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Abstract The structure, stability and electronic property
of the AuGe,, (n = 2-13) clusters with different spin con-
figurations are systematically investigated with density-
functional theory approach at UB3LYP/LanL2DZ level. In
examining the lowest energy structures, it is found that the
growth behaviors for the small-sized AuGe, (n = 2-9)
clusters and relatively large-sized AuGe, (n = 10-13)
clusters are different. As the number of Ge atom increases,
the Au atom would gradually move from convex to surface
and to interior sites. For the most stable structures of
AuGe,, (n = 10-13) clusters, the Au atom would be com-
pletely surrounded by the Ge atoms to form Au-encapsu-
lated Ge,, cages. Natural population analysis shows that the
charges always transfer from the Au atom to the Ge,
framework except for the AuGe, cluster. This indicates that
the Au atom acts as electron donor even the 5d orbitals of
the Au atom are not significantly involved in chemical
bonding. The analyses of the average atomic binding
energies as well as the dissociation energies and the sec-
ond-order differences of total energy show that the AuGe,
clusters with n = 5, 9 and 12 are more stable than their
neighboring ones, in which the bicapped pentagonal prism
AuGe, in D,q symmetry is most stable. The highest
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occupied molecular orbital-lowest unoccupied molecular
orbital gaps are explored to be in the region of semicon-
ductors and the more stable clusters have slightly smaller
gaps. It could be expected that the stable clusters might be
considered as the novel building blocks in practical appli-
cations, e.g., the cluster-assembled semiconductors or
optoelectronic material.

Keywords AuGe, cluster - Structure - Stability -
Electronic property - DFT

1 Introduction

The semiconductor clusters with transition metal (TM)
impurities have attracted great interest for cluster-assem-
bled optoelectronic materials and the development of new
species in nanoscale applications [1-13]. Their properties
can be changed by the size of the clusters, the shape of the
equilibrium geometries and the property of the doped TM
atom. It is interesting that germanium and silicon are iso-
valent, but their chemical properties are quite different.
Previous calculations also indicated that the threshold
number of germanium clusters with the first-row TM
(TM = Fe, Mn, Ni, Cu and Zn) [14-18] and the third-row
W [19] impurities appears at n = 10 other than that of
some silicon clusters [2-7]. In addition, the TM-doped
germanium clusters exhibit many novel properties such as
the sized selectivity, the highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO)
gap, different charge-transfer direction and the magnetic
property [14-22]. A proper HOMO-LUMO gap value (i.e.,
less than 2 eV) could be expected that the stable TM-doped
germanium clusters might be considered as the novel
building blocks in practical applications, e.g., the cluster-
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assembled semiconductors or optoelectronic material.
Therefore, theoretical and experimental investigations on
the TM-doped germanium clusters have been carried out.
Zhao and Wang [15] investigated the geometries, stabilities
and magnetic properties of MnGe, (n = 2-16) clusters
using the generalized gradient approximation. They found
that the magnetic moment of the Mn atom does not quench
when the Mn atom is embedded in all sized Ge, (n = 2—
16) clusters. In contrast to the Zn-doped germanium clus-
ters in which the 12 Ge containing icosahedral ZnGe,, is
the lowest energy structure [18], the TM-doped (TM = Ni,
Cu or Co) Geq clusters [16, 17, 20] are the most stable
clusters. Zhang et al. [23] prepared the Co/Ge binary
clusters with laser vaporization and observed a remarkably
strong signal of [CoGe o] in the mass spectrum. Kumar
et al. [24-26] reported the encapsulated large-sized caged
TMGe, (n = 8-12, 14-16) theoretically using the ab initio
pseudopotential plane wave method. The results show that
the most strikingly doping of X;, (X = Ge and Sn) with
Mn leads to an icosahedral super atom with a high mag-
netic moment of 5 ug [24, 25]. The similar large HOMO-
LUMO gaps and weak interactions of these clusters make
such species attractive for cluster-assembled materials [26].
The third-row gold atom has 5s°5p®5d'%6s' electron
configuration in the outer space. Its electronegativity and
electron affinity are also quite large. These features mani-
fest that the relativistic effects contract and stabilize the s
and p shells while expand and destabilize the d and all f
shells [27]. Therefore, the bimetallic gold clusters have
been found fascinating physical properties such as optical,
electronic and magnetic properties [28—33]. Obviously, it is
very interesting to explore the chemical and physical
properties of the Au-doped germanium clusters. As far as
we are aware, the investigation on the Au-doped germa-
nium clusters has not been reported. In this paper, a
detailed investigation was carried out with DFT-UB3LYP/
LanL.2DZ method on the structure, relative stability,
HOMO-LUMO gap, charge transfer and natural electron
configuration of the Au-doped germanium clusters.

