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Abstract The present study reports the geometries, electronic
structures, growth behavior, and stabilities of neutral and
ionized copper-doped germanium clusters containing 1–20
Ge atoms within the framework of linear combination of
atomic orbitals density functional theory (DFT) under the
spin-polarized generalized gradient approximation. It was
found that Cu-capped Gen (or Cu-substituted Gen+1) and Cu-
encapsulated Gen clusters mostly occur in the ground state at a
particular cluster size (n). In order to explain the relative
stabilities of the ground-state clusters, parameters such as the
average binding energy per atom (BE), the embedding energy
(EE), and the fragmentation energy (FE) of the clusters were
calculated, and the resulting values are discussed. To explain
the chemical stabilities of the clusters, parameters such
as the energy gap between the highest occupied and the
lowest unoccupied molecular orbitals (the HOMO–
LUMO gap), the ionization energy (IP), the electron
affinity (EA), the chemical potential (μ), the chemical
hardness (η), and the polarizability were calculated, and
the resulting values are also discussed. Natural atomic
orbital (NAO) and natural bond orbital (NBO) analyses
were also used to determine the electron-counting rule
that should be applied to the most stable Ge10Cu cluster.
Finally, the relevance of the calculated results to the
design of Ge-based superatoms is discussed.
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Introduction

Atomic clusters containing few to a few hundred atoms have
attracted attention because of their importance in nanoscience
and nanotechnology. These clusters are considered to be a new
phase of matter with properties that are sensitive to the size
and composition of the clusters. The novel physical and
chemical properties of these nanoscale clusters could lead to
many new and exciting applications. Many new fields of
research have evolved that aim to probe and unravel the
properties of the nanoclusters. Among these atomic clusters,
pure and hybrid semiconductor nanoclusters have attracted a
lot of theoretical and experimental attention due to their
potential industrial applications [1–7]. However, pure semi-
conductor clusters are chemically reactive [8]. Hence, stabiliz-
ing these clusters is an important and major challenge before
any application of them. The main cause of the instability or
reactivity of semiconductor clusters is the presence of unsatu-
rated dangling bonds in the cluster. Encapsulating one or more
transition metal atoms inside the semiconductor cluster can
saturate the dangling bonds and enhance the stability of the
cluster [9, 10]. The exohedral addition of hydrogen atoms to
pure or hybrid semiconductor clusters can also “tie up” the
dangling bonds and improve the stability of these clusters [11].
It has been noted that the fullerene-like hydrogenated silicon
cages of formula SinHn with n020, 28 30, 36, 50, and 60 are
very stable with large HOMO–LUMO energy gaps, which
makes them suitable for optoelectronic and other applications
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[8, 9, 12–16]. Important experimental contributions have been
made by several research groups on the stability of transition
metal doped semiconductor clusters. Using a laser vaporization
supersonic expansion technique, Beck [17, 18] showed that the
addition of transition metals such as Cr, Mo, and W to Si
clusters enhanced the stability of the doped clusters compared
to the pure Si clusters of the same size by subjecting them to
photofragmentation. Hiura et al. [19] reported the formation of
a series of stable transition metal doped Si cages. O’Hara et al.
[20] studied the geometric and electronic structures of anionic
SinTb clusters with photoelectron spectroscopy and a chemical
probe method, and proved that the Tb atom always remains
encapsulated inside Si10 clusters. Recently, Bandyopadhyay
[21, 22] and Bandyopadhyay et al. [23–25] reported an exten-
sive study of the electronic structures, growth behavior, and
different physical and chemical properties of pure and transi-
tionmetal doped Si and Ge clusters (TM@MnwhereM 0 Si or
Ge; TM 0 Ti, Zr, Hf, V, Sc; n01–20). They found that metal-
doped fullerenes such as M16TM (Si or Ge; TM 0 Ti, Zr, Hf),
Ge15V, and Ge17Sc clusters are the most stable chemically
species among all of the clusters they studied. Recently, a
detailed theoretical study of pure and hybrid Ge nanoclusters
in neutral and cationic states was reported by Bandyopadhyay
and Sen [26]. They found that the growth behavior of these
clusters (Gen and GenNi, n01–20) presents two different
trends in two different size ranges. In the smaller size range
(n<9), the binding energy increases rapidly with cluster size
and then tends to saturate in the larger size range (n>12).
Across the whole size range, Ge10Ni, which is a 20-electron
cluster, is the most stable species. Many experimental results
on pure Ge clusters have been reported by several groups
[27–31]. Some of recent investigations of pure and halogen-
doped Ge clusters have mainly focused on optimized geome-
tries, binding energies, ionization potentials, electron affinities,
and so on [30, 31]. Other theoretical and experimental contri-
butions from different groups have examined the endohedral
doping of transition metal doped, hydrogenated, cage-like Ge
clusters [32–35].

Although many extensive experimental and theoretical
studies have been performed so far, one question has still not
been adequately addressed: the science behind the stability of
these nanoclusters. Depending upon their compositions, dif-
ferent neutral and charged clusters are stable at different sizes.
An “electron-counting rule” is sometimes used to explain the
stability of such clusters. In transition metal doped Si and Ge
clusters, the stabilities of the clusters are often found to obey
an 18-electron counting rule (also known as the “octet rule”)
and sometimes a 20-electron counting rule [24–26, 36]. It is
well known that cluster stability depends upon the nature of
the transition metal used to dope the host semiconductor
cluster. As example, according to the 18-electron rule, Si12Cr
and Si12W should be the most stable clusters in the 3d and 5d
transition metal doped Sin series, respectively [10], whereas,

according to the 20-electron rule, TM@M16 among the clus-
ters TM@Mn (TM 0 Ti, Zr, Hf;M 0 Si or Ge) [21–24], Ge15V,
Ge17Sc, and Ge10Ni [25, 26] are the most stable structures
across the whole size range (n01–20). Recent investigations
have shown that an electron-counting rule cannot always
explain the stabilities of some clusters [37, 38]. In addition
to an electron-counting rule, it is sometimes necessary to
apply the free-electron gas theory with the Wigner–Witmer
(WW) spin conservation rule [39] to calculate the embedding
energy (EE), which is one of the most important parameters
for explaining the thermodynamic stabilities of clusters.
Again, the free-electron gas picture is not valid in every case;
for instance, the anionic clusters Mn@Si12 and Co@Si12 have
the highest embedding energies even though they are 20- and
22-electron clusters, respectively [40]. On the other hand,
Koyasu et al. [41] experimentally verified the validity of
electron-counting rules by studying the electronic and geo-
metric structures of Si16Ti clusters using different spectro-
scopic techniques and demonstrating that neutral Si16Ti
(a 20-electron cluster) has a closed-shell electronic configura-
tion with a large HOMO–LUMO gap. A large HOMO–
LUMO gap always helps to increase cluster stability, as it
reduces cluster reactivity. Recently, Bandyopadhyay and
others [24–26] used DFT studies to show that TM@Mn

(M 0 Si or Ge; TM 0 Ti, Zr, Hf, Sc, V, Ni; n01–20) systems
show the same behavior.

