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Investigating the structures and properties of Au-Ge mixed clusters can give insight into the
microscopic mechanisms in gold-catalyzed Ge films and can also provide valuable information
for the production of germanium-based functional materials. In this work, size-selected anion
photoelectron spectroscopy and theoretical calculations were used to explore the structural
evolution and electronic properties of Au2Gen

−/0 (n=1−8) clusters. It is found that the two
Au atoms in Au2Gen

−/0 (n=1−8) showed high coordination numbers and weak aurophilic
interactions. The global minima of Au2Gen

− anions and Au2Gen neutrals are in spin dou-
blet and singlet states, respectively. Au2Gen

− anions and Au2Gen neutrals showed similar
structural features, except for Au2Ge4

−/0 and Au2Ge5
−/0. The C2v symmetric V-shaped

structure is observed for Au2Ge1
−/0, while Au2Ge2

−/0 has a C2v symmetric dibridged struc-
ture. Au2Ge3

−/0 can be viewed as the two Au atoms attached to different Ge−Ge bonds
of Ge3 triangle. Au2Ge4

− has two Au atoms edge-capping Ge4 tetrahedron, while Au2Ge4
neutral adopts a C2v symmetric double Au atoms face-capping Ge4 rhombus. Au2Ge5−8

−/0

show triangular, tetragonal, and pentagonal prism-based geometries. Au2Ge6 adopts a C2v

symmetric tetragonal prism structure and exhibits σ plus π double bonding characters.

Key words: Photoelectron spectroscopy, Transition metal, Germanium cluster, Structural
evolution, Quantum chemical calculations

I. INTRODUCTION

Germanium is extensively used in the fields of opto-
electronics, bio-imaging, semiconductor materials, solar
cells, polymerization catalyst, and field-effect transis-
tors due to its excellent electron and hole mobilities [1–
3]. Transition metal doped nanoclusters exhibit unique
properties, such as quantum size effect, nonlinear opti-
cal effect, superparamagnetic relaxation, supersymme-
try, and high catalytic performance remarkably differ-
ent from bulk materials [4–6]. Pure germanium clusters
have been extensively studied by various experimen-
tal techniques and theoretical calculations [7–18]. Re-
cently, germanium clusters doped with transition metal
have attracted great attention because they can form
stable cage-like structures and induce novel magnetic
properties (ferromagnetism, antiferromagnetism, and
helimagnetism) [19–36]. These mixed clusters are po-
tential building-blocks for manufacturing magnetoelec-
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tronics, magnetic memory devices, and skyrmion-based
devices [37–45].

Gold has large electronegativity, high electron affin-
ity, and strong relativistic effects [46, 47]. Especially,
the strong relativistic effects can facilitate 6s-5d hy-
bridization to induce various oxidation states [48, 49].
Under certain circumstances, an Au atom exhibits sim-
ilar bonding properties to an H atom [50]. Therefore,
these peculiar characteristics of gold may lead to the
special growth patterns and unique electronic prop-
erties of Au-Ge mixed clusters. Gold doped germa-
nium can be applied to produce infrared high-frequency
photodetector because of its high charge carrier mo-
bilities and long wavelength response [51]. Owing to
the high thermoelectric power and hot electron ef-
fects, gold doped germanium films can be used for
fabricating highly sensitive microsensors and cryogenic
phonon sensors [52, 53]. The liquid phase soluble
[AuGe18{Si(SiMe3)3}6]− and [Au3Ge18]

5− clusters were
synthesized and characterized previously [54, 55]. Re-
cently, two-dimensional (2D) multi-phase germanene
film was successfully synthesized by utilizing gold as a
substrate [56]. Nevertheless, the catalytic mechanisms
of 2D germanene film on the Au substrate re main un-
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clear. Investigating the structures and properties of
Au-Ge mixed clusters, especially for multiple Au atoms
doped germanium clusters may help to understand the
microscopic mechanisms of gold-catalytic germanium
films and to provide valuable information for developing
germanium-based functional nanomaterials.

Previously, the structures, stabilities, and properties
of germanium clusters doped with one or double Au
atoms were studied by several theoretical calculations
[57–62] and the photoelectron spectra of AuGe1−12

−

were measured [63, 64]. But no experimental investi-
gations of germanium clusters doped with double Au
atoms have been reported in the literature. In order to
gain more valuable information of Au−Ge mixed clus-
ters, in this work, we investigated the structural evolu-
tion and electronic properties of Au2Gen

−/0 (n=1−8)
clusters using anion photoelectron spectroscopy and
theoretical calculations. It is found that anionic and
neutral Au2Ge1−8 clusters show similar structural fea-
tures and the two Au atoms have weak aurophilic inter-
actions. Both anionic and neutral Au2Ge6 clusters have
C2v symmetric tetragonal prism structures and Au2Ge6
exhibits σ+π double bonding characters.

II. EXPERIMENTAL AND THEORETICAL METHODS

Experiments were performed on an apparatus com-
posed of a laser vaporization supersonic cluster source, a
time-of-flight mass spectrometer, and a magnetic-bottle
photoelectron spectrometer [65]. Briefly, the Au2Gen

−

(n=1−8) clusters were produced in the laser vaporiza-
tion source by focusing a pulsed laser beam (532 nm)
from Nd:YAG laser (Continuum Surelite II-10) onto
a rotating and translating Au/Ge mixture disk tar-
get (13 mm diameter, Au/Ge molar ratio 1/4). In
the meantime, helium gas with ∼4 atm backing pres-
sure was permitted to expand through a pulsed valve
(General Valve Series 9) into the source to cool the
formed Au2Gen

− clusters. The generated clusters were
mass-analyzed with the time-of-flight mass spectrome-
ter. The most abundant isotopologues of Au2Ge1−8

−

were selected with a mass gate, decelerated by a mo-
mentum decelerator, and then photodetached by laser
beam (266 nm) from another Nd:YAG laser (Contin-
uum Surelite II-10). The photodetached electrons were
energy-analyzed by the magnetic-bottle photoelectron
spectrometer to obtain the photoelectron spectra of
Au2Ge1−8

−, which were calibrated with the spectra of
Cu− and Au− taken at similar conditions. The resolu-
tion of the magnetic-bottle photoelectron spectrometer
was approximately 40 meV at electron kinetic energy of
1 eV.

Theoretical calculations were performed using the
Gaussian 09 program package [66]. The initial struc-
tures were obtained by putting the double Au atoms to
different adsorption or substitution sites of the low-lying
isomers of bare germanium clusters [7–16] and also by
adding one Au atom to different adsorption of the low-

lying isomers of AuGen clusters [57–62]. Additionally,
an unbiased search for the global minima of Au2Ge1−8

−

anions and their corresponding neutrals were also car-
ried out using crystal structure analysis by particle
swarm optimization (CALYPSO) software [67]. Details
of CALYPSO software have been published elsewhere
[68–74]. The Beck’s three-parameter and Lee-Yang-
Parr’s gradient-corrected correlation hybrid functional
(B3LYP) [75–78], Pople-type all-electron 6-31+G(d)
basis set [79] for the Ge atoms, and the exchange-
correlation potential and effective core pseudopotential
LanL2DZ basis set [80] for the Au atoms were used in
connection with the CALYPSO software. Full struc-
tural optimizations of Au2Ge1−8

−/0 clusters were per-
formed employing density functional theory (DFT) in
the context of B3LYP that is suitable for investigat-
ing TM-Ge mixed clusters [36, 63]. Pople-type all-
electron 6-311+G(d,p) basis set [81] was used for the
Ge atoms and the scalar relativistic effective core po-
tential Stuttgart/Dresden(SDD) basis set [82] was used
for the Au atoms. During the overall geometry op-
timizations for both anionic and neutral clusters, no
symmetry constraint was used. To confirm that the
obtained structures were true local minima on the po-
tential energy surfaces, harmonic vibrational frequency
analyses were employed. To further accurately evalu-
ate the relative energies of isomers, the single-point en-
ergies of Au2Ge1−8

−/0 clusters were calculated by the
coupled-cluster methods including single, double, and
perturbative contributions of connected triple excita-
tions (CCSD(T)) [83, 84] using the optimized geome-
tries at the B3LYP level. The augmented correlation-
consistent polarized valence triple-zeta (aug-cc-pVTZ-
PP) [85] basis set and the augmented correlation-
consistent polarized valence double-zeta (aug-cc-pVDZ-
PP) [86] basis set were chosen for the Au and Ge atoms,
respectively. Theoretical vertical detachment energies
(VDEs) were calculated by the energy differences be-
tween the neutral and anionic states both using the
anionic geometries, while theoretical adiabatic detach-
ment energies (ADEs) were calculated by the energy
differences between the neutral and anionic states using
the respective optimized geometries. Zero-point energy
(ZPE) corrections obtained from the B3LYP functional
were considered in computing the relative energies and
ADEs of isomers. Natural population analysis (NPA)
was performed to explore the charge distributions of
Au2Ge1−8

− within the natural bond orbital (NBO) ver-
sion 3.1 programs [87–94]. The Multiwfn program (3.41
package) [95] was used to analyze the orbital composi-
tions of the most stable isomer of Au2Ge6

− by natural
atomic orbital (NAO) method. NAO method has much
better basis set stability or insensitive and stronger the-
oretical basis than Mulliken or Mulliken-like methods,
such as modified Mulliken population defined by Ros &
Schuit (SCPA) [96, 97].
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FIG. 1 Photoelectron spectra of Au2Gen
− (n=1−8) clusters

recorded with 266 nm photons.

III. EXPERIMENTAL RESULTS

Photoelectron spectra of Au2Ge1−8
− anions recorded

with 266 nm photons are shown in FIG. 1. The experi-
mentally measured VDEs and ADEs of Au2Ge1−8

− are
summarized in Table I. The VDE of each anion was
determined by the maximum of the first peak in the
photoelectron spectrum, whereas the ADE of each an-
ion was obtained by adding the instrument resolution to
the electron binding energy (EBE) values at the cross-
ing point, in which a straight line was drawn along the
leading edge of the first peak to cross with the baseline
of spectrum.

As shown in FIG. 1, the spectrum of Au2Ge1
− reveals

a small peak centered at 1.85 eV, a shoulder peak cen-
tered at 3.43 eV, and a high-intensity broad peak cen-
tered at 3.89 eV. The spectrum of Au2Ge2

− possesses
three peaks centered at 1.87, 2.64, and 3.04 eV, respec-
tively, and a barely resolved high-intensity broad peak
at 3.81 eV. The spectrum of Au2Ge3

− displays a peak
centered at 2.35 eV, followed by a high-intensity broad
peak centered at 3.22 eV, a shoulder peak centered
at 3.47 eV, and some unresolved weak peaks beyond
3.60 eV. Similarly, the spectrum of Au2Ge4

− shows a
low-intensity shoulder peak at 2.96 eV, a major peak at
3.22 eV, a high-intensity peak at 3.72 eV, and a peak
above 4.20 eV.

As for Au2Ge5
−, a low-intensity peak centered at

2.16 eV, followed by three high-intensity peaks cen-

TABLE I Relative energies, theoretical VDEs and ADEs of
the low-lying isomers of Au2Gen

− (n=1−8) clusters, along
with the experimental VDEs and ADEs estimated from their
photoelectron spectra.

Isomers State ∆Ea VDE/eV ADE/eV

Theo.b Expt.c Theo.b Expt.c

Au2Ge1
− 1A 2A′′ 0.00 1.84 1.85 1.81 1.62

1B 2Π 0.72 2.63 2.55

Au2Ge2
− 2A 2A1 0.00 1.81 1.87 1.49 1.39

2B 2Σ 0.25 3.80 3.62

2C 2B3g 0.55 2.38 1.00

Au2Ge3
− 3A 2A 0.00 2.37 2.35 2.04 2.09

3B 2A′ 0.25 2.13 1.83

3C 2A 0.28 2.24 1.93

3D 2A1 0.33 3.09 2.46

Au2Ge4
− 4A 2A 0.00 2.81 2.96 2.48 2.54

4B 2B2 0.15 2.79 2.16

4C 2A 0.34 2.16 2.02

4D 2A1 0.39 2.45 2.21

Au2Ge5
− 5A 2A 0.00 2.10 2.16 1.82 1.78

5B 2A′ 0.07 3.53 3.47 2.81 2.90

5C 2A′ 0.11 2.44 1.80

5D 2A 0.14 2.36 1.87

Au2Ge6
− 6A 2A1 0.00 2.26 2.38 2.14 2.10

6B 2A 0.15 2.26 2.04

6C 2Bu 0.19 2.84 2.46

6D 2A′ 0.23 3.04 2.69

Au2Ge7
− 7A 2A 0.00 2.64 2.82 2.35 2.46

7B 2B1 0.10 2.91 2.61

7C 2A 0.30 2.55 2.39

7D 2A 0.43 2.80 2.31

Au2Ge8
− 8A 2A 0.00 2.65 2.85 2.07 2.37

8B 2A 0.08 2.21 2.03

8C 2A 0.10 2.69 2.45

8D 2A 0.19 3.02 2.49

Note: the isomers labeled in bold are the most probable
isomers in the experiments.
a The ∆Es (in eV) values are calculated at CCSD(T)/aug-
cc-pVTZ-PP/Au/aug-cc-pVDZ/Ge level.
b The ADEs and VDEs are calculated at B3LYP/SDD/
Au/6-311+G(d,p)/Ge level.
c The uncertainties of the experimental VDEs and ADEs
are ±0.08 eV.

tered at 3.46, 3.78, and 4.08 eV is observed. In the
case of Au2Ge6

−, the spectrum shows a low-intensity
peak centered at 2.38 eV, two high-intensity peaks cen-
tered at 3.10 and 3.85 eV, and a high-intensity peak
beyond 4.20 eV. For the spectrum of Au2Ge7

−, a low-
intensity peak centered at 2.82 eV and two roughly rec-
ognized high-intensity broad peaks centered at 3.57 and
3.90 eV, can be observed. A low-intensity peak centered
at 2.85 eV, and some indiscernible high-intensity peaks
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FIG. 2 Typical low-lying isomers of anionic Au2Gen
− (n=1−8) clusters. Yellow and purple balls stand for the Au atoms

and Ge atoms, respectively. ∆E values are calculated at CCSD(T)/aug-cc-pVTZ-PP/Au/aug-cc-pVDZ/Ge level of theory.

between 3.30 and 4.20 eV, can be found in the spectrum
of Au2Ge8

−.

IV. THEORETICAL RESULTS

The typical low-lying isomers of Au2Ge1−8
− obtained

at the B3LYP level are presented in FIG. 2. The rela-

tive energies (∆E), theoretical VDEs and ADEs of these
low-lying isomers are summarized in Table I, along with
the experimental VDEs and ADEs. The bond lengths
of the most stable isomers of Au2Gen

− (n=1−8) clus-
ters are shown in Table II. According to the general-
ized Koopmans’ Theorem (GKT) [98, 99] we simulated
the photoelectron spectra of the low-lying isomers of
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TABLE II The bond lengths of the most stable isomers of
Au2Gen

−/0 (n=1−8) clusters.

Isomera Bond length/Å Isomerb Bond length/Å

1A Au−Au=3.63 1A′ Au−Au=3.49

Au−Ge=2.48 Au−Ge=2.42

2A Au−Au=4.23 2A′ Au−Au=3.36

Au−Ge=2.68 Au−Ge=2.63

Ge−Ge=2.45 Ge−Ge=2.51

3A Au−Au=4.18 3A′ Au−Au=3.56

Au−Ge=2.55−2.80 Au−Ge=2.53−2.81

Ge−Ge=2.48−2.52 Ge−Ge=2.55

4A Au−Au=3.47 4A′ Au−Au=5.21

Au−Ge=2.54−2.56 Au−Ge=2.62−2.63

Ge−Ge=2.53−2.55 Ge−Ge=2.57

5A Au−Au=3.70 5A′ Au−Au=3.37

Au−Ge=2.53−2.58 Au−Ge=2.53−2.73

Ge−Ge=2.52−2.60 Ge−Ge=2.50−2.60

6A Au−Au=3.26 6A′ Au−Au=3.58

Au−Ge=2.62−2.65 Au−Ge=2.56−2.62

Ge−Ge=2.56−2.61 Ge−Ge=2.56−2.63

7A Au−Au=3.21 7A′ Au−Au=3.27

Au−Ge=2.59−2.72 Au−Ge=2.55−2.71

Ge−Ge=2.55−2.78 Ge−Ge=2.47−2.63

8A Au−Au=3.40 8A′ Au−Au=3.60

Au−Ge=2.58−2.62 Au−Ge=2.54−2.68

Ge−Ge=2.49−2.67 Ge−Ge=2.48−2.64
a The isomer of Au2Gen

−(n=1−8).
b The isomer of Au2Gen neutrals.

Au2Ge1−8
− and named them as density of states (DOS)

spectra similar to our previous reports [68–74, 100]. The
comparison of the DOS spectra and experimental spec-
tra is shown in FIG. 3.

A. Au2Ge1
−

In the global minimum (1A) of Au2Ge1
−, the two

Au atoms bond with the Ge atom to form a C2v sym-
metric V-shaped structure with a nonbonding Au−Au
distance of 3.63 Å. The ∠AuGeAu angle in Au2Ge1

− is
calculated to be 94.0◦. The theoretical VDE of isomer
1A (1.84 eV) is very close to the experimental value
(1.85 eV) and its DOS spectrum can roughly repro-
duce the peak positions, patterns, and intensities of
the experimental spectrum, although the higher elec-
tron binding energy (EBE) peaks in the DOS spectrum
are slightly narrower than those in the experimental
one. Isomer 1B is unlikely to exist in the molecular
beams because it is less stable than isomer 1A by 0.72
eV. Thereby, we suggest that isomer 1A is the most
probable structure observed in the experiments.

B. Au2Ge2
−

The most stable isomer (2A) of Au2Ge2
− shows a

C2v symmetric bibridged structure and the distance be-
tween the two Au atoms is 4.23 Å. Isomer 2B is a C∞v

symmetric Ge−Ge−Au−Au linear structure. The the-
oretical VDE of isomer 2A (1.81 eV) agrees well with
the experimental value (1.87 eV) and its DOS spectrum
is also in reasonable agreement with the experimental
spectrum, although the relatively spectral intensities
are slightly different. Isomers 2B and 2C are higher
in energy than isomer 2A by at least 0.25 eV. Thus,
isomer 2A is suggested as the most probable one con-
tributing to the photoelectron spectrum of Au2Ge2

−

and the contribution of isomers 2B and 2C to the ex-
perimental spectrum can be ruled out.

C. Au2Ge3
−

As for Au2Ge3
−, the most stable isomer (3A) can

be described as an Au atom edge-capping a Ge−Ge
bond of AuGe3 rhombus with a nonbonding Au−Au
distance of 4.18 Å. The theoretical VDE of isomer 3A
(2.37 eV) gives good agreement with the experimental
value (2.35 eV) and its DOS spectrum can fit the exper-
imental spectrum well, except for the relatively spectral
intensities. Isomers 3B, 3C and 3D are less stable than
isomer 3A by at least 0.25 eV. Therefore, isomer 3A is
suggested to be the most probable structure existing in
the cluster beams.

D. Au2Ge4
−

In the lowest-lying isomer (4A) of Au2Ge4
−, the two

Au atoms interact with the four Ge atoms to form a
triangular prismatic structure with the distance of two
Au atoms being 3.47 Å. The theoretical VDEs of isomer
4A (2.81 eV) and isomer 4B (2.79 eV) show reasonable
agreement with the experimental value (2.96 eV). The
DOS spectrum of isomer 4A can roughly reproduce the
peak positions, patterns, and intensities of the exper-
imental spectrum and that of isomer 4B also matches
with the experimental peaks at 2.96, 3.22, and 3.72 eV.
Isomer 4B is slightly higher in energy than isomer 4A
by 0.15 eV. Isomers 4C and 4D being less stable than
isomer 4A by at least 0.34 eV are unlikely to be detected
in the experiments. Therefore, isomer 4A is suggested
to be the most probable structure detected in the ex-
periment and isomer 4B might have minor contribution
to the experimental spectrum.

E. Au2Ge5
−

Isomers 5A and 5B are almost degenerate in energy.
Isomer 5A adopts a Ge-capped Au2Ge4 triangular pris-
matic structure with the two Au atoms having a dis-
tance of 3.70 Å. Isomer 5A can be obtained by adding
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FIG. 3 Comparison between the experimental photoelectron spectra and simulated DOS spectra of the low-lying isomers
of Au2Gen

− (n=1−8) clusters. Simulated spectra were obtained by fitting the distribution of the transition lines with the
unit area Gaussian functions of 0.20 eV full widths at half-maximum.
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a Ge atom to edge-cap the Ge−Ge bond of Au2Ge4
triangular prism of isomer 4A. The theoretical VDE of
isomer 5A (2.10 eV) agrees well with the experimen-
tal peak at 2.16 eV and that of isomer 5B (3.53 eV) is
consistent with the experimental peak at 3.46 eV. The
DOS spectrum of isomer 5A can duplicate most of ex-
perimental spectral features. Isomer 5C can be ruled
out because its theoretical VDE (2.44 eV) is much de-
viated from the experimental one. Isomer 5D is higher
in energy than isomer 5A by 0.14 eV. Therefore, isomer
5A is the most likely one contributing to the photoelec-
tron spectrum of Au2Ge5

− and the existence of isomer
5B cannot be excluded.

F. Au2Ge6
−

In the global minimum (6A) of Au2Ge6
−, the two

Au atoms and six Ge atoms constitute a C2v symmet-
ric tetragonal prism with the two Au atoms located on
the top four-membered ring and having a distance of
3.26 Å. The theoretical VDE of isomer 6A (2.26 eV)
is in reasonable agreement with the experimental value
(2.38 eV) and its DOS spectrum can fit the experimen-
tal features very well. Isomers 6B, 6C, and 6D are
higher in energy than isomer 6A by 0.15, 0.19, and 0.23
eV, respectively. Therefore, we suggest isomer 6A to be
the most probable one observed in the experiments.

G. Au2Ge7
−

The lowest-lying isomer (7A) of Au2Ge7
− can be ob-

tained by adding an additional Ge atom to face-cap
the AuGe3 four-membered ring of Au2Ge6 tetragonal
prism. Isomer 7B can be viewed as an Au atom edge-
capping the Ge−Ge bond of Ge7 pentagonal bipