence ”nd” electrons on M@Ge12 (M = Co,
Pd, Tc, and Zr) is determined as [12*4 + (9, 10, 7, 4) = 57, 58, 55, 52] all through this manuscript. The other
optimized structures as BPP, Ih, and Fulla are 0.54 eV, 0.79 eV, and 1.65 eV are not exactly stable HAP

3
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symmetry separately. The strength of CoGe12is additionally rely upon 18 electron including rule as studied in
Ni@Ge12 by Bandyopadhyay et al.[25]. As we probably aware if there are eight electrons in external electronic
shells like ns2np6, the primary group elements are steady, while 18 electron counting rule is identified with
transition metal doping with Si and Ge confine, which having most extreme strength and follow the closed
shell of ns2 (n-1) d10np6 [51-54]. The valence electrons in Co atom are 3d7 4s2means all out 9 electrons yet
because of strong interaction among Co and Ge12 confine the 8 ”d” orbitals are for the most part contributing
as should be obvious in the table1 in valuable data. Because of this association the cage system adhering to
18 electrons counting rules.

Then again the ground state structure of PdGe12 again puckered hexagonal prism with a Pd atom, invol-
ve endohedral position in the middle of two hexagons of germanium atom like our past outcomes on Nb
and Mo doped germanium clusters [2, 4]. We found that the triplet state is more stable instead of singlet
multiplicity utilizing the B3LYP functional in Pd@Ge12clusters. The total valence electrons include in this
framework are 58 which is magic number. TM metal doped germanium small cluster show soundness at
electron count 2, 8, 18, 20, 34, 40, 58 . . . separately known as superatom and it is affirmed experimen-
tally likewise[55]. For this situation, the degenaracies in electronic shells can be evacuated by geometrical
mutilation and stabilize the clusters. So Pd@Ge12 can be a superatom with 2μB magnetic moment as like
MnGe12 or MnSn12 as revealed beforehand[56]. The 58 valence electrons designed in superatomic shell as
1S21P61D81F61G22D62S21D21F21G81F41G82D4. [Molecular orbital energy diagram has also shown in sup-
plementary information as SF1] Presently on the off chance that we consider the Tc and Zr particle in
germanium confine clusters as introduced in figure 2, out of five advanced geometries the hexagonal crystal
structure in singlet spin state is ground state. In some report, the TM doped germanium fullerene like
structure which is combination of four pentagon and four rhombi and icosahedrons structure show ground
state[19, 7]. Be that as it may, it not in every case genuine on the grounds that base energy structure relies
upon doping as model the Ti, Zr, Hf, Nb, Mo, and Zn doped fullerene or icosahedrons structure isn’t a
ground state structure for n = 12. Past examination shows that metal exemplified [M@Ge12, where M = Ti,
Zr, Hf, Nb, Mo, and Zn] hexagonal prism is demonstrated to be least vitality structure [2, 4, 15-16, 30]. The
hexagonal anti-prism and icosahedral both are 0.001 eV and 1.63 eV lower than ground state structure where
as in Zr case the icosahedral and hexagonal enemy of crystal [HAP] both are 0.29 eV and 1.02 eV lower
than hexagonal crystal structure. The orbital compositions of every atom in our system has additionally
determined utilizing Multi-wave function[57] and appeared in table 3 in supplementary information.

In view of this geometrical investigation of TM@Ge12[TM = Co, Pd, Tc, and Zr] clusters and correlation
of our anticipated outcomes with past theoretical and experimental results, we can sum up many intriguing
patterns as follows:

1. Contrasting and unadulterated Ge clusters, The TM metal doping consistently prompts structure recre-
ation. If we see different past examination [1-4, 6-10] of TM metal doped Ge groups, the TM metal atom like
to take position from exohedral to endohedral as the size fluctuates from n = 1-20. As the size increment
implies n [?] 9, the TM molecules totally fall into the germanium confine.

2. We can distinguish that the D6h symmetrical hexagonal prism structure is interesting for germanium just
as silicon confine as portrayed by José M. Goicoechea et al. in their examination[58]. It tends to be found
in figure 2, the HP, Ih, and HAP structure arrive at their most extreme dependability when all out valence
electron in the system have 52-58 electrons.

Electronic Properties

In this piece of our proposed work, we will talk about the electronic properties of germanium confine contai-
ning a transition metal atom dependent on determined (a) average binding energy [BE], (b) HOMO-LUMO
gap and charge transfer mechanism and (c) partial density of states.

Binding energy - To get knowledge about the relative stability of clusters we calculate the average binding
energy of the TM@Ge12 [TM = Co, Pd, Tc, and Zr] clusters. The average binding energy can be defined

4
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using below mathematical formation:

BE =
[ETM + 12 × EGe − ETMGe12]

n

Where ETM, EGe and ETMGe12 are the ground state energy of transition metal, germanium and TM
doped germanium confine individually. Here ”n” characterizes the total number of atoms in the cage. In our
current work the n = 13 for all figuring as [n = 12 Ge and 1 TM atom]. The binding energy, HOMO-LUMO
gap, charge on TM metal particle, bond length of Ge-TM, relative energy (ΔE) appeared in table 3. We
analyze the binding energy of TM@Ge12 [TM = Co, Pd, Tc, and Zr] clusters and found that the Tc metal
encapsulated germanium confine gives most stable structure. The remaining are in the order of Zr > Pd
> Co. The average binding energy of TM doped germanium cage cluster with the correlation of pure Ge12
cluster is appeared in figure 3.

The magnitude of binding energy of the clusters gives the information about the strength of the chemical
bonding in the clusters. The binding energy value of pure germanium cluster is 2.062eV in HP ring obtained
using the present method is consistent with our previous reports[1-4]. The average binding energy values
of TM encapsulated germanium cage are 2.45 eV, 2.40 eV, 2.25 eV, and 2.23 eV for Tc, Zr, Pd, and Co
respectively. It means the doping of 4d transition metal Tc, and Zr gives most stable structure rather than
3d transition metal Co atom.

It tends to be seen that the doping of 3d and 4d transition metal in pure Ge12 cage cluster can improve
the dependability of pure germanium cluster. The value of binding energy given by other research group
[49] of Tc@Ge12 is around 3.02 eV with BPW91/LANL2DZ level of theory. Our worth is less a direct result
of the utilizing ECP basis set and a reasonable B3LYP functional. Essentially, the binding energy value of
Zr doped Ge12 cluster is well predictable with past reports[16]. All the determined parameters like average
binding energy, HOMO-LUMO hole, bond length of Ge-TM, and the relative energy (ΔE) contrast between
stable isomers are appeared in table 3.

Here, we have also calculated the binding energy for all other isomers presented in figure2. We can easily
see the variation of binding energy as the structures are changing. The comparisons of all other isomers are
shown in figure 4. The biding energy of Co doped germanium atom in hexagonal prism [HP] and hexagonal
anti-prism are nearly same but the icosahedral and bicapped pentagon prism both are relatively less stable
with the difference of 0.04eV and 0.06eV respectively. On the other hand, in Pd@Ge12, the binding energy
difference between HP and HAP geometries is around 0.02eV. The difference is quite large in icosahedral
case which is around 0.07eV. Similarly if we see the case of Tc and Zr doped germanium cage clusters,
the binding energy difference is more as we move towards HP-HAP-IH-BPP geometries. We can conclude
that the symmetry stability depend on the 3d and 4d transition metal. In the case of 3d transition metal,
the metal encapsulated hexagonal anti-prism is stable geometries whereas in 4d transition metal we get
hexagonal prism as a minimum energy structure as we predicted in our previous reports [2, 4].

HOMO-LUMO gap and Charge transfer mechanism –

Molecular orbital analysis can provide very important information on electronic structure. The ability of
molecules and clusters to participate in chemical reaction depends upon the energy gap which is known as
HOMO [Highest Occupied Molecular Orbital] LUMO [Lowest Unoccupied Molecular Orbital] gap. The wide
energy gap of clusters also decides the optical polarizability of the molecule[4]. A large value of HOMO-
LUMO gap always indicate the closed shell electronic configuration[1-4] and the ability to take jump from
lower state to higher state. The Egap of TM@Ge12 [TM = Co, Pd, Tc, and Zr] clusters are summarizes in
table 3.

The results show that doping of 4d transition metal like Tc, Zr, and Pd have relatively large gap in compare
to 3d transition metal Co. Here we obtain 1.96eV [Tc@Ge12], 1.96eV [Pd@Ge12], 1.86eV [Zr@Ge12], and
0.97eV [Co@Ge12] HOMO-LUMO gap for the most stable clusters. The stability of these clusters can be

5
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defined using closed shell electronic configuration and the contribution of π and σ bond. The energy gap
of Tc and Pd doped germanium cluster is biggest among those of considered groups. On the off chance
that we see the enhanced geometries of Tc and Pd doped germanium confine clusters, we found that both
structure are impeccable hexagonal prism closed shell structure. It can likewise be finished up by the figure
that there is π-π bond arrangement at the focal point of the HP ring and σ bond is framing at the ring
side means among the germanium atoms. So also, in the Pd doped germanium cluster display 58 valence
electron which is the sign of magic number. For Zr@Ge12 cluster, there are six down spin LUMO states
of Ge12 confine that impeccably connect covalently with valence state electrons which is fundamentally the
same as past examination by Vijay kumar et al. [19]. For our case the 4 valence electrons [4d25s2] of Zr
totally share bonding with germanium enclosure and give huge HOMO-LUMO hole. It additionally shows
that the HOMO and LUMO is roughly confined on the whole molecule. Because of this enormous energy
gap, LUMO can scarcely gain electron from closed shell HOMO. So the enormous estimation of energy gap
show lower reactivity in compound and photochemical procedure with electron move[59]. Based on above
investigation, the cluster with huge energy can gap seen as building blocks of the novel materials.

In the next part of discussion, we describe the charge transfer mechanism by calculating the natural bond
orbital analysis[43-44]. Since, among all the TM metals, studied in this work, only Pd (2.2) is more elec-
tronegative than germanium (2.01) on Pauling scale. It means the charge will always transfer from Pd to Ge
atoms and in other TM atom; the charge will transfer from Ge atom to TM (Tc, Zr, and Co) atoms. The
natural population analysis precisely determined the distribution of electrons in various sub shell of their
atomic orbitals.

It is worth mentioning that the many body system properties like electronic geometry, dipole moment,
polarizability are influenced by the atomic charges [60]. It can be seen from table 4, the most electronegative
charge of -1.883e accumulated for Tc, whereas all germanium atoms gained positive charge. The electrostatic
point of view tells us that most electronegative atoms have tendency to donate electron and electropositive
atoms have inclination to accept electrons, it means here charge is transferring from Tc atom to germanium
cage. Similarly, Pd atom plays a donor role in Pd@Ge12 cluster. In the Zr@Ge12 system, the charge
accumulated by the Zr atom is -2.871 which again donate the electrons to Ge12 cage. The case of Co doped
Ge12 cage is quite different. Here the charge is transferring from Ge12 cage to TM metal Co atom.

Partial Density of states –

In order to investigate the electronic properties, variation in the HOMO-LUMO gap and chemical bonding
nature due to TM metal doping in Ge12 cage cluster, we have performed subtleties examination of the atomic
orbital to examine the contribution of different TM’s (s, p, or d) and Ge (s, p) orbital’s by calculating partial
density of states (PDOS). The DOS is acquired by utilizing GaussSum programming [41]. It very well may
be seen that the partial density of states means the number of different states where the electrons are allowed
to occupy at a particular energy level can be significantly change when the Ge12 cluster are doped with Tc,
Pd, Zr, and Co atoms. As shown in the figure 6, the density of states of pure Ge12 cluster, the position of
spin up and spin down DOS are same but after the doping of TM’s (Tc, Pd, Zr, and Co) the spin up and
spin down states in DOS exhibit the presence of electronic polarization.

The PDOS provide basic analysis of the interaction between the TM’s atom orbital’s and germanium cage.
The peak of spin up and spin down near the Fermi level define the localization domains and corresponds to
chemically reactive regions. The charge transfer between the TM atoms and the germanium cage generate
the electric field, on the basis of this charge transfer, polarization can be explained. Study of natural bond
orbital analysis [Supplementary Information] explain that electronic states near the Fermi level mainly come
from 4s, 4p orbital’s of germanium cage and 4d orbital of TM atoms. As we can see in table 2 [SI] that
there are 4s1.604p2.38 orbital contributions of Ge atom and 4d9.55 orbital contribution of Pd atom are mainly
dominated near the Fermi level of Ge12Pd system. These all contribution has shown in alpha dos in the
PDOS figure 6 and the p-d hybridization is mostly responsible for localized electrons near the Fermi level.
Similarly, In Ge12Tc, there is 4s1.55, 4p2.30 orbital of Ge atom 4d7.63 orbital of Tc atom are contributing
near the Fermi level and it is also clear from the PDOS.
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Conclusions

In this present report, we analyzed the stability and electronic properties of M@Ge12 (M = Co, Pd, Tc, and
Zr) nanoclusters using the density functional theory. The outcomes are as follows:

1. We can identify that the D6h symmetry hexagonal prism structure is unique for germanium as well as
silicon cage as described by José M. Goicoechea in his research [58]. It can be seen by figure 2, the HP, Ih,
and HAP structure reach their maximum stability when total valence electron in the system count 52-58
electrons. In this case TM atoms completely fall into the germanium cage.

2. The magnitude of binding energy of the clusters indicate that the doping of 4d transition metal Tc, and
Zr gives most stable structure rather than 3d transition metal Co atom.

3. The results show that doping of 4d transition metal like Tc, Zr, and Pd have relatively large gap in
compare to 3d transition metal Co. Here we obtain 1.96eV [Tc@Ge12], 1.96eV [Pd@Ge12], 1.86eV [Zr@Ge12],
and 0.97eV [Co@Ge12] HOMO-LUMO gap for the most stable clusters. The stability of these clusters can
be defined using closed shell electronic configuration and the contribution of π and σ bond.

4. Charge transfer mechanism shows that the Tc, Pd and Zr atoms play role as a electron donor in the
system whereas Co inclined to accept the electrons.

5. PDOS calculation provides the information of localized “d” electrons near the Fermi level. The electron
density is mainly distributed around the TM atoms. PdGe12 would be a good candidate as the building
block with high magnetic moment for cluster assembly system.

So the overall conclusions suggest that the investigations of new hybrid semiconductor clusters doped with
different TM atoms are very useful in electronic devices, laser application and sensors. The theoretical
modeling also show possibility of designing miniature devices using pure and TM doped hybrid semiconductor
clusters.
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Table 1 Bond length (Å), Frequency (cm-1), and Ionization potential (eV) of different dimmers, comparison
with theoretical and experimental data’s
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Table 2 Bond length (Å), and Frequency (cm-1), of different dimmers with different functional

Table 3 Calculation of the average binding energy, HOMO-LUMO gap, bond length of Ge-TM, and the
relative energy (ΔE) difference between stable isomers

Table 4 Accumulation of natural charges in TM@Ge12 [TM = Co, Pd, Tc, and Zr] clusters

Figures –

Figure 1 .Optimized minimum energy structure of pure Ge12 cluster with high symmetry points. Arrows
show endohedral and exohedral position.

Figure 2. Trends of decreasing stability order in optimized structure of M@Ge12 (M = Co, Pd, Tc, and
Zr) with minimum energy difference among them.

Figure 3 . The average binding energy of TM@Ge12[TM = Co, Pd, Tc, and Zr] clusters compared with pure
Ge12 cluster with their minimum energy structure. Blue band shows the binding energy of pure germanium
cage cluster.

Figure 4 . Calculated binding energy of TM@Ge12[TM = Co, Pd, Tc, and Zr] with all other high key point
symmetry.

Figure 5 . HOMO-LUMO gap of TM@Ge12 [TM = Co, Pd, Tc, and Zr] clusters

Figure 6 Partial densities of states (PDOS) for Ge12 and Ge12Pd, Ge12Tc shows a significant change in the
PDOS at the Fermi level due to doping of Pd and Tc.
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