Following from the research described above on pure
and transition metal doped Si and Ge clusters, the work
described in the present paper was performed in an attempt
to explain the enhanced stability of the Ge10Cu cluster among
the GenCu (n01–20) series of clusters by studying the phys-
ical and chemical properties of all of the ground-state clusters
in this series using density functional theory (DFT). Although
such GenCu (n01–13) clusters have already been studied
theoretically [41], the clusters examined previously were
much smaller than the size of a nano quantum dot. Therefore,
the larger clusters studied in the present work have more
practical relevance, and the results obtained here can be com-
pared with the corresponding data obtained experimentally in
the future. The main focus of the present study was to explain
the thermodynamic stability of these clusters in their neutral
and charged states along with their chemical properties in
detail.

Computational

In the present work, all of the theoretical calculations were
performed within the framework of linear combination of
atomic orbitals density functional theory. The exchange-
correlation potential contributions were incorporated into the
calculation using the spin-polarized generalized gradient ap-
proximation (GGA) proposed by Perdew andWang (B3PW91)
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[42–45]. The standard Gaussian basis (LanL2DZ) was used to
express the molecular orbitals (MOs) of all atoms as linear
combinations of atom-centered basis functions. LanL2DZ is a
double-ζ, 18-valance electron basis set with a LANL effective
core potential (ECP) [46]. This basis set can reduce the diffi-
culties associated with the two-electron integrals caused by the
transition metal atoms [47–50]. All geometry optimizations
were performed with no symmetry constraints. During optimi-
zation, it is always possible that a cluster with a particular
guessed geometry can get trapped at a local minimum on the
potential energy surface. To avoid this during the optimization
of clusters of a particular size, several initial guessed geome-
tries with different spin states (doublet to sextet) were used to
search for the ground-state (GS) isomer. In order to check the
validity of the applied methodology, a trial calculation was
carried out on the Ge–Ge dimer. The calculated Ge–Ge bond
length was 2.54 Å (with a frequency of 250.66 cm−1), which is
within the range of the values obtained theoretically as well as
experimentally by Nagendran et al. [51]. The bond length of
the Cu–Cu dimer obtained using the present method was
2.25 Å, and the corresponding frequency was 259.75 cm−1.
These are in good agreement with the experimental value for
the bond length (2.22 Å) and the experimental frequency
(266 cm−1), respectively [52, 53]. Same calculations were also
performed at the B3LYP/lanL2DZ and B3LYP/SDD (SDD is a
triple-ζ, 18-valance electron basis set with the Stuttgart/
Dresden effective core potential) levels. Comparing these
results with those obtained at the B3PW91/LanL2DZ level
of calculation, it was found that the values for the optimized
bond lengths of the dimers obtained by the latter method were
in better agreement with the experimental data. Therefore, in
the present study, the B3PW91/LanL2DZ level of calculation
was used. In a recent report, Wang and Chao [54] discussed
the compatibilities of different methods that are used for Si
and Ge clusters. In the present calculation, bearing in mind
their calculation method, all of the ground-state geometries of
the clusters with n01–20 obtained using B3PW91/LanL2DZ
were checked at the B3LYP/LanL2DZ and B3LYP/SDD lev-
els of calculation. The physical and chemical parameters of
the clusters were found to behave in samemanner at both levels
of calculation. The optimized electronic structure was obtained
by solving the Kohn–Sham equations self-consistently [55]
using the default optimization criteria of the Gaussian 03
program [54]. The initial guessed geometries of the clusters
were constructed on the basis of reported optimized geometries
[26, 41] as well as intuition founded on the growth behavior of
the clusters. To check the reliability of the optimized geome-
tries, a frequency check calculation of the harmonic vibrations
of the clusters was done. If an imaginary frequency was found
in a particular vibrational mode, relaxation was performed
along that mode until the true local minimum was obtained.
Geometry optimizations were carried out to a convergence
limit of 10−7 Ha in the total optimized energy. The optimized

geometries as well as the electronic properties of the clusters of
each size were obtained from the calculated program output.
All theoretical calculations were performed with the Gaussian
03 software package [56].

Results and discussion

In a previous report, a detailed discussion of the growth
behavior of Gen clusters was presented [26]. In the present
section, the growth behavior of GenCu clusters will be dis-
cussed within the size range of n01–20 based on the calcu-
lated values of various parameters of the different optimized
ground-state isomers at each size.

The first member of this series is the Ge–Cu dimer. The
optimized structure has a doublet spin state with C∞v point
group symmetry. The bond length of the dipole is 2.36 Å and
its frequency is 238.28 cm−1. Adding a Ge atom to the opti-
mized Ge–Cu dimer with no symmetry constraints leads to
four possible geometries. The isomer with triangular geometry
(2A), a doublet spin state, and C2v point group symmetry (see
Fig. 1a) is the ground state. The same structure also can be
optimized by capping the Ge2 dimer with a Cu atom or by
replacing a Ge atom in Ge3 that is in a triangular geometry with
a Cu atom. Among the three remaining geometries, Ge–Cu–
Ge is a bent structure (2B), while the other two are linear chain
isomers (2C and 2D) with the Cu atom at different positions in
the chain, as shown in Fig. 1a.

Three different geometries were optimized for the next
cluster size, n03. Two of them are arranged in a rhombus,
while the third has a pyramid-like structure with a triangular
Ge3 base. This structure can be obtained by replacing a Ge
atom in a planar Ge4 rhombus structure with a Cu. Depending
upon the position of the Cu atom, two different rhombi can be
obtained. The first isomer (3A) shown in Fig. 1a is a bent
rhombus with C2v symmetry in a doublet spin state, and this
isomer is higher in energy than the other planar rhombus
geometry (3C). The latter rhombus structure can be obtained
after optimizing a Cu-capped triangular Ge3 structure in the
same plane. In the 3A and 3C structures, the Ge–Ge–Ge angles
are 129.77° and 65.72°, respectively, whereas the Ge–Cu–Ge
angles are 114.18° and 67.86°.

Five stable structures were optimized for Ge4Cu. The
ground-state isomer (4A) shown in Fig. 1a is obtained by
replacing the apical Ge atom in the Ge5 pyramidal structure
with C2v symmetry while retaining its bent Ge4 rhombus base,
or by capping the planar Ge4 rhombus with a Cu atom (in the
optimized structure, the planar rhombus is transformed into a
bent rhombus structure). The next isomer (4B), which as Cs

symmetry, is a pentagon; see Fig. 1a. This structure can be
obtained by capping the planar rhombus 3A in the same plane
with a Ge atom on a Ge–Cu arm. The remaining three struc-
tures are of the same type (4C, 4D, and 4E). These structures
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1A† : 199.92au : C•v 2A† : 203.73au : C2v 2B : 203.65au : C2v 2C : 203.63au : D•h 2D : 203.71au : C•v 3A : 207.52au : C2v

3B : 207.52au : Cs 3C† : 207.53au : C2v 4A† : 211.34au : C2v 4B† : 211.31au : Cs 4C : 211.31au: C2v 4D : 211.28au : C2v

4E† : 211.281au : C2v 5A : 215.160 au : C2v 5B : 215.167au : C2v 5C† : 216.167au : C2v 6A : 218.97au : Cs 6B : 218.95au : Cs

6C† : 218.97au : Cs 7A† : 222.77au : Cs 7B : 222.77au : Cs 7C : 222.77au : Cs 7D : 222.74au : Cs 8A : 226.57au : C2v

8B†  :226.57au : Cs 8D : 226.57au : D3d 9A : 230.41au : C2 9B : 230.38au : C2v 9C : 230.41au : C2 9D : 230.36au : Cs

9E : 230.38au : Cs 9F† : 230.41au : C2 10A : 234.27au : S8 10B : 234.26au : S8 10C† : 234.26au : C2 10D : 234.26au : S8

10E : 234.24au : D5h 11A† : 238.05au : Cs 11B : 238.03au : Cs 11C : 238.03au : C1 11D : 238.02au : Cs 11E : 238.03au : Cs

11F : 238.05au : C2v 12Fulla:241.83au:C2 12Hexa :241.85au : Ci 12Icosa† :241.86au:Ci 13A : 245.63au : Cs 13B† : 245.65au : C1

a

Fig. 1 a Optimized structures of neutral GenCu (n01–20) clusters,
including their optimized energies and point group symmetries. b
Contributions of the different valance orbitals of Ge and Cu atom(s)

to the HOMO of the Ge10Cu icosahedral ground-state cluster, as
obtained from NBO analysis. The numbers below the clusters represent
the occupancies of the valance orbitals
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13C : 245.63au : C1 13D : 245.63au : Cs 13E : 245.64au : C1 14A† : 249.48au : Cs 14B : 249.45au : D4h 14C : 249.44au : C1

14D : 249.44au : C1 15A† : 253.26au : Cs 15B : 253.19au : Cs 15C : 253.21au : C2 15D : 253.25au : Cs 15E : 253.25au : C2

15F : 253.25au : C1 15G : 253.24au : C2 15H : 253.21au : C2v 16A : 257.02au : C1 16B : 257.02 : C1 16C† : 257.07au : C2 

16D : 257.04au : C1 16E : 257.03au : C1 16F : 257.03au : C1 16G : 257.03au : C1 16H : 257.03au : Cs 17A : 260.87au : C1

17B† : 260.88au : C1 17C : 260.86au : C1 17D : 260.86au : Cs 17E : 260.82au : Cs 17F : 260.82au : Cs 17G : 260.86au : C1

17H : 260.83au : C1 17I : 260.80au : C1 17J : 260.87au : C1 17K : 260.83au : Cs 18A† : 264.67au : Cs 18B : 264.64au : Cs

18C: 264.64au : Cs 18D : 264.65au : Cs 18E : 264.59au : D2 18F : 264.63au : C1 19A† : 268.46au : C1 19B : 268.43au : Cs

19C : 268.43au : C1 19D : 268.43au : C2v 20A† : 272.27au :C1 20B : 272.26au : C1 20C : 272.24au : C1 20D : 272.26au : C1

*1 atomic unit (au)=27.212 eV; †ground state; optimized energies presented are rounded to two decimal places

Fig. 1 (continued)
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take the form of a rhombus with a tail, with the Cu atoms at
different positions. Sometimes the tails are not in the plane of
the rhombus.

Three different geometries were optimized for Ge5Cu.
Their structures are similar and their optimized energies are
also very close to each other. These structures can be obtained

Ge 4s: s 4p: px 4p: py 4p: pz

1

1.71167 0.83039 0.8327 0.6258

2

1.71363 0.8285 0.7384 0.71928

3

1.71476 0.82821 0.62894 0.82889

4

1.65288 0.91281 0.7251 0.72513

5

1.71518 0.82748 0.72154 0.73645

6

1.65272 0.91373 0.72526 0.72581

b

Fig. 1 (continued)
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by replacing a Ge atom by a Cu from different positions of a
symmetrical bicapped rhombus-based Ge6 structure. The new

geometries obtained following Cu substitution give optimized
structures with a planar rhombus or various kinds of bent

7

1.71112 0.83098 0.62527 0.83328

8

1.7138 0.82858 0.83007 0.62866

9

1.71084 0.83101 0.72054 0.73746

10

1.71222 0.83 0.73556 0.72308

C
u

4s:s 3d:dxy 3d:dxz 3d:dyz

0.48412 1.96953 1.96958 1.96733

3d:dx
2

y
2 3d:dz

2 Ge10Cu HOMO

1.96468 1.96653

Fig. 1 (continued)
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rhombi at the base. Among these isomers, the bent rhombus
structure with C2v point group symmetry (5C) shown in
Fig. 1a is the ground state.

Three different geometries were optimized for the next
cluster size, Ge6Cu. The first structure, 6A in Fig. 1a, is
obtained by replacing a Ge atom in a side-capped Ge7 cluster
by Cu. The Ge7 geometry can be obtained from a bicapped
pyramidal Ge6 structure with a rhombus base by side-capping
it with a Ge atom. A similar kind of optimized structure (6C) is
obtained by modifying the bonding of the side-capped Ge
atom in the initial guessed structure. This structure is more
relaxed than the 6A isomer, and is the ground state. Both of
the structures have Cs point group symmetry, and the differ-
ence between their total optimized energies is negligible. The
6B structure can be obtained by capping a Ge6 hexagonal
structure with a Cu atom. The optimized structure (6B) is
boat-shaped, with the Cu atom at the top vertex position above
the center, as shown in Fig. 1a.

Four different isomers were optimized for Ge7Cu. The
ground-state structure 7A can be obtained from the initial
guessed geometry in a similar way to the Ge6Cu (6B) struc-
ture, but with an additional Ge cap on the other side of the Cu.
Therefore, the structure is similar to a bicapped Ge8 structure
with a hexagonal base. The optimized structure of 7C is
similar to that of 7A except in the position of the Cu atom,
and there is also aminor difference in their optimized energies.
Compared to 7C, 7A is a more relaxed structure. The opti-
mized 7B structure is bicapped with a pentagonal base. A Ge
atom caps one face of the pentagonal plane. The other side of
the plane is capped by a Ge–Cu dimer. The 7D structure is
similar to the cubic Ge8 structure, but with one Ge atom
replaced by a Cu. All four isomers of Ge7Cu have Cs point
group symmetry, similar to Ge6Cu, as shown in Fig. 1a.

Several guessed Ge8Cu structures were optimized. Among
them, three optimized isomers are presented here. The other
isomers are similar in structure but vary slightly in energy. The
first structure, 8A, absorbs Cu atom exohedrally. In the second
structure (8B), the Ge8 matrix is not a closed structure. The
guessed structure can be obtained by joining two bent pentag-
onal planes with a Ge–Ge arm. These two pentagons can
absorb the Cu atom inside the pocket created by the pentag-
onal planes. The optimized geometry contains a partially
endohedrally absorbed Cu, and is the ground state. The third
structure (8C) absorbs the Cu atom endohedrally, and has a
total optimized energy close to that of the 8A isomer. This is
the smallest cluster that can absorb a Cu atom endohedrally in
this series. All three structures belong to different symmetry
groups, as shown in Fig. 1a.

