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Abstract
In the present study electronic structure and stabilities of cationic gold-doped germanium clusters, AuGen (n = 1 to 20), and their
assemblies have been investigated by density functional theory (DFT) modeling. Computational results show a good relationship
between the thermodynamic parameters, average binding energy, embedding energy, fragmentation energy, etc., with the per-
centage hybridization between different Ge 4s, Ge 4p, and Au 5d atomic orbitals, which plays a dominating role in the
stabilization of anionic AuGe7, AuGe10, Au(Ge7)2, Au(Ge9)2, and Au(Ge10)2 clusters. Other thermodynamic and chemical
parameters are also found consistent with the observed thermodynamic stabilities of the nanoclusters. In smaller size range (n
< 11), Au atom always absorbs on the surface or vertex of pure Ge cluster. From n = 11, endohedral doping starts. In the
assembled clusters, Au atom play the role as a bridging atom in Au(Ge7)2, Au(Ge9)2, and Au(Ge10)2 clusters. Stability of the
AuGe7, AuGe10, Au(Ge7)2, Au(Ge9)2, and Au(Ge10)2 are explained using magic number in shell-filled model and mixed (π-σ)
aromatic rule. As per the symmetry and structure of AuGe12 cluster, it is comparable to a nido-cluster, and hence, its stability is
explained using Wade-Mingos rule. Calculated VDE, ADE, HOMO-LUMO gap, and VIP have very close agreement with the
experimental results. IR and Raman frequencies show that the vibration nature of the clusters could produce electromagnetic
radiation in the far infrared region which is useful for medical applications.
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Introduction

The group IV-A clusters, especially silicon and germanium
encapsulated by transition metals, continue to attract much
attention due to their potential as assembled nanomaterials in
the field of microelectronic and nanoelectronic industries.
Recently, the main focus in this filed got shifted to explore
the stability and electronic structures of these nanoclusters
where the role of valance electrons in hybridization is sup-
posed to be crucial [1–13]. Pure silicon and germanium clus-
ters are usually unstable due to presence of unsaturated bonds
over the surfaces of the clusters. Encapsulation of transition
metals atom(s) with the pure semiconductor clusters absorbs

the dangling bonds and enhances the stability of the clusters.
Among the group 14 elements in periodic table, Ge always is
an ideal replacement of Si because of its higher electron and
hole mobility [14,15]. Therefore, Ge-based hybrid semicon-
ductors need to explore for new materials with potential ap-
plications in electronic industries.

In recent time, a number theoretical and experimental stud-
ies on the electronic structures, thermodynamic and chemical
properties, stabilities, etc., of transitionmetal (TM)-doped ger-
manium clusters are reported [16–26]. These studies show that
the doping of TM atoms not only improves the stabilization of
pure germanium cages but also modifies the property of these
nanoclusters in a wide range by adapting HOMO-LUMO gap,
spin states, and the charge transfer nature between the pure Ge
cages and the TM metal atoms. It is also possible to model a
cluster-assembled materials with specific electronic and mag-
netic properties by modifying the pure germanium cluster as a
unit of cluster-assembled materials after TMmetal doping. To
understand the stability of these nanoclusters, the electronic
structures of the nanoclusters are explained on the basis of the
electron-counting rule, shell-filled model, three-dimensional
aromatic properties of the cluster, electron localization

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11224-018-1239-5) contains supplementary
material, which is available to authorized users.

* Debashis Bandyopadhyay
debashis.bandy@gmail.com

1 Department of Physics, Birla Institute of Technology and Science,
Pilani, Rajasthan 333031, India

Structural Chemistry (2019) 30:955–963
https://doi.org/10.1007/s11224-018-1239-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s11224-018-1239-5&domain=pdf
http://orcid.org/0000-0003-0658-1822
https://doi.org/10.1007/s11224-018-1239-5
mailto:debashis.bandy@gmail.com


function, etc. However, enhanced stability of some of the
clusters obtained experimentally and theoretically sometimes
cannot be explained using these existing rules [27–33]. This
fact essentially makes existing rules somewhat unclear.
However, in the demand of stability, Reveles and Khanna
[34] raised the presence of free electron gas formed by the
valence electrons inside the TM-Si cluster cages and ex-
plained the stability of different magnetic nanoclusters on
the basis of existing electron-counting rules. It is important
citing here that in phenomenological shell model, one-
electron levels in spherically confined free-electron gas and
the clusters having 2, 8, 18, 20, 34, 40 58, 68, etc., number of
valance electrons fulfill the shell-filling numbers and attain
enhanced stability. As an example, the higher abundance of
neutral TiSi16, cationic VSi16, and anionic ScSi16 clusters in
the experimental study of Koyasu et al. [35] follow the shell-
filled model with 68 valance electron structure.

With the current standing of this field, the present study set
to carry out a systematic investigation on AuGen (n = 1–20)
clusters in anionic state with an aim to explore its potential as a
designer material. Gold has large electronegativity and high
electron affinity. One can explore it to achieve a cluster-
assembled material with potential applications. Furthermore,
due to the high thermoelectric power and hot electron effect,
gold-doped germanium clusters are useful in fabrication of
thermopiles [36], cryogenic phonon sensors [37], etc. A num-
ber of theoretical and experimental investigation on gold-
doped germanium clusters have been reported before
[38–44]. The present study is focused on to explain the stabil-
ity of the clusters from the electronic structure of the clusters
and their assemblies within the size range of n = 1–20.

Computation

In the present study, all structural optimization of the predicted
geometries of the AuGen clusters are performed within the
framework of generalized gradient approximation (GGA)
with the PBE exchange-correlation functional [45,46] under
density functional theory (DFT) as executed in the Gaussian
’09 package program [47]. Standard Gaussian-type basis sets
cc-pvtz for Ge atom and the scalar relativistic effective core
potential Stuttgart/Dresden (SDD) basis set [48] (also avail-
able in Gaussian ’09 package) for the Au atom are used to
express the molecular orbitals (MOs) of all atoms as linear
combinations of atom-centered basis functions. All geometry
optimizations are performed with no symmetry constraints.
During optimization, it is always possible that a cluster with
particular guess geometry can get trapped in a local minimum
of the potential energy surface. To avoid this, the global search
method (structure prediction) by using USPEX [49] is
employed at the beginning of the geometry selection of the
bigger sized (n > 5) clusters. The predicted geometries are

then optimized using VASP [50–54] to get global ground state
geometry in each size (Electronic Supplementary
Information). In the next stage, the globally optimized ground
state isomers are again re-optimized using Gaussian ’09 as
mentioned above to get more accurate information about the
geometry. Self-consistent field processes during geometry op-
timization are carried out with a convergence criterion of 10−6

Hartree on the energy and electron density. The vertical de-
tachment energies (VDEs) are calculated as the energy differ-
ences between the neutral (in doublet-spin state) and anionic
clusters (in singlet-spin state), both at the optimized geome-
tries of anionic classes. The adiabatic detachment energies
(ADEs) were calculated as the energy differences between
the neutral molecules and anions after relaxing the anionic
cluster geometry (in singlet-spin state) in neutral state (in
doublet-spin state). The ground state energies of the stable
clusters in each size are corrected by including the zero-
point energy (ZPE) of the clusters.