2 Theoretical methods

The structures of the AuGe,, (n = 2-13) clusters with dif-
ferent spin configurations are optimized with the density-
functional theory using the spin unrestricted B3LYP
exchange-correlation functionals [34-39], i.e., Lee—Yang—
Parr correlation functional [36] in conjunction with a
hybrid exchange functional [37]. The double-{ LanL.2DZ
[40—42] basis set is chosen because it provides an effective
core potential (ECP) to consider the relativistic effects of
the heavy TM atom and to reduce the number of the two-
electron integrals. The Au atom is treated with a 19
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electronic ECP of 5s%5p°®5d'%6s' in the valence space. This
method is chosen because it has been proven to be suitable
for the geometry, stability and electronic properties of the
TM@Ge,, clusters [17-19, 21]. Additional computational
results on the bond lengths, harmonic vibrational fre-
quencies and the dissociation energies of the specific Ge,,
AuGe and Au, molecules obtained with B3LYP/Lanl.2DZ
would be compared to assess the method.

The structures of the low-lying isomers of AuGe,
(n = 2-13) clusters are searched extensively based on the
information of the previously optimized Ge, or CuGe,
clusters in Ref. [17, 43] by placing a Au atom at different
adsorption or substitutional sites. The stationary structure is
determined with harmonic vibrational frequency analyses.
If an imaginary frequency is found, a relaxation along the
coordinates of the imaginary vibrational mode is carried
out until the real local minimum is reached. Thus, the
isomers for a given n in the AuGe, clusters are the local
minima. The relative stability of the AuGe, isomers also
for a given n is determined with the total energy of the
molecules.

All theoretical calculations are performed with the
Gaussian-03 package [44]. The default numerical integra-
tion grid (75,302) is generally applied. In a few cases, the
fine grid (99,590) is used to check the suspicious results. It
turns out that the fine grid is sometimes important for the
AuGe,, clusters.

3 Results and discussion

3.1 Comparison of the results of diatomic Ge and Au
compounds

The bond lengths, harmonic vibrational frequencies and
the dissociation energies of Ge,, AuGe and Au, mole-
cules are listed in Table 1. The ground state of AuGe is
an open shell 5d'°c%¢*n configuration with IT electronic
state formed through the interaction of Ge(452p2) and
Au(5d 10651). Table 1 shows that all the calculated results
of the Ge,, AuGe and Au, molecules are in agreement
with the experimental and other theoretical results [17,
45-55]. The equilibrium bond lengths have deviations
within 1-6%. The harmonic frequency of Ge, is lower
than the experimental values by 24 cm™! [47] or
36 £ 5 cm™' [48, 49] and that of AuGe is 42.7 cm™' [52,
53] lower. The reason might be that the B3LYP approach
may predict slightly longer bond lengths and smaller
harmonic vibrational frequencies [56]. The theoretical
dissociation energies are slightly lower than the experi-
ments [47-50, 52, 53, 55] by about 0.4 eV. Therefore, the
calculations are acceptable for predicting the properties of
AuGe,, (n = 2-13) clusters.
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Table 1 Bond length (R in /D\), harmonic vibrational frequency (F in cm™ ') and dissociation energy (D, in eV) for the ground state of the

diatomic Au and Ge molecules

Molecule Method State R F D,
Ge B3LYP/LanL2DZ . 2.53 250 2.34
2.55 [17]
B3LYP/DZP++ [45] o 2.41 277 2.87
MRCI [46] s 242 270 270 + 0.07
Experiment 274 [47] 2.65 [47]
286 + 5 [48, 49] 270 + 0.07 [48, 49]
2.82 (DY) [50]
GeAu B3LYP/LanL2DZ 1 2.46 207 2.40
DFT SP [51] 1 2.38 3.14
Experiment [52] 1 2.38 249.7 2.83
249.7 [53]
Au, B3LYP/LanL2DZ [54] =¥ 251 192 1.85
MRSDCI [53] 'z¥ 2.56
Experiment [50] 'z 2.4719 190.9 2.30 (DY)
2.33 [55]

3.2 Structure and stability of AuGe,, (n = 2-9) clusters

All the calculations show that the lowest energy Au-doped
germanium clusters are in doublet states. The equilibrium
geometries of AuGe, (n = 2-9) clusters are shown in
Fig. 1. It is shown in the figure that AuGe, could be in a
triangular and two linear structures. The symmetric tri-
angular structure in C,, group with B state is more stable
by 0.86 eV than the non-symmetric (in C,) triangular
structure with “A” state. The ?A; and *A, states in C,,
symmetry are 0.18 and 1.16 eV higher in energy compared
with the ground state, respectively. The respective energies
obtained with time-dependent TD-B3LYP/LanL2DZ are
0.23 and 1.42 eV, which are consistent with the results of
the direct calculations by altering the occupied and unoc-
cupied orbitals. The linear C.,, isomers with different spins
are found to be unstable with imaginary frequencies.
Therefore, the most stable AuGe, cluster is the symmetric
triangle isomer (2a, shown in Fig. 1) in B, state. The
structure can also be regarded as the Au atom directly caps
on the Ge,; cluster or substituting of the central Ge atom in
the Ges cluster. This result is consistent with that of the
doublet CuGe, [17] cluster.

For the AuGe; cluster, three stable structures are
examined. The Ge-Ge-Ge bond angle (95.6°) of the
rhombic 3a isomer, generated from Au atom being capped
on the Gej cluster, is very close to that of the Gej structure.
The 3b isomer is a distorted Y-type structure, which can be
described as one Ge atom being bonded on the apical Ge
atom in the lowest energy AuGe, cluster. If one Ge atom is
capped on the lowest energy AuGe, cluster, the bent
rhombic 3¢ isomer may be formed. When comparing these

three isomers, the rhombic 3a is most stable. It is shown
that the rhombic isomer with A, state is slightly lower in
energy than the identical structure with B, state by
0.15 eV. The total energies of the spin quartet and sextet
states of different geometries are higher than those with
doublet spin configurations. Therefore, the lowest energy
structure of AuGes displays C,, symmetry with A state.
Although the structure of the lowest energy AuGes is dif-
ferent from those of MnGes [15] and WGes [19] clusters
(in C;z, symmetry), it is similar to those of TMGe;
(TM = Ni, Cu, Zn and Co) [16-18, 20].

The lowest energy structure of AuGe, is a distorted
pyramid isomer (4a in Fig. 1) in C; symmetry with ZA’
electronic state. This structure can be viewed as a Ge atom
capped on the face of the most stable AuGes cluster. A
five-member ring 4b isomer, which can be regarded as a Au
atom being bonded into one edge of the nearly coplanar
Ge, square, is also a low energy structure lying only
0.12 eV above the 4a isomer. The 4c and 4d isomers are
obviously higher in energy than the lowest energy struc-
ture 4a by 0.44 and 0.51 eV, respectively. Interestingly, the
AuGe, 4d isomer has a higher symmetry which can be
formed by substituting the apical Ge atom in the Ges (Ds;,)
isomer with an Au atom. The structure of the most stable
AuGe, predicted in this work is similar to those of WGe,
[19] and CoGe, [20] clusters, but differs from those of
TMGe,4 (TM = Mn, Ni, Cu and Zn) [15-18] clusters.

Referring the equilibrium geometries of the lowest
energy Geg [17] and AuGe, cluster mentioned above, four
kinds of AuGes isomers can be found. The face-capped
trigonal bipyramidal 5a isomer can be regarded as the
apical Ge atom in the Geg cluster being substituted by Au

@ Springer



348

Theor Chem Acc (2009) 124:345-354

a ]
é o® ‘®
20(Co By 2b(Cy1AM
o .
P o | P
« »/ e | »
o’ o o © o
3a(Cy2A)  3b(CA) 3c (A"
. o
4\ . S . . ’.\ *\/’ N
‘oo O O/ ( oy
4a (Cy,2A) 4b (C,,%A) 4c (C,2A") 4d (Cay2A))
_—
*—9
® |~ _
.y F
o ® o
SL(C] UN) id(C *A")
[ o Q\
é s
6c (C,.2A) 6d(C,2A) @

. Ry h
Tc (Cg,"AY) 7d (Cy,°A)

8¢ (C,2AY

Sb (Cq 2A)

8a (C,2A")

e

\
-H\*'

o— g9

‘\ 7\4{ 3?0'

k‘“‘% 3 —\v 4' o

8d (Cy,2A")

N IS S

7f (C.°A)

7e (C1,2A)

8e (C,2A") 8f (C"A")

J
\ /] x;‘\ g ., o
= JT ..N Vos "@.'?'u—\z oo

9a (C,, A) 9b (Cy, ’A) 9¢ (Cy, A

9d (C,.A)

9e (Cy,2A") 9f (C,.2A) 9g (C, ’A)

Fig. 1 The equilibrium geometries of AuGe, (n = 2-9) clusters. Gray and black represent the Au and Ge atoms, respectively. According to
their energy ordering, the isomers are labeled as na, nb and nc etc., and the na correspond to the lowest energy isomer

atom. Similarly, the edge-capped trigonal bipyramidal 5b
isomer may be formed. Although the 5a and 5b isomers can
be generated from the same precursory molecule, their
energies are different. Table 2 lists the energy differences.
It is indicated that the face-capped trigonal bipyramidal 5a
isomer is more stable in energy than the edge-capped 5b
isomer by 0.23 eV. Both the triangular prism 5c and the 5d
isomers are less stable than the face-capped 5a isomer by
1.05 and 1.15 eV, respectively. Therefore, the 5a isomer in
C, symmetry with A’ state is the lowest-energy structure.
When compared with the most stable TMGes [15-20]
clusters, the AuGes S5a isomer is close to NiGes [16] and
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CuGes [17], but it is different from those with TM = Mn,
Zn, W and Co [15, 18-20].

Geometries of four possible AuGeg clusters are opti-
mized when a Ge atom at different site in the low-lying Ge,
cluster of 7b in Ref. [17] is substituted by an Au atom. The
structure of the lowest energy AuGeg displays a C; sym-
metry with *A” electronic state as shown in Fig. 1 (6a). The
relative energies for 6b, 6¢c and 6d are 0.29, 0.33 and
0.41 eV, respectively. The structure of the most stable
AuGeg is close to that of the CuGeg [17] cluster, but differs
from those of TMGeg (TM = Mn, Ni, Zn, W and Co) [15,
16, 18-20]. It should be pointed out that the pentagonal
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Table 2 Symmetry (Sym), electronic state (State), the lowest har-
monic vibrational frequency (F in em™"), the shortest Au-Ge and
Ge-Ge bond length (in 10\), total energy (Et in hartree), and relative
energy (AE in eV) for the AuGe, (n = 2-9) clusters

Cluster Sym  State F Au-Ge Ge-Ge Et AE

AuGe, Co(a) 2B, 100.1 2.668 2.542 —142.9942086 0.00

Cb) *A” 415 2470 2.551 —142.9625421 0.86
AuGe; Co(a) 2A,  51.5 2537 2484 —146.7779078 0.00
C(b) A" 179 2573 2416 —146.7585844 0.53
C o) *A” 351 2690 2.676 —146.7370031 1.11
AuGe, Cya) A’ 560 2757 2598 —150.5553643 0.00
Cib) 2A 329 2568 2431 —150.5508888 0.12
Cic) 2A" 409 2554 2444 —150.5393782 0.4
Co(d) %A, 410 2703 2.627 —150.5364912 0.51
AuGes C,a) 2A’ 379 2.604 2495 —154.3566859 0.00
Co(b) 2A, 325 2.624 2534 —154.3482327 0.23
Cilc) *A 216 2563 2619 —154.3180299 1.05
C(d) *A” 361 2572 2.626 —154.3142771 1.15
AuGes Cia) 2A” 399 2588 2710 —158.1428816 0.00
Cib) 2A 311 2585 2.604 —158.1321245 0.29
Cic) 2A  31.8 2599 2590 —158.1308951 0.33
C(d) 2A" 158 2574 2.607 —158.1279583 0.41
AuGe;, Cya) 2A’ 441 2619 2.635 —161.9269706 0.00
Ci(b) A’ 380 2558 2592 —161.9186506 0.23
C o) 2A’ 353 2610 2.580 —161.9151097 0.32
Cid) 2A 339 2574 2536 —161.9109831 0.44
Cie) 2A 123 2592 2611 —161.9083118 0.51
Ci® A 343 2651 2.608 —161.9007862 0.71
AuGes Cya) 2A" 37 2552 2613 —165.7016061 0.00
Cub) A’ 429 2.658 2.549 —165.7002672 0.04
C o) 2A" 400 2.644 2601 —165.6975963 0.11
C(d) 2A" 413 2596 2477 —165.6915361 0.27
Cie) 2A" 274 2599 2568 —165.6902541 0.31
C(H 2A" 342 2636 2518 —165.6886195 0.35
AuGe, Cya) A’ 383 2613 2509 —169.4933044 0.00
Cib) 2A 309 2631 2.611 —169.4908116 0.07
Cc) A" 275 2603 2616 —169.4832902 0.27
Cid) 2A 313 2574 2607 —169.4827287 0.29
Ce) 2A" 321 2576 2762 —169.4806290 0.34
CiHh 2A 333 2576 2732 —169.4795891 0.37
Cie) 2A 264 2682 2554 —169.4784676 0.40

bipyramid AuGeg, which could be generated from the Au
substitution of one equatorial Ge atom in the lowest energy
Ge; (Dsp) cluster, is an unstable structure from our
calculations.

The most stable AuGe, cluster is the distorted cubic
prism AuGe; 7a isomer, which can be generated from two
Ge atoms being symmetrically capped on the lowest energy
AuGes or one Ge atom being symmetrically capped on the
lowest energy AuGee. It displays C, symmetry with 2A’

electronic state. A less stable state 2A” of the structure
lying 0.15 eV above the ground state is also found. The 7b,
7c, 7d, Te and 7f isomers have higher energies compared
with the 7a structure in its ground state by 0.23, 0.32, 0.44,
0.51 and 0.71 eV, respectively. It is interesting that the
lowest energy AuGe,, cluster may not be obtained directly
by adding an Au atom at any site of the lowest energy Ge,
clusters. Although the structure of the most stable AuGey is
different from those of TMGe; (TM = Mn, Ni, Cu and Co)
[15-17, 20], it is similar to those of the ZnGe; [18] and
WGe; [19] clusters.

For AuGeyg, the most stable structure is a capped square
prism (8a) in C; symmetry with A” electronic state, which
is similar to that of the CuGeg [17] cluster. Its formation
could be a Ge atom capped on the bottom face of the
lowest energy AuGe; or the apical Ge atom in the lowest
energy Gegy being substituted by an Au atom. Other pos-
sible isomers (8b—8f) have energies higher than 8a by 0.04,
0.11, 0.27, 0.31 and 0.35 eV as shown in Table 2. Espe-
cially, the 8b isomer is slightly higher in energy than 8a by
only 0.04 eV. Although both AuGeg 8b and 8d isomers are
close in structure (i.e., the lowest energy AuGe; cluster
being capped on the midst of the side arris by a Ge atom),
they have different energies due to different states *A’
and *A”.

Twenty-six stable structures were obtained in AuGeg and
the seven most stable isomers are listed in Fig. 1 (9a-9g).
The lowest energy isomer is in C; symmetry, a multi-
rhombus prism with two side-capped Ge atoms (9a), which
can be viewed as two Ge atoms capped on the lowest energy
AuGe; cluster. This structure is different from those of
TMGeqy (TM = Fe, Ni, Cu, Zn, W and Co) [14, 16-20], in
which the structures were found with very high energies or
unstable when the TM atom is substituted with an Au atom.
Other low-lying structures of AuGeg are the distorted pen-
tagonal prism (9b) and typical multi-rhombus cages (9c, 9d,
9e, 9f and 9g). The relative energies are 0.07, 0.27, 0.29,
0.34, 0.37 and 0.40 eV, respectively.

3.3 Structure and stability of AuGe, (n = 10-13)
clusters

The equilibrium geometries of AuGe,, (n = 10-13) clusters
are shown in Fig. 2. Similar to the formation of the pre-
viously examined TMGe,o (TM = Fe, Mn and Zn) [14, 15,
18] cages, the Au-encapsulated cages are formed in the
AuGe,, (n = 10-13) clusters. For AuGe;,, the lowest
energy structure is a C,,-symmetrical pentagonal prism
(10a) with *B, electronic state. The Au atom is completely
encapsulated into the inside of the pentagonal prism. The
structure of pentagonal prism is the same as that in FeGe
cluster [14] but differs from those of TMGe;y (TM = Mn,
Ni, Cu, Zn, W and Co) [15-20] clusters. The 10b isomer
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Fig. 2 The equilibrium geometries of AuGe,, (n = 10-13) clusters. Gray and black represent the Au and Ge atoms, respectively. According to
their energy ordering, the isomers are labeled as na, nb and nc etc., and the na correspond to the lowest energy isomer

can be interpreted as one Ge atom being capped on the top
of the structure of AuGeg 9b. Its energy is 0.12 eV higher
than that of the lowest energy structure (10a). Other Au-
encapsulated cages, 9c, 9d, 9e, 9f and 9g, have higher
energies by 0.20, 0.21, 0.25, 0.27 and 0.28 eV, respectively
(Table 3).

Six AuGe;; isomers can be optimized. The most stable
AuGe; (11a) isomer with C; symmetry in A state can be
generated by capping a Ge atom on the side face of the
pentagonal prism AuGe;o. However, it is very close in
energy to the C,,-symmetrical 11b isomer by 0.03 eV
higher. Other structures generated by substituting the TM
atom in the previously examined TMGe;; (TM = Mn, Ni,
Cu, Zn, W and Co) [15-20] clusters with an Au atom are
considered. The energies for 11c—11f are higher than that
of the 1la isomer by 0.14, 0.31, 0.33 and 0.39 eV,
respectively. The structure of the lowest energy AuGey; is
different from those of TMGe;; (TM = Fe, Mn, Ni, Cu,
Zn, W and Co) [14-20].

For AuGe,,, the bicapped pentagonal prism 12a is
optimized to be the lowest energy structure, which displays
a higher D,q symmetry with 2A, state. Similar to the lowest
energy AuGe,, structure, the low-lying 12b isomer can be
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generated by capping two Ge atoms on the side face of the
pentagonal prism AuGe,, but its energy is higher than that
of the lowest energy AuGe;, by 0.32 eV. Referring the
structures of the TMGe;, (TM = Fe, Mn, Cu, Zn, W and
Co) [14, 15, 17-20] clusters, we optimized the geometries
of AuGe,, clusters. A hexagonal prism 12c, a multipenta-
gonal 12d and 12e—12f isomers are located at the minima,
but their energies are higher by 0.40, 0.72, 0.96 and
1.22 eV, respectively. The structure in an isomer of NiGe,
[16] or CoSij, [8] cluster was found to be similar to the
lowest energy AuGe,. This result indicates that the TM-
doped germanium clusters might have different growth
behavior depended on the different TM atom and the
number of Ge atoms. An icosahedral ZnGe;, has been
reported to have a stronger relative stability [18], but the
icosahedral AuGe;, was optimized to be an unstable
structure with an imaginary vibrational frequency. Its sta-
ble structure, 12e, was finally found in C; symmetry lying
0.96 eV higher in energy than the lowest energy 12a
isomer.

If one Ge atom can be capped on the side face of the
lowest energy AuGe;,, the most stable 13a isomer of
AuGe; in Cy symmetry with A’ state is obtained. Other
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Table 3 Symmetry (Sym), electronic state (State), the lowest har-
monic vibrational frequency (F in cm™"), the shortest Au-Ge and Ge-
Ge bond length (in A), total energy (Et in hartree), and relative
energy (AE in eV) for the AuGe, (n = 10-13) clusters

Cluster Sym  State F Au-Ge Ge-Ge Er AE

AuGep Coa) 2B, 151 2715 2670 —173.2742605 0.00
Cib) 2A 336 2.634 2536 —173.2699013 0.12
Cc) 2A’ 243 2584 2601 —173.2668495 0.20
Cold) 2A, 181 2641 2792 —173.2664510 0.21
Cie) A’ 45 2657 2836 —173.2651159 0.25
C() A 4.6 2687 2682 —173.2644131 027
C(e) 2A" 21.6 2788 2563 —173.2637957 0.28
AuGe;; Cya) 2A" 417 2779 2590 —177.0597504 0.00
Coub) 2A, 121 2752 2704 —177.0587546 0.03
Cc) 2A" 19.6 2.831 2.568 —177.0547774 0.14
Cid) A 338 2752 2567 —177.0482303 0.31
Cie) A 37.1 2682 2536 —177.0477388 0.33
Cif) A 17.0 2.673 2.665 —177.0453398 0.39
AuGep» Daga) 2A, 434 2865 2574 —180.8664091 0.00
C(b) A" 151 2795 2564 —180.8545576 0.32
Cic) 2A" 356 2.639 2624 —180.8518564 0.40
Cxd) 2A 140 2.804 2.655 —180.8398662 0.72
Cle) 2A, 209 2853 2826 —180.8309700 0.96
C(f) 2AY 212 2.662 2.627 —180.8215218 1.22
AuGe;; Cya) 2A’ 395 2796 2579 —184.6432605 0.00
Cyb) A’ 146 2790 2591 —184.6408047 0.07
Cic) %A 385 2675 2536 —184.6337266 0.26
Cid) 2A 193 2726 2598 —184.6273246 0.43
Cie) 2A 320 2706 2.517 —184.6235794 0.54
C(f) 2A" 299 2756 2542 —184.6149572 0.77
Cofg °B, 329 2834 2725 —184.6125887 0.83

isomers, 13b-13g, have energies higher than the 13a
structure by 0.07, 0.26, 0.43, 0.54, 0.77 and 0.83 eV,
respectively. It is interesting that the isomer 13g with the
highest energy has the highest symmetry (C5,) in the iso-
mers of AuGes.

Obviously, the growth behavior for the small-sized
AuGe,, (n = 2-9) clusters is different from the relatively
large-sized AuGe, (n = 10-13) clusters. The most signi-
ficant behavior is that the position of the Au atom in the
lowest energy AuGe,, clusters gradually moves from con-
vex to surface and to interior sites as the number of Ge
atom increases from 2 to 13. The Au atom fully falls into
the inside of the Ge,, frame to form an encapsulated cage in
the relative large-size clusters starting from AuGe,,. This
is in good agreement with the previously investigated
TMGe o (TM = Fe, Mn and Zn) [14, 15, 18] clusters, but
differs from the TM-doped germanium clusters with
TM = Ni, Cu, W and Co [16, 17, 19, 20].

3.4 Relative stability of different sized AuGe, clusters

It should be very important to discuss the relative stability
of different sized AuGe,, (n = 2-13) clusters because the
species are attractive for novel cluster-assembled opto-
electronic materials. The relative stability of different sized
AuGe,, clusters can be represented with the average atomic
binding energy, the dissociation energy and the second-
order difference of the total energy. These results are
shown in Figs. 3, 4 and 5.

The average atomic binding energy (Ep), the dissocia-
tion energy (D.) and the second-order difference of the
total energy (A,E) for different sized AuGe, clusters are
defined as follows

2.6 q

24 -

2.2

N

1.8

Binding Energies (eV/atom)

1.6

2 4 6 8 10 12 14
The size of AuGen clusters

Fig. 3 Sized dependence of the average atomic binding energies of
AuGe,, (n = 2-13) clusters

W
1
2.6 - a /

2.4

Dissociation Energies (eV)

2 4 6 8 10 12 14
The size of AuGe clusters

Fig. 4 Sized dependence of the dissociation energies of AuGe,
(n = 2-13) clusters
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Fig. 5 Sized dependence of the second-order differences of AuGe,
(n = 2-13) clusters

Ey(n) = [Et(Au) + nEt(Ge) — Er(AuGe,)]/(n + 1)
De(n) = ET(AuGen,l) + ET(GG) — ET(AUGC,,)
AE(n) = Er(AuGe, 1) + ET(AuGe,_1) — 2E7(AuGe,)

where Et(Au), Er(Ge), Et(AuGe,), Er(AuGe,_;) and
Et(AuGe, ) represent the total energies of Au, Ge and the
lowest energies of AuGe,, AuGe,_; and AuGe,,; clusters,
respectively.

Figure 3 shows that the average atomic binding energy
of the AuGe, clusters dramatically increases with the size
n < 6 and increases smoothly with the size n = 7-12. This
trend is due to that the number of dangling bonds of Ge
atoms in the large-sized AuGe,, clusters is less than that of
the relatively small-sized clusters and the average atomic
binding energy gradually increases along with the

increasing number of Ge atom. However, the average
atomic binding energy of the AuGe;; cluster is slightly
lower than that of the AuGe,, cluster by 0.003 eV. Hence,
the peak of the average atomic binding energy is at n = 12.
The dissociation energy D, and the second-order difference
AE are sensitive quantities that can also reflect the relative
stability of the AuGe, clusters. Especially, the A,E might
be directly compared with the relative abundances of the
mass spectroscopy experiments. As shown in Fig. 4, the
local maxima of the dissociation energy D, of the AuGe,
clusters appear at 3, 5, 9 and 12, which differ from those of
NiGe, [16] and CuGe,, [17] clusters. It is also found that
the AuGes, AuGey and AuGe,, clusters have higher Ge
dissociation energies, indicating that these clusters are
more stable than their neighboring ones. The relatively
high stability is mainly associated with the geometry and
the number of dangling bonds in these clusters. In the case
of the sealed AuGe;, cluster, which has a higher D,y
symmetry, the dangling bonds are almost eliminated by the
encapsulated Au atom. Therefore, the bicapped pentagonal
prism AuGe;, is the most stable cluster. Figure 5 shows
that the peaks of the A,E for the AuGe,, clusters appear at
n=73,5,7,9 and 12, which is almost in agreement with
those in the D, curves. Therefore, these clusters are also
more stable than their neighbors. These stable clusters are
also similar to MnGe,, [15]. In particular, the highest E,,, D,
or A,E of the investigated clusters is in AuGe;,, which is
similar to that in TiSi;, [2] and ZnGe, [18] clusters.

3.5 HOMO-LUMO gap
Table 4 illustrates the HOMO-LUMO gaps of the lowest

energy AuGe, (n = 2-13) clusters. It is shown that the
gaps, 1.028-1.296 eV, in the large-sized clusters with

Table 4 HOMO-LUMO gap (in eV), natural charge population, and natural electron configuration of the lowest energy AuGe, (n = 2-13)

clusters
Cluster HOMO-LUMO Natural population Natural electron configuration on Au atom

gap on Au atom

6s 5d 6p Ts 6d

AuGe, 1.502 —0.031 1.14 9.86 0.03
AuGe; 1.642 0.079 1.07 9.80 0.05
AuGe, 1.672 0.124 0.99 9.83 0.05 0.01
AuGes 1.664 0.170 0.95 9.82 0.05 0.01
AuGeg 1.503 0.158 0.97 9.82 0.05 0.01
AuGe, 1.358 0.171 0.98 9.80 0.05 0.01
AuGeg 1.238 0.266 0.87 9.80 0.07 0.01
AuGeqy 1.296 0.202 0.94 9.80 0.05 0.01
AuGeg 1.150 0.128 0.81 9.78 0.26 0.01 0.02
AuGey, 1.256 0.165 0.81 9.77 0.23 0.01 0.01
AuGe), 1.028 0.185 0.81 9.76 0.23 0.01 0.01
AuGe,3 1.264 0.195 0.81 9.77 0.22 0.01 0.01
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n > 8 are smaller than those, 1.358-1.672 eV, in the small-
sized ones. This property is similar to that in the TMGe,,
(TM = Cu and Co) [17, 20] clusters. It is also found that
the gaps are obviously lower than those, 1.637-2.963 eV,
of the corresponding Ge, (n = 3-13) [17] clusters. The
HOMO-LUMO gap values are in the typical magnitude
(i.e., less than 2 eV) of semiconductors. Therefore, it could
be expected that the stable AuGe, clusters might be con-
sidered as the novel building blocks in practical applica-
tions, e.g., the cluster-assembled semiconductors or
optoelectronic material.

3.6 Natural population analysis and charge transfer

A natural population analysis is able to find the charge
transfer in a molecule. The results for the lowest energy
AuGe,, species are listed in Table 4. It is shown that dif-
ferent charge transfer appear in different sized clusters. For
AuGe,, the charge transfers slightly from the Ge atoms
onto the Au atom. However, the transfer direction is
reversed for the larger size AuGe, (n = 3-13) clusters,
where the Au atom acts as an electron donor. The natural
electron configuration on the Au atom shows that the nat-
ural population of 5d orbitals is about 9.8 indicating these
orbitals are not significantly involved in chemical bonding.
Natural populations of 6s and 6p orbitals of the Au atom
are obviously different for the size of n < 10 and n > 10.
This is due to the encapsulated cage appears for n > 10 and
the charge transfers mainly from 6s to 6p orbitals. The
charge transfer of the AuGe,, (n = 3—13) clusters is similar
to that of TMGe,, (TM = Fe, Mn, Cu and Zn) [14, 15, 17,
18] but differs from that of the TMGe,, (TM = Ni and W)
[16, 19] clusters. For example, the charge in the WGe,
clusters always transfers from the Ge,, framework to the W
atom [19]. However, the charge in NiGe, (n < 6 and
n > 12) transfers from the Ni atom to the Ge,, framework
and in reversed direction in NiGe, (7 < n < 11) [16].

4 Conclusions

The structure, stability and electronic property of the
AuGe,, (n = 2-13) clusters are systematically investigated
at UB3LYP level of theory by employing the ECP
LanL.2DZ basis sets. The results are summarized as
follows.

(1) The lowest energy structure in each of the AuGe,
(n = 2-13) clusters was obtained. It is found that the
growth behavior for the most stable small-sized
AuGe,, (n =2-9) clusters is different from the
relatively large-sized AuGe,, (n = 10-13) ones. The
Au atom moves gradually from convex to surface and

to interior sites as the number of Ge atom increases
from 2 to 13. The Au atom completely falls into the
inside of the Ge, frame to form an encapsulated cage
starting from AuGe;y,. The TM-doped germanium
clusters might have different growth behavior
depended on the different TM atom and the number
of Ge atoms.

(2) The AuGe, clusters with n = 5, 9 and 12 are more
stable than their neighboring ones according to the
average atomic binding energy, the dissociation
energy and the second-order difference of total
energy. Especially, the bicapped pentagonal prism
AuGe,, is the most stable cluster, which is similar to
the TiSi;, and ZnGe,, clusters.

(3) The HOMO-LUMO gaps in the large-sized clusters
with n > 8 are smaller than those in the small-sized
ones. The gaps of different AuGe, clusters are
obviously lower than those of the corresponding
Ge, (n = 3-13) clusters. The gap values are in
the typical region of semiconductors. Therefore, the
stable AuGe, clusters could be expected to be the
novel building blocks in practical applications, e.g.,
the cluster-assembled semiconductors or optoelec-
tronic material.

(4) Natural population analysis shows that the charge
always transfers from the Au atom to the Ge,
framework in the AuGe,, (n = 3-13) clusters indicat-
ing that the Au atom acts as an electron donor.
However, the Au atom in the AuGe, cluster acts as a
very weak electron acceptor with slightly negative
charge. It is also found that the natural population of
5d orbitals of the Au atom in the AuGe, (n = 2-13)
clusters is about 9.8 indicating that these orbitals are
not significantly involved in chemical bonding.
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