Five different stable isomers of Ge9Cu were optimized. The
optimized energies of 9A, 9C, and 9F are very similar, and 9F
is the ground-state isomer. The structure of 9A is much relaxed
than those of 9C and 9F. All of these structures have C2 point
group symmetry and can absorb the Cu atom endohedrally. A

slight modification of the 8D isomer of Ge8Cu yields the
guessed structure 9A. Optimization after adding a Ge atom to
any Ge–Ge side arm of the cubic 8C structure yields structure
9A. Isomer 9B is a modified bicapped pyramidal Ge5Cu (5A)
structure with a rhombus base, where four additional Ge atoms
have been added as side-capped elements. The third isomer,
9D (Cs point group symmetry), is a combination of two bicap-
ped Ge4-based pyramidal structures linked by a Ge–Ge side
arm, where Cu substitutes one of the corner Ge atoms. The last
isomer in this series, 9E, comprises a Cu atom that is adsorbed
onto the surface of the Ge9 structure. The optimized structure
can be obtained by capping the opposite planes of a Ge5
pentagon with a Ge3 triangle and a Ge–Cu dimer, respectively.

All of the isomers of Ge10Cu are of a similar type except for
10E (Fig. 1a), in which the Cu atom is adsorbed onto the
surface of a Ge10 cluster. The initial guessed geometries of
the four similar isomers were different, but the optimized
isomers are all kind of icosahedral, with almost the same
optimized energies. Among these structures, 10C is clearly
icosahedral and is the ground state. In this structure, the Cu
atom bonds with all ten Ge atoms symmetrically. It has a very
low electrostatic dipole moment and carries the most charge on
the Cu atom among all the clusters in the series. The isomer
10E is a combination of two parallel Ge pentagonal planes and
an endohedrally added Cu atom. This structure has D5h sym-
metry. Again, in this structure, the Cu atom bonds with ten Ge
atoms, but its total optimization energy is much less than the
ground-state icosahedral structure 10C.

As the size of the cluster increases, the number of isomers
for a particular cluster size increases exponentially, making it
is a challenging job to search for the ground-state cluster. For
Ge11Cu, different possible guessed geometries were opti-
mized, and six of the lowest-energy isomers are presented in
Fig. 1a. The ground-state isomer, 11A, has Cs point group
symmetry. Its structure can be attained by adding a Ge atom to
the icosahedral ground-state structure 10C. The next isomer,
11B, has a Cu atom that is endohedrally absorbed by a
pentagonal Ge10 prism structure with an additional Ge atom
capping the side arm of a pentagonal plane. Structure 11C is
similar to 11B except that the Ge atom caps a side plane
between the two pentagons, as shown in Fig. 1a. The fourth
isomer, 11D, is also an endohedrally Cu-doped Ge11Cu struc-
ture, where the Ge atom caps the pentagonal plane. The next
isomer, 11E, is a combination of two pentagons connected by
a Ge–Ge arm and six quadrilaterals to form a cage structure.
Both 11D and 11E have Cs point group symmetry. The isomer
11F with C2v point group symmetry is a cage structure con-
sisting of one pentagon connected to a parallel quadrilateral
and then bicapped by two Ge atoms.

Following the growth pattern of the stable isomers in the
GenCu series, five different stable isomers were optimized for
Ge12Cu. Among those five, three very common and important
geometries are presented in Fig. 1a. The first structure shown
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in the figure is a fullerene-like structure: a combination of four
pentagons and four rhombi. The next is a hexagonal prism
structure in which two relaxed hexagonal Ge6 planes absorb
the Cu atom endohedrally. The guessed structure of the third
isomer, 12C, is a combination of two parallel pentagonal
planes capped by two Ge atoms. The optimized geometry of
the third isomer is icosahedral, and is the ground state for the
Ge12Cu composition.

For the next cluster size (n013), five different isomers were
optimized. The isomer 13A, shown in Fig. 1a, is a Ge-capped
hexagonal Ge12Cu structure. The next structure, 13B, is a
combination of four pentagons and five rhombi, and is the
ground-state isomer for this cluster size. All four pentagons
are connected to the base rhombus. The Ge atoms positioned
at the top vertex of each pentagon are connected to the
topmost Ge in the 13B structure, as shown in Fig. 1a. The
total optimized energy of this structure is much lower than
those of the other isomers formed by capping different posi-
tions on the Ge12Cu hexagonal structure with a Ge atom, and
is therefore the ground-state structure. The first structure, 13A,
is a relaxed structure with a capped hexagonal plane. The
other three isomers were optimized by capping different side
planes or side arms of the hexagonal Ge12Cu structure with Ge
atoms, as shown in Fig. 1a.

Three different isomeric structures were optimized for
Ge14Cu. The first structure, 14A, with Cs point group sym-
metry, is the ground-state geometry. It is a combination of six
pentagons and three isolated rhombi with an additional Ge
atom added to the Ge atom at the top vertex position of the
13B structure, as shown in Fig. 1a. Each rhombus is connected
to four pentagons separately and a Ge–Ge dimer that links all
the rhombi, and all of the pentagons are also connected to a
Ge–Ge dimer. It is well known that a combination of penta-
gons and isolated rhombi absorbs excess strain resulting from
the presence of unsaturated dangling bonds on the Ge or Si
cluster surface, thus enhancing the stability of the cluster. In
addition, the presence of endohedrally absorbeded transition
metal atom(s) also helps to improve the stability of the clusters
by “tying up” the unsaturated bonds, as discussed before. The
second optimized isomer, 14B, which has D4h point group
symmetry, adopts a symmetric bicapped hexagonal structure
with a total of twelve rhombi. The other two structures, 14C
and 14D, can be obtained by capping two side planes of the
13A and 13C structures with Ge atoms. Both of these struc-
tures are highly asymmetrical, and their optimized energies
are also much higher than the ground-state isomer.

Adding appropriate numbers of Ge atoms to the optimized
structures obtained in the range n012–14 yields eight different
Ge15Cu isomers (Fig. 1a). Adding one Ge atom at different
vertices of the isomer 14B leads to the optimized isomers 15A
and 15B. The geometry of the ground-state isomer 15A is
more relaxed than that of 15B. The third structure, 15C, is a
slight modification to the Ge10Cu structure in which the Cu

atom is capped by two parallel pentagonal planes (10E). Add-
ing two Ge dimers to two opposite side planes of this Ge10Cu
and one Ge atom between the leftover Ge–Ge side arm results
in the optimized isomer 15C. Isomers 15C and 15E are similar
and the difference between their optimization energies is
negligible. Optimizing the initial guessed structure obtained
by adding five Ge atoms to the five side arms of the pentag-
onal Ge10Cu prism structure (10E) shown in Fig. 1a produces
the stable structure 15E with the C1 symmetry state. Another
pentagonal cross-sectional tube-like isomer (15G) with an
endohedrally absorbed Cu atom and C1 point group symmetry
is shown in Fig. 1a. Due to the presence of unsaturated strain
at the two ends of the tube, the pentagonal end faces are not
flat, whereas the middle section is almost a flat pentagonal
plane with a Cu atom at the center. Optimizing after adding
two Ge atoms to the two opposite Ge–Ge arms of the base
rhombus in the Ge13Cu structure 13B results in the optimized
15H isomer.

Eight different optimized structures are presented for the
Ge16Cu series. The first isomer, 16A, with C1 point group
symmetry, is an optimized structure with a modified 13A
geometry capped by a Ge3 triangle on the open hexagonal
face. The next isomer, 16B, can be constructed from a hexag-
onal Ge12Cu prism isomer where one side is capped by a Ge3
triangular plane and the other side by a Ge atom. The total
optimized energies of both of these isomers (16A and 16B) are
very similar. The guessed geometry of the ground-state isomer
16C can be obtained from the isomer 14A by adding a Ge4
rhombus in place of the top Ge–Ge dimer. This isomer has C2

point group symmetry. Optimization after adding two Ge
dimers to the two opposite side planes of the hexagonal
Ge12Cu prism structure yields the isomer 16F. The isomer
16G can be obtained after optimizing the tubular isomer 15G
that has been capped on one side. Capping the two pentagonal
planes of the isomer 13B with two Ge atoms and the base
rhombus with one Ge atom leads to the isomer 16H. The
isomers 16D and 16E are similar to 16H and barely differ in
their optimized energies. In the isomer 16D, the central Ge
atom on the hexagonal surface is positioned slightly inside the
cage, but it always stays in contact with (i.e., bonded to) the
Ge atoms in the hexagonal base plane, as shown in Fig. 1a.

A number of optimized isomers were optimized for
Ge17Cu. Among these optimized structures, eleven isomers
(17A to 17K) are presented in Fig. 1a, and 17A is the ground
state. 17A is obtained after adding a Ge atom to one side of the
rhombus in the 16C structure. The next three cage structures
17B, 17C, and 17D can be obtained by optimizing the guessed
structures that result when three Ge atoms are added to the
ground-state isomer 14A at different positions. Similar to
15G, the structure of 17G is a bicapped closed tube with a
pentagonal cross-section. The other six structures for this
cluster size are modified 16F or 12Hexa geometries. In these
modified structures, the additional Ge atom(s) cap or connect
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to the 16F or 12Hexa geometries at different positions to form
Ge17Cu isomers.

All of the structures for Ge18Cu can be explained by
referencing 17E or hexagonal isomers of Ge12Cu. The isomers
18A, 18B, 18C, and 18E can all be constructed from 17E by
adding one Ge atom on the opposite side of the floating Ge
atom and then connecting it to the other Ge atoms. Adding one
more hexagonal plane to the hexagonal Ge12Cu structure
yields the isomer 18D, which looks like an open tube with a
hexagonal cross-section. Optimization after the addition of
three Ge–Ge dimers to three alternate side planes of the
hexagonal Ge12Cu geometry gives isomer 18F. Four different
optimized isomers of composition Ge19Cu are shown in
Fig. 1a. The ground-state isomer 19A is obtained by adding
one Ge atom to the ground-state isomer 18A. The isomers
19B and 19D are obtained by capping different hexagonal
surfaces of the tubular Ge18Cu structure of hexagonal cross-
section with a Ge atom. The isomer 19C in Fig. 1a is the result
of optimizing the guessed structure obtained by capping the
hexagonal Ge12Cu structure with Ge atoms at seven different
positions. The ground-state isomer 20A of Ge20Cu is a com-
bination of 12 pentagons. Each side of a pentagon is
connected to another pentagons, so that every pentagon is
linked to five others. The next two structures, 20B and 20C,
can be obtained by adding two Ge atoms to the isomer 18E in
different ways. 20D can be obtained by adding eight Ge atoms
to the hexagonal Ge12Cu structure, or by capping the closed
side of the isomer 19B with an additional Ge atom.

Upon examining the growth pattern of GenCu clusters, it
appears that cluster growth can be classified into three differ-
ent categories. The first is Cu-capped structures where the Cu
atom is added to a smaller pure-Ge cluster to form GenCu. In
the second category, a Ge atom in Gen is replaced by a Cu to
form a Gen−1Cu cluster. Both of these categories are observed
in the smaller cluster size range, where the cluster starts from
either a Ge–Ge or a Ge–Cu dimer. A Cu or Ge atom is then
directly added to Gen or Gen−1Cu to form a GenCu cluster. In
the third category, the Cu atom is partially encapsulated in the
GenCu cluster. Complete encapsulation of the Cu atom by the
Ge cluster is seen from n08 and above. After that, it is only
possible to add a Ge atom to a GenCu cluster to form a Gen
+1Cu cluster. We discussed the formation of larger GenCu
clusters from smaller sizes by adding one or more Ge atom
(s) earlier in this section. It was found that larger clusters
prefer to retain the Cu atom as the encapsulated atom in
GenCu cage clusters.

Electronic structures and stabilities of GenCu
nanoclusters

The electronic structures and stabilities of GenCu nanoclusters
are discussed in this section on the basis of the variations in

some calculated physical and chemical parameters—the bind-
ing energy (BE), the HOMO–LUMO gap (or ΔE), the
embedding energy (EE), the stability or the second-order
difference in energy (Δ2), the ionization potential (IP), the
electron affinity (EA), and the chemical potential (μ)—with
the cluster size. By monitoring the behavior of these parame-
ters as the cluster size increases, we investigated whether or
not electron counting can explain the relative stabilities of the
clusters.

To explore the relative stabilities of GenCu clusters with
increasing n (from n01 to 20), we first calculated various
thermodynamic parameters of the clusters: the binding energy
(BE), the embedding energy (EE), the HOMO–LUMO gap
(ΔE), and the relative stability or the second-order energy
difference (Δ2).

The binding energy per atom of a cluster, following the
WW rule [39], was defined as follows:

BE ¼ � EGenCu � nEGe � ECuð Þ= nþ 1ð Þ; ð1Þ

where BE is the binding energy per atom of the cluster, and
EGe, ECu and EGenCu are the energies of Ge and Cu and the
ground-state energy of the GenCu cluster, respectively. The
binding energies of charged clusters were also calculated
using the same equation. The binding energies of different
neutral and charged clusters, along with the binding energy of
pure Ge clusters, are shown in Fig. 2. The graphs show a rapid
increase in the average binding energy per atom of the cluster
in the small size range (for n<7). This is because of the
thermodynamic instability of smaller clusters. For clusters of
size n>5, the binding energy curve increases at a relatively
slow rate with n, and finally saturates for the larger clusters
(n>10). For neutral clusters, the binding energy per atom in
the saturation region (n010–20) varies within ±0.01 eV, with
the maximum binding energy occurring at n010, whereas the

Fig. 2 Binding energies of neutral and charged Gen and GenCu clus-
ters as a function of cluster size
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maximum binding energy is observed for anionic and cationic
states at n09 and n011, respectively. According to the 18- or
the 20-electron counting rule, the binding energy and other
physical parameters (as discussed in the next section) should
be highest or lowest at n07 and n09, respectively, for neutral
clusters. Thus, electron counting does not work here, in con-
trast to other systems [39–41]. Therefore, to understand the
detailed electronic charge distributions in the complexes,
Mulliken natural bond orbital (NBO) analysis was performed,
which allowed us to see how the valance electrons of Ge and
Cu atoms are shared in bonds. In general, Ge is more electro-
negative than Cu: the electronegativities of Cu and Ge on the
Pauling scale are 1.90 and 2.01, respectively. Mulliken popu-
lation analysis also showed that, in this system, charge is
always transferred from Cu to Ge, so Cu acts as an electron
donor in GenCu clusters. The results of a detailed NBO
analysis of the icosahedral Ge10Cu structure are shown in
Table 1. As mentioned before, according to the 20- or 18-
electron counting rule, different physical and chemical
parameters that can explain the thermodynamic and chem-
ical stabilities of the clusters should show local or global
peaks (maxima) or dips (minima) at n09 or 7 for neutral
Cu-doped Ge clusters. However, according to our theoret-
ical calculations, these parameters does not show any max-
ima or minima at n09 or n07. However, they do show
regular behavior at n010 for neutral clusters and n09 (or 11)
for anionic (or cationic) clusters. According to the electron-
counting rule, Ge10Cu is supposed to be a 21-electron cluster.
From Table 1, and noting the atom numbering system for the
icosahedral Ge10Cu structure shown in Fig. 1b, it is clear that
the electronic occupancies of the Ge atoms positioned in
equatorial belts (1–10, excluding 4 and 6) are all the same,
and the occupancies are also the same for the Ge atoms at the
polar positions (4 and 6), but these occupancies are different

from those for the Ge atoms in equatorial positions. The
valance orbital distributions of Ge atoms are limited to s, px,
py, and pz, whereas those for Cu include s, dxy, dyz, dzx, dx²−y²,
and dz². Figure 1b shows the contributions of these valance
orbitals of Ge and Cu atoms to the HOMOof the cluster. From
Table 1, it is clear that, among the 11 valance electrons of the
Cu atom, a total of 10.32 electrons are used to form ten-
coordinate bonding with the ten Ge atoms in the cage. Since
the positions of the Ge atoms are symmetrical about the Cu
atom, and 10.32 electrons are donated during the bonding
with the ten Ge atoms, we can expect that (on average) the
same number of electrons (1.032) will be supplied by each Ge
atom in the cage to complete the bonding with the Cu atom.
Therefore, using the free electron theory, we find that approx-
imately 20 electrons are present in the cage. The remaining
valance electronic charge (11e − 10.32e00.68e) on the Cu
atom does not take part in the bonding, and may be present in
the cage as an unsaturated lone pair. More detailed NBO
analysis is needed to explain how the excess charge is accom-
modated in the Ge10Cu cage. Therefore, the Ge10Cu cluster can
be considered an almost 20-electron cluster, which shows
maximum stability, as also found by studying other parameters.

The embedding energies (EEs) of the clusters were also
calculated to explain their thermodynamic stabilities. The
embedding energy can be defined in different ways, meaning
that it can be positive or negative depending on the definition
used. In the present study, the embedding energy of a cluster
was defined as

EE ¼ � EGen þ ECu � EGenCuð Þ ¼ EGenCu � EGenþECuð Þ ð2Þ

which is always negative. As before,EGenCu and EGenare
the ground-state energies of the GenCu and Gen clusters,
respectively, while ECu is the energy of the Cu atom. Applying

Table 1 Results of the NBO
analysis of the neutral
Ge10Cu cluster

Electronic charge
e01.60217646×10−19 C

Atom Atom number
(in atom numbering
scheme)

Charge (e) Number of
core electrons

Valance orbital electronic occupancies

4s 4p 5p Total

Ge 1 −0.267 28 1.71 2.29 0.02 4.02

Ge 2 −0.266 28 1.71 2.29 0.02 4.02

Ge 3 −0.265 28 1.71 2.29 0.02 4.02

Ge 4 −0.250 28 1.65 2.36 0.01 4.02

Ge 5 −0.265 28 1.72 2.29 0.02 4.02

Ge 6 −0.251 28 1.65 2.36 0.01 4.02

Ge 7 −0.266 28 1.71 2.29 0.02 4.02

Ge 8 −0.265 28 1.71 2.29 0.02 4.02

Ge 9 −0.267 28 1.71 2.29 0.02 4.02

Ge 10 −0.266 28 1.71 2.29 0.02 4.02

Cu 11 2.628 18 4 s 3 d Total

0.48 9.84 10.32
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the WW spin-conservation rule [39], the above equation can
be modified as follows:

EEWW ¼ MEGenCu � MEGen þ 0ECu

� �
; ð3Þ

whereM is the total spin of the cluster or the atom in units
of h/2π. As an example, if the cluster GenCu is in a doublet
state, to calculate the embedding energy we must use the
energy of the Cu atom in the doublet state with that of the pure
Ge cluster in either the singlet or the triplet spin state. More
precisely, in this case, we choose the lower of the resulting two
embedding energies. In the present calculation, all ground
states of the doped clusters are doublets. Therefore, to calculate
the embedding energy according to theWW spin-conversation
rule, the pure Ge clusters were taken to be in either the singlet
or the triplet state. If the multiplicity of the Cu atom changes
from doublet to quartet, the shape of the embedding energy
graph does not change; the graph is simply shifted by an
amount of energy 4ECu � 2ECu. In the present calculation, the
WW rule [39] was applied when using the above method to
calculate the embedding energy (in order to understand the
relative stability). For charged (±) clusters of multiplicity M,
the embedding energy of such a cluster can be written as

EEðMGenCumÞ ¼ MEGenCum � 1EGemn þ M�1ECu

� �
or MEGenCum

� 0EGemn þ MECu

� �
:

ð4Þ
Embedding energies as a function of the size of the cluster

for both neutral and charged states are shown in Fig. 3. There is
a clear local minimum for the neutral clusters in the embedding
energy graph at n010. Interestingly, for the anionic clusters,
the embedding energy shows a local minimum at n09, where-
as, for the cationic clusters, the local minimum shifts to n011.
This also occurs—although not so prominently—in the plot of
binding energy versus cluster size. Thus, both neutral and
charged Ge10Cu clusters show enhanced stability.

To further check which is the most stable cluster in the
GenCu series during the growth process, Ge atoms were
added to the Ge–Cu dimer one by one, and the stability
parameter was calculated. The stability parameter Δ2(n) is
defined, following the work reported by Bandyopadhyay
and Sen [26], as follows:

Δ2ðnÞ ¼ EGenþ1Cu � EGenCu

� �� EGenCu � EGen�1Cuð Þ
¼ EGenþ1Cu þ EGen�1Cu � 2EGenCu: ð5Þ

According to this definition, the more positive the value of
Δ2(n), the greater the stability, as it corresponds to a gain in
energy during the growth process from the size immediately
below, and less of a gain in energy to the next cluster size up.
The stabilities of neutral and charged clusters are shown in
Fig. 4. The variation in Δ2(n) for neutral and charged clusters
shows regular behavior, just as for the embedding energy.
Though the stabilities of anionic clusters are positive and tend
to increase with n, just like neutral and anionic clusters, they
are not as stable as the cationic and neutral clusters. The peaks
at n09, 10, and 11 for anionic, neutral, and cationic clusters,
respectively, represent clusters with enhanced stability. In gen-
eral, the clusters that are “magic” (i.e., have positive stabilities)
in the neutral state remainmagic inmost of their charged states.

Again, to investigare the growth behavior of GenCu clus-
ters around n010, the fragmentation energy (FF) or Δ(n,n−1)
for each of the clusters in each growth step was calculated
starting from the Ge–Cu dimer. The fragmentation energy was
defined as follows:

Δ n; n� 1ð Þ ¼ EGenCu � EGen�1Cu þ EGeð Þ

¼ EGenCu � EGen�1Cu � EGe:
ð6Þ

It is clear that there is a sharp drop in the fragmentation
energy from n010 to 11 in the neutral state and from n09
(or 10) to 10 (or 11) in anionic (or cationic) GenCu clusters,

Fig. 3 Embedding energies of neutral and charged GenCu clusters as a
function of cluster size

Fig. 4 Stabilities of neutral and charged GenCu clusters as a function
of cluster size
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as shown in Fig. 5. This sharp drop in fragmentation energy
for both neutral and charged clusters is an indication that the
neutral cluster with n010 is the most stable. Therefore, it is
clear that the BE, EE, Δ2(n), and Δ(n,n−1) all indicate that
the cluster with n010 has a relatively high thermodynamic
stability. The charge on the Cu atom and the average charge/
Ge atom as functions of the size of the cluster are shown in
Fig. 6. Just as for the other parameters discussed above, the
charge on the Cu or Ge atom shows a local maximum or
minimum at n010. This result provides further support for
the calculated relative stabilities and fragmentation energies.
It is clear that the charge transferred from the Cu atom to the
Ge cage in the icosahedral Ge10Cu structure is considerable,
and this enhances the electrostatic interaction between the
cage and the Cu atom, which plays an important role in
stabilizing the cage structure of Ge10Cu.

To study the kinetic stabilities of the clusters in a particular
reactive environment, the HOMO–LUMO gap (ΔE), ioniza-
tion potential (IP), electron affinity (EA), chemical potential
(μ), chemical hardness (η), and polarizability (α) of each
cluster were calculated. In general, as the HOMO–LUMO
gap (ΔE) increased, the reactivities of the clusters decreased.
The HOMO–LUMO gaps of neutral and charged clusters are
plotted in Fig. 7. As also seen for other transition metal doped
Si and Ge clusters [21–26], a decreasing trend was observed
for the HOMO–LUMO gap with increasing cluster size for
both neutral and charged clusters, with some local oscillations.
There are clear local maxima at n010, 9, and 11 for neutral,
anionic, and cationic GenCu clusters. This again indicates that
the Ge10Cu cluster is unusually stable.

In the present study, one of the main aimswas to explain the
relative stabilities of the clusters in terms of simple electron-
counting rules. As reported in a previous study of metal
clusters, according to the electron shell model, whenever an
electron is added to a previously empty shell, the adiabatic

ionization potential (IP) drops sharply [37]. In a report on the
Lin series, de Heer [57] showed that the L20 cluster is a shell
field configuration, and there is a sharp drop in ionization
potential when the cluster grows from L20 to L21. If the
enhanced stability of the Ge10Cu cluster is due to a shell field
configuration, there should be a sharp drop in ionization
potential when one more Ge atom is added to this cluster.
Indeed, Fig. 8 clearly shows that this is the case. There is a
local peak in the ionization potential graph at n010, and then a
sharp drop in IP from n010 to 11. This drop in IP could be a
strong indication that there is almost a free-electron gas inside
the Ge10Cu cage cluster. The IP of the Ge11Cu cluster is in the
same range as those of transition metal atoms. Hence, it may
be possible to form a number of stable halides using this
cluster. The discovery of such stable clusters can aid in the
identification of new semiconductor–TM metal-based
“superatoms” that can be used as building blocks for cluster-
assembled designer materials.

Fig. 5 Fragmentation energies of neutral and charged GenCu clusters
as a function of the cluster size

Fig. 6 Charge on the Cu atom and average charge/Ge atom in GenCu
as functions of the cluster size. Here, positive and negative signs
represent the charge donated and received, respectively

Fig. 7 HOMO–LUMO gaps of neutral and charged GenCu clusters as
a function of cluster size
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Another parameter that can help us to understand the
chemical stability of a system is its electron affinity. This
can be defined as

EA eVð Þ ¼ EGenCu � EGenCu� : ð7Þ
Based on this definition, electron affinity (EA) is always

positive, and clusters with greater electron affinity are more
reactive and hence less stable. The electron affinity as a
function of cluster size is shown in Fig. 8, along with the
ionization potentials of the clusters. In the graph, there is a
local minimum at n010, between two local maxima at n09
and at 12. There is a hike in the electron affinity from n010
to 11 that continues up to n012. Then again, there is a sharp
drop in the electron affinity from n012 to 13. The dip in EA
at n010 is an indication of the enhanced stability of the
Ge10Cu cluster in the neutral state.

In addition to the above parameters, the maximum
hardness principle (MHP) can also be used to characterize
the relative stability of a system [58–60]. To verify the
chemical stabilities of the clusters, the chemical potential
(μ) and chemical hardness (η) of the ground-state cluster
for each cluster size were calculated. The chemical poten-
tial and chemical hardness can be expressed in terms of
the electron affinity and ionization potential. If E(ne) is the
energy of an ne-electron system, then the energy of the
system containing ne + Δne electrons, where Δne << ne,
can be expressed as

Eðne þΔneÞ ¼ EðneÞ þ dE

dn

����
n¼ne

Δne þ 1

2

d2E

dn2

����
n¼ne

Δneð Þ2

þ higher � order terms:

ð8Þ

Since the contribution from higher-order terms is negli-
gible, μ and η can be defined as

μ ¼ dE

dn

����
n¼ne

and η ¼ 1

2

d2E

dn2

����
n¼ne

¼ 1

2

dμ
dn

����
n¼ne

: ð9Þ

By definition, IP ¼ Eðne � 1Þ � EðneÞand EA ¼ EðneÞ�
Eðne þ 1Þ.

By setting Δne ¼ 1, μ and η can be related to IP and EA
via the following relations:

μ ¼ � IPþ EA

2
and η ¼ IP� EA

2
: ð10Þ

Consider two systems with μi and ηi (i01, 2) that are in
contact with each other, and where some electronic charge
(Δqe) is transferred from one system to the other. The
quantity Δqe and the resulting energy change (ΔE) due to
the charge transfer can be determined in the following way.

If E(ne + Δqe) is the energy of a system after a charge
transfer, then this energy can be expressed for two different
systems 1 and 2 in the following way:

E1 n1e þΔqeð Þ ¼ E1ðn1eÞ þ μ1 Δqeð Þ þ η1 Δqeð Þ2 andE2 n2e �Δqeð Þ
¼ E2ðn2eÞ � μ2 Δqeð Þ þ η2 Δqeð Þ2:

ð11Þ
The corresponding chemical potentials become

m0
1 ¼

dE1ðnþΔqeÞ
dn

����
n¼n1e

¼ m1 þ 2h1Δqe and

m0
2 ¼

dE2ðn�ΔqeÞ
dn

����
n¼n2e

¼ m2 � 2h2Δqe:

ð12Þ

When the systems are in chemical equilibrium, i.e.,μ0
1 ¼ μ0

2,
the charge transfer and energy gain are given by the following
expressions:

Δqe ¼ μ2 � μ1

2 η1 þ η2ð Þ andΔE ¼ μ2 � μ1ð Þ2
2 η1 þ η2ð Þ : ð13Þ

In this expression,ΔE is the energy gained by the overall
system (systems 1 and 2) due to the exclusive alignment of
the chemical potentials of the two systems at the same value.
From the expressions for Δqe and ΔE, it is clear that charge
transfer from one system to the other becomes easier as the
difference in μ increases while η1 and η2 decrease. Therefore,
ΔQ andΔE reflect the reaction affinity between two systems.
Since they are functions of the chemical potential and the
chemical hardness of the system, it is important to calculate
these parameters in order to gauge the chemical stability of the
system in a particular environment.

Using the above theoretical background, values of the chem-
ical potential (μ) and chemical hardness (η) of Cu-doped Gen
clusters were calculated. If we look at Fig. 9, the chemical
potential at n010 shows a visible albeit not very clear peak
between n09 and 11. The local minimum in the chemical
potential at n09 is an indication that this cluster size is more
stable than its neighboring cluster sizes. Figure 9 also shows
that variation in chemical hardness—a measure of the chemical

Fig. 8 Ionization potentials and electron affinities of GenCu clusters as
functions of cluster size
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reaction affinity of the cluster (for covalent bonding)—with
cluster size exhibits a local maximum. This local maximum is a
measure of the resistance (or “hardness”) of the electronic
clouds surrounding the cluster to being shared in a chemical
bond with an external species. Therefore, the peak at n010
indicates that this cluster size is relatively stable. Again, to
understand the effect of the chemical hardness on the polariz-
ability, the polarizability parameter was calculated for each
cluster, and the results are plotted in Fig. 10. According to the
theoretical work reported by Hati and Datta [61] and Ganti and
Ghosh [62], for covalent bonding, harder usually means less
polarizable. Comparing the graphs of chemical hardness and
polarizability in Figs. 9 and 10, the above statement appears to
be true for the cluster of size n010. To some extent, the
electrostatic dipole moment of a cluster is also related to its
atomic polarizability. However, cluster structure also plays a
role here. In a symmetrical cage-like structure where the Cu
atom is at the center of the cage, the electrostatic dipole moment
of the cluster is usually very low, as seen for the ground-state
cluster 10A for instance. The dipole moments of the clusters
suddenly increase when oneGe atom is dropped or added to the
cluster. The ground-state clusters within the size range n09–16

are all cage types with an endohedrally absorbed Cu. The
dipole moments of these clusters vary from 0 to 0.89 debye.
The first dipole moments of the clusters studied in this work
initially decrease with cluster size, show zero or very low
values within the range n010–15, and then tend to increase at
larger cluster sizes, when cage distortion starts to appear.

Conclusions

The theoretical study reported here investigated the growth
behavior, stabilities, and the electronic and various chemical
and physical properties of GenCu clusters within the size
range n01–20, as calculated under the spin-polarized gener-
alized gradient approximation (GGA) proposed by Perdew
and Wang (B3PW91). The calculated results can be summa-
rized as follows:

& The growth behavior for GenCu clusters shows two main
patterns. In the smaller cluster size range (i.e., before the
encapsulation of the Cu atom becomes possible), the Cu or
Ge atom is added directly to the Gen or Gen−1Cu cluster to
form GenCu clusters, and the binding energy of the cluster
increases much more rapidly than for the larger clusters.
After it becomes possible for the cluster to encapsulate the
Cu atom (i.e., for Gen clusters with n>7), the GenCu
clusters tend to grow by absorbing Ge atoms one by one
on their surfaces, while retaining the Cu atom inside the
cage.

& It was found that the addition of a Cu atom to a Ge
cluster is always a favorable action, whatever the cluster
size, as the embedding energy is negative for every
neutral and charged cluster. All clusters with n>7 absorb
Cu endohedrally into the cage of the pure Gen cluster.

& The relative stabilities of these clusters are rather interest-
ing. Upon exploring the trends in the BE, EE, Δ(n,n−1),
and Δ2(n) with cluster size, it was found that neutral,
anionic, and cationic clusters with n010, 9, and 11, respec-
tively, are the most stable clusters. Detailed NBO analysis,
as discussed above, showed that neutral and charged clus-
ters with nearly 20 valence electrons show enhanced sta-
bility, in agreement with shell model predictions. This is
also seen in the IP values of the GenCu clusters, as there is a
sharp drop in IP from n010 to 11. Although the stability
parameter does not show variations that are as strong as
those seen for the HOMO–LUMO gaps of the charged
clusters, there is still a local maximum at n010 in the
neutral state. This is an indication that this cluster has
enhanced stability, just like a 20-electron cluster. Other
parameters such as the EA and the chemical potential
(related to the chemical stability and hardness of the cluster)
along with the polarizability and the dipole moment of the

Fig. 9 Chemical potentials and chemical hardnesses of GenCu clusters
as functions of cluster size

Fig. 10 Polarizabilities and electrostatic dipole moments of GenCu
clusters as functions of cluster size
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neutral cluster with n010 also support the highly stable
nature of this cluster.

& As mentioned before, the drop in the adiabatic ionization
potential (IP) during the growth process provides some of
the strongest evidence that there is almost a free-electron
gas inside the Ge10Cu cage cluster. Since the IP of the
Ge10Cu cluster is in the same range as those of transition
metal atoms, it may be possible to form a number of stable
halides using this cluster. Hence, it may be possible to use
this cluster to create new semiconductor–TMmetal-based
“superatoms” that can act as building blocks for cluster-
assembled designer materials, which could open up new
fields of innovation in the electronic industry. The present
work is a preliminary step in this direction.
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