Results and discussions

Energetics and stability

Calculated optimized structures obtained by using USPEX
and VASP are more or less similar to the previous reports
[44, 55–57] for the sizes less than n = 14. Selected low-lying
optimized isomers in each size are shown in Electronic
Supplementary Information (ESI Fig. 1). To monitor the rela-
tive stabilities of anionic AuGen clusters, different thermody-
namic parameters, such as the average binding energy (BE),
fragmentation energy (FE or Δn,n − 1), and second-order
change in energy (relative stability parameter orΔ2), are stud-
ied. Based on the thermodynamic parameters, AuGe7,
AuGe10, and AuGe12 are found most stable species. Further,
bigger-sized stable clusters are found as cluster assemblies.
These assemblies are the combination of AuGe7(cationic) +
Ge7(neutral cage), AuGe9(cationic) + Ge9 (neutral cage), and
AuGe10(cationic) + Ge10 (neutral cage). These clusters can be
better understood by taking Au as breeding atom between Gen
cages. So, these stable cationic clusters can also be represented
as Ge7-Au-Ge7 (i.e., Au(Ge7)2), Ge9-Au-Ge9 (i.e., Au(Ge9)2),
and Ge10-Au-Ge10 (i.e., Au(Ge10)2). The average binding en-
ergy per atom of these clusters in general is defined as
BE ¼ nEGe þ EAu−EAuGenð Þ= nþ 1ð Þ. It calculates the energy
gained during the formation of cluster from individual atoms,
where n is the number of Ge atoms in the cluster. The variation
of binding energies is shown in Fig. 1. With reference to Fig.
1, n = 5, 7, 10, 12, and the clusters assemblies with n = 14, 18,
and 20 are identifies as the stable clusters. At the lower size,
the variation in BE with the cluster size is relatively higher
than the bigger sizes. This is the indication of thermodynamic
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instability of the smaller-sized clusters. In the binding energy
variation, there are a number of local maxima, at n = 7, 10, 12,
14, 18, and 20. These local maxima are indicating thermody-
namic stability of the clusters. In this context, it is important to
mention that in general embedding energy (EE) of a cluster
series follow the same trend as BE. Embedding energy can be
defines as EE ¼ EAuGen−EGen−EAu. So, positive value of the
embedding energy always indicates the higher stability, and
this can be seen in the present study. Variation of embedding
energy that is presented in Fig. 1 supports the variation of BE.
It shows local maxima at n = 7, 10, 12, 14, 18, and 20. In the
previous experimental study on the same system followed by
a theoretical calculation by Lu et al. [44], endohedral anionic
AuGe12 (Ih symmetry) with icosahedral structure is identified
as the most stable isomer, which has been justified by shell
model which will be discuss in the later section. In the present
study, we have also identified the same structure as local max-
ima. To further check the stability of the clusters during the
growth process and to answer a related but slightly different
question during the growth process by adding one by one Ge
atom to the Ge-Au dimer, the fragmentation energy and the
second-order difference in energy (Δ2) are calculated follow-
ing the relations given as

Δn;n−1 ¼ −EAuGen−1 þ EGe−EAuGen andΔ2

¼ −EAuGen þ EAuGen−1−2EAuGen

According to the definition, higher positive values of these
parameters indicate higher stability of the clusters compared to
its immediate smaller and next bigger clusters during growth
process. Variations of FE and relative stability with the cluster
size are shown in Fig. 2. These parameters also supported the
stability results of BE and EE parameters. Variation of these
four thermodynamic parameters always show the enhanced sta-
bility of anionic AuGe7, AuGe10, AuGe12, Au(Ge7)2,
Au(Ge9)2, and Au(Ge10)2 clusters. As mentioned earlier,

enhanced stability of the clusters can be efficiently explained
in terms of electronic shell models developed for metal clusters.
It has been shown for metal clusters that whenever a new shell
starts getting occupied for the first time, the vertical ionization
potential (VIP) and vertical (and adiabatic) detachment energy,
VDE (and ADE), drop sharply. In the present report, variation
of calculated VDE and ADE along with the experimentally
obtained results [44] are shown in Fig. 3. The variations of
calculated VDE and ADE are more or less similar to the exper-
imentally obtained vertical detachment energies (VDE and
ADE) by Lu et al. [44] and show that sharp peaks at n = 7,
10, 12, 14, 18, and 20 indicate the stability of these clusters.
Similar picture is found in the variation of vertical ionization
potential (VIP) and HOMO-LUMO gap of these clusters
(Fig. 4). Kinetic stability of the clusters can be obtained from
the presence of local maxima of the HOMO-LUMO gap (ΔE)
variation of the clusters during growth process. With reference
to Fig. 4, local maxima in HOMO-LUMO gap support the
higher chemical stability of the clusters with n = 7, 10, 12, 14,
18, and 20. All the stable clusters have large HOMO-LUMO
gaps as 1.64 eV, 1.723 eV, 1.90 eV, 1.12 eV, 1.19 eV, and
1.68 eV for AuGe7, AuGe10, AuGe12, Au(Ge7)2, Au(Ge9)2,
and Au(Ge10)2, respectively. Overall, there is a local oscillation
in HOMO-LUMO gap. Variation of VIP is perhaps the most
important parameter to examine the stability of the clusters. The
nature of variation of VIP and HOMO-LUMO gaps is similar
with the local minima at the same cluster sizes. Overall VIP
values decrease continuously with the increase of the cluster
size. Therefore, both thermodynamic and chemical parameters
support the enhance stability of n = 7, 10, 12, 14, 18, and 20
clusters. To understand the charge exchange between the ger-
manium cage and the embedded Au atom during hybridization
with the germanium cluster, variation of charge on the Au atom
and the average charge per Ge atom in the ground state AuGen
clusters as a function of the size of the cluster is calculated using
Mulliken charge population analysis and is presented in Fig. 5.
It is well known that after doping of transition metal atom in Ge
clusters, TM atom behaves as electron donner to the Gen cage
and enhances the stability of the clusters. In the present work, it
is found that for n = 12, there is a drastic change in the charge
value. This is because of highly symmetric nature of the ground
state anionic AuGe12 cluster that gives enhanced stability to this
cluster. The theoretical stability of anionic AuGe12 has been
explained by Wade-Mingos [58–60] rule and shell-filled struc-
ture obtained from electronic shell perspective.

Stability and electronic shell model

From the results we have obtained from the energetics of the
clusters, it is clear that not a single, but a number of clusters
can be accepted as theoretically stable clusters in single anion-
ic state. Since most of these stable clusters are holding shell-
filled number or are close to shell-filled number, therefore, in
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this section their stability will be explained from the electron
shell perspective. As per the recent reports [61–63] on highly
stable metal-doped Si, Ge, Sn, and Pb cage clusters, the main
cause of their stability is identified as due to the strong hybrid-
ization between the transition metal atom with the host cages
when the electron energy states of the single electron orbital of
the cluster follow the shell model sequence. Within the shell
model, the successive occupation of a level, giving a magic
number, leads to a stabilized cluster. According to the phe-
nomenological shell model, the valance electrons in a cluster
are usually delocalized over the surface of the whole cluster,
whereas the nuclei and core electrons can be replaced by their
effective mean-field potential. Therefore, theoretically calcu-
lated molecular orbitals S, P, D, F, G, etc., of the clusters are
expected to have the similar shape to those of the s, p, d, etc.,
atomic orbitals. The sequence of the electronic shells depends
on the shape of the restricting potential used in the calculation.

In general, for a spherical cluster with a square well potential,
the orbital sequence is 1S2, 1P6, 1D,10 2S2, 1F14, 2P6, 2D,10

1G18, and 1H22 corresponding to close shell structure with 2,
8, 18, 20, 34, 40, 58, 68, 90, … number of electrons.

The clusters with enhanced stability obtained from the ener-
getics analysis with n = 7, 10, 12, 14, 18, and 20 are having 40,
52, 60, 68, 84, and 92 number of valance electrons, which are
the shell-filled number or close to the shell-filling numbers. The
first member of these stable clusters is anionic AuGe7 holding
40 valence electrons which is a shell-filled number. The single-
electron orbitals are shown in ESI Fig. 2. Out of these 40 elec-
trons, six 2D electrons are assigned in non-bonding (NB) or-
bitals. Therefore, the revised orbital sequence becomes 1S2;
1P6; 1D6; 2D2(NB); 2D4; 2D4 (NB); 2S2; 1D4; 1F4; 2P6.
Though, all orbitals are not total filled, but the top most 2P6

orbitals is completely field and fulfilling the shell-filled number
34 that gives enhance stability to this cluster. Distributions of

Fig. 2 Variation of FE and
stability parameter of anionic
AuGen (n = 1–20) ground state
clusters with the cluster size (n)

Fig. 3 Variation of reported and
calculated VDE and ADE of
anionic AuGen (n = 1–20) ground
state clusters with the cluster size
(n)
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these electrons’ energy levels are shown in density of state
distribution (DOS) in (ESI Fig. 3), and degeneracy in energy
levels are shown in (ESI Fig. 4). To understandDOS clearly, the
degenerate energy levels are presented. In each energy level,
group contribution of Ge atoms and Au atom is shown. In the
lower energy levels, dominating contribution comes from Gr
group, whereas in the higher orbitals, Au contribution is more
compared to the lower energy levels. It is to be noted that
dominating contributions in the assigned non-bonding orbitals
are from Au. So, there is clear significance between the simi-
larity of orbitals, DOS, and energy levels.

The ground state of pure Ge10 is bi-capped antisymmetric
square prismatic structure with D4d symmetry. It has total 40
valance electrons (which is a shell-filled number) in the se-
quence: 1S2 1P6 1D10 1F4 2S2 1F12 2P6 (ESI Fig. 2).
Therefore, all 1S, 1P, 1D, 2S, 2P, and 1F levels are completely
filled. Hence, the structure has enhanced stability. Addition of

Au at endohedral position does not improve the stability, and
finally, it takes a positionwhich is connected to a vertexGe atom
appearing as a global ground state at this size. In anionic
AuGe10, total 52 electrons are distributed in the sequence: 1S2;
1P6; 1D10; 1F2; 2D10; 2S2; 1F10; 2P2; 1F2; 1F*2; 2P4 with a
number of P, D, and F double-degenerated levels as shown in
(ESI Fig. 4). Corresponding total density of states (DOS) and
with the position of these energy levels are shown in (ESI Fig.
3). From the (ESI Fig. 4), degenerate orbitals and corresponding
strength in DOS can be seen. The first peak in DOS in the lower
energy side is purely due to 1S2 contribution from Ge group of
atoms. Next, DOS is the overlap between 1P2 and degenerated
1P4 orbitals. Here also, Au contribution is negligible. All 1D10

orbital contribution grouped together in DOS. Here also, Ge
cage contribution is dominating. Clearly, the first 1F2 orbital is
due to overlap between the Ge cage and Au atom. Therefore, in
DOS, both of these contributions are comparable. In the eighth

Fig. 5 Variation of charge on Au
and average charge/Ge atom in
AuGen (n = 1–20) ground state
clusters with the cluster size (n)

Fig. 4 Variation of HOMO-
LUMO gap and VIP of anionic
and neutral AuGen (n = 1–20)
ground state clusters, respectively,
with the cluster size (n)
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and ninth peaks of DOS, though the dominating contribution is
from Au –2D orbital, but considerable amount of cage contri-
butions can be seen clearly at the beginning. The first three Au –
2D orbitals are very close (ESI Fig. 4). Among these three, the
lowest-energy one is a mixture of NB Au 2DZ

2 and cage 1S2

orbitals. Therefore, in DOS, a considerable amount of cage con-
tribution can be found. Next two degenerated levels are well
separated that followed by 2S2 orbital. Following the group
contribution in DOS, the higher peaks in DOS are mainly due
to the cage contribution. Above 2S2 orbital, two degenerated F
orbitals are Fσx(x

2
− 3y

2
) and Fσy(3x

2
− y

2
). In the sequence, the

next significant orbital is HOMO-2, which is due to formation of
antibonding between Au-d and Ge10 Fz orbitals and assigned as
1Fz

*. Therefore, both 1F and 2P orbitals are completely filled.
Excluding 2D10 non-bonding and 1F*2 antibonding electrons,
total 40 electrons are fulfilling the shell-filled number. Hence, it
gives higher stability to this cluster. Here, LUMO is 1G2 energy
levels. In a recent theoretical investigation [43], the orbital se-
quence of neutral CuGe10 (D4d) is found as 1S2, 1P6, 1D10,
2D10, 2S2, 1F14, 1P6, 1G1. Further, following the work of
Truong and Nguyen [41] and Hirsch et al. [64], to understand
the stability of anionic AuGe10 cluster, effect of spherical aro-
maticity on it is applied, where π-electrons are approximately
considered as spherical electron gas that spread over the spher-
ical (approximate) surface of the cluster. As per their report, the
stability in cationic CuGe10 cluster is due to σ-πmixed automa-
ticity. In the present case, in the ground state of anionic AuGe10
cluster, 2D10 molecular orbitals are non-bonding orbitals. In the
remaining 42 electrons, 1S2(σ), 1P6(σ), 1D10(σ), 1F2(σ),
1F4(σ), 1F4(σ), and 1F4(σ), i.e., 32 σ-electrons, and 2S2(π),
2P2(π), and 2P4(π), i.e., 8 π-electrons. As per the mixed (π-σ)
aromatic rule discussed byHirsch et al. [64], both 32σ-electrons
and 8 π-electrons follow 2(n + 1)2 counting rule for n = 3 and 1,
respectively. Therefore, sigma electrons and pi-aromaticity en-
hance the stability of the cluster.

In general, the icosahedron TMGe12 structures with D5h sym-
metry give enhanced stability mainly because of its structural
symmetry. In the present case, the cationic AuGe12 icosahedron
structure with D5h symmetry also shows enhance stability com-
pared to the other clusters in the same size. As we have obtained
from the study of energetics, it shows local maxima in BE, EE,
VDE, VEA, VIP, and HOMO-LUMO gap. It has total 60 va-
lance electrons which follow the orbital sequence as 1S2, 1P6,
1D10, 1F6, 2D10, 2S2, 1F8, 2P6, 1G12. Out of these 60 electrons,
Ge12 cage contributes 48 valance electrons and remaining 12
electrons come from Au-transition metal atom. As per the pre-
diction of Wade-Mingos rules [58–60], a close icosahedral tran-
sition metal-doped E12 cage structure can be formed for a system
with 4n + 2 = 50 valence electrons, in which 48 electrons are
coming from the E12 cage cluster and the other two electrons
are contributed from the net charge or from the subshell of tran-
sition metal atom. Following the explanation given by
Goicoechea and McGrady [38], in the present case, out of 12

electrons of anionic Au atom, two electrons are contributing in
the hybridization with the cage and remaining 10 electrons (in
non-bonding orbitals) do not take part in hybridization.
Therefore, the Ge12 cage contributes 48 valance electrons, 4 from
each Ge atom with 2 electrons from cationic Au atom, fulfilling
Wade-Mingos [58–60] rule. The assignment of the orbitals is
shown in SI Fig. 2. Corresponding DOS and degeneracy in en-
ergy levels are shown in ESI Figs. 3 and 4.

Stability of anionic AuGe14 cluster is straightforward. It is a
cluster assembly which is composed of ground state AuGe7 and
the cage of Ge7. Therefore, the hybridization takes place between
Ge7-Au

−-Ge7 units. As per the shell model, it has a shell closing
number of valance electrons (68). Following the orbitals of the
assembled cluster, we found both bonds and anti-bonds (see SI
Fig. 2). It follows the sequence as 1S2 1S*2 1P*4 1P6 1P*2 1D6

1D*6 2D10 2S2 2S*2 1D4 1D*4 2P4 2P*4 1F4 1F*41F2 (=68).
Comparing the orbitals of anionicAuGe7 and neutralGe7 orbitals,
one can understand the assigned orbitals of anionic AuGe14 clus-
ter. Among these, in Au 2D, out of 10 electrons, 6 electrons are
appearing as non-bonding electrons. Therefore, excluding the
electrons present in anti-bonding, remaining 34 electrons are ful-
filling the shell closing number. These electrons are 1S2 1P6 1D6

2S2 2D41D4 2P4 1F41F2. Similarly, orbital analysis of anionic
AuGe18 cluster gives the orbital sequence of 84 electrons as 1S

2

1S*2 1P2 1P*4 1P2 1P*2 1P2 1D6 1D*2 1D2 1D*2 1D2 1D*6 2D10

2S2 1F2 2S*2 1F10 1F*4 1F2 1F*2 1G14. Excluding the electrons
associated in antibonding, total 58 electrons are taking part in
bonding which is a shell-filled number. Here, hybridization takes
place between three units: Ge9-Au

−-Ge9. Here also, Au 2D or-
bitals are look localized, but they are not non-bonding orbitals.
These electrons have a little role in hybridization. Except 1S, 1P,
and 1D orbitals, all higher orbitals are not very close to the shape
of the theoretical single-electron orbitals. Roles of Au 2D elec-
trons are different from other clusters in this case, and this is clear
from the DOS/PDOS figure. In the region, where 2D orbitals are
appearing, at the position of each energy levels, one can find the
considerable amount of contribution both from Au and Ge cages.
Therefore, we cannot take it as non-bonding electrons. And it
supports the role of 58 electrons in the cluster. Compare to the
orbitals of cationic AuGe18, the orbitals of AuGe20 orbitals are
clearer. The assigned orbitals are in the sequence: 1S2 1S*2 1P2

1P*2 1P2 1P*2 1P2 1P*2 1D4 1D*2 1D2 1D*2 1D2 1D*4 1D2 2D10

2S2 1F4 2S*2 1F6 1F*4 1F2 1F*2 1F2 1G4 1F*4 2P2 1G2 2P4 2P*2

1G2. As in the case of cationic AuGe18, here also, Au orbitals are
not non-bonding and they are taking part in the hybridization
which is clear from the DOS. Therefore, shell model can be
applied in all stable clusters as explained.

Stability and natural bond orbital

It is known that the hybridization between Ge and Au is of
sp3d type in general. Natural bond orbital (NBO) analysis can
give a detail picture about the percentage hybridization in each
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cluster from different levels of the constituent elements. In the
present calculation, complete NBO analysis is shown in Fig.
5. In all stable clusters, except n = 12, there is a relative peak in
the hybridization between Ge s, p, and Au d orbitals. The
minima in anionic AuGe12 is due to the role of Au p orbital
which is not been counted in the graph. It is dominating
among all Au p contribution in the clusters (see column plot).

The same is true for n = 15–17 and 19 sized clusters. The
structural symmetry and aromaticity of n = 12 enhances its sta-
bility, which is not the same for n = 15–17 and 19 sized clusters.
Therefore, though the sp3d hybridization contribution in n = 12
clusters is less, but it is stable due the higher values of thermo-
dynamic parameters. Whereas, for other stable clusters, both
thermodynamic and kinetic parameters are consistent with the
sp3d hybridization. Therefore, complete NBO analysis supports
the stability of n= 7, 10, 14, 18, and 20 clusters.

IR and Raman

In addition to the study of electronic structure and stabilities of
these clusters, one of the key objectives of this work is to examine
the vibrational properties of stable clusters (ESI Fig. 5) and where
it can be used. In order to get vision into this work, we compare
the IR and Raman results of different clusters with the variation of
the variation of their size. Since the vibrational spectra are unique
structural fingerprints of the clusters, therefore, easy structural
identification is possible experimentally with the theoretical IR
and Raman vibrational information. Both IR and Raman frequen-
cies of the stable clusters are lying between the frequency range 50
to 300 cm except for n= 20 cluster. It has frequency range from
very close to zero to 300 cm. The IR and Raman spectra shown in
Fig. 6 have been generated based on the true IR and Raman
frequencies with a Gaussian width close to 3 cm. This range falls
within the far infrared region. FIR wavelength is too long to be
apparent by the eyes; however, the animal body experiences its
energy as a gentle radiant heat which can penetrate the skin up to

1.5 in. (in case of human body) produce any obvious skin heating
can also have biological effects. This is effective for muscular
damage repair and other related effect. In the present case, the
IR andRaman spectra for n= 7, 10, 12, and 14 are very prominent
and sharp. Only few dominating frequencies are present.
However, for n= 18 and 20, a number of frequencies are present.
This could be due to their structure linked with a single Au atom.
Absence of any imaginary frequency means that all vibrational
modes in the structures are acceptable without any resonance
mode. Therefore, these stable structures could be useful to produce
the FIR frequencies for different medical applications.

Conclusions

In the present theoretical study, thermodynamic and chemical
stabilities of neutral AuGen (n = 1–20) clusters have been per-
formed in a systematic way using density functional theory. The
structure prediction and global minima in each size are located
using USPEX and VASP. Calculated results reveal a highly
stable cationic AuGe7 AuGe10, AuGe12 clusters, and AuGe14,
AuGe18, and AuGe20 assembled clusters. These species are hav-
ing considerable large orbital energy gaps, high adiabatic de-
tachment energies, large fragmentation, and binding energy
and appearing as global ground state clusters. The following
conclusions can be made on the basis of the calculated results.

According to the variation of thermodynamic parameters, it is
found that cationic AuGe7, AuGe10, AuGe12, AuGe14, AuGe18,
and AuGe20 are the most stable species. It found that the BE in
doped clusters are always higher than the pure germanium clus-
ters. Overall variation of the thermodynamic parameters shows
local maxima at the sizes of the stable clusters. Rapid growth in
BE in the doped clusters, for n < 10, reflects the thermodynamic
instability of these clusters. Above n > 10 variation of average
BE is less. This indicates the thermodynamic stability of the
bigger-sized clusters. Local peaks in EE, FE, and stability
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parameters support the BE variation of BE curve. One of the
most important results of the present calculation is the variation
of HOMO-LUMO gap and VIP. Both of these parameters are
more or less similar to previously reported values [43,44]. The
sharp drop in IP when a Ge atom is added at n = 7, 10, 12, 14,
and 18 supports the shell-filled configuration of these clusters.
This is precisely what can be seen in the AIP values of these
clusters as shown in Fig. 4. Sharp drop in IP with the increase of
the cluster size from n to n + 1 is possibly the strongest indication
to support shell-filled cluster. Calculated AIP and VDE drops
considerably when the cluster size increases from the sizes of
the stable clusters n = 7, 10, 12, 14, and 18. These values are
close to the experimentally aswell as theoretically calculatedAIP
and VDE by Lu et al. [44]. Enhanced stabilities of these clusters
have been explained by existing rules, such as shell-filled model,
the mixed (π-σ) aromatic rule [57], and Wade-Mingos rules
[58–60]. NBO analysis shows that except cationic AuGe12 clus-
ter, stability of the other cluster can be supported because of high
sp3d hybridization between germanium cage and gold atoms.
Whereas, contribution of Au –p orbitals in cage clusters are
considerable higher that the stable clusters with higher sp3d hy-
bridization. Calculated IR and Raman frequencies show that
these frequencies fall in the far infrared region of electromagnetic
radiation which could be useful for different medical purpose
within a narrow region of the body.

Identification of the stable species and variation of chemical
properties with size in the TM-doped Ge clusters will help us to
design Ge-Au-based superatoms that can be future building
blocks for cluster-assembled designer materials and could open
up a new field in electronic industry. The present work could be
the preliminary step in this direction and will be followed by
more detailed studies on these systems in the near future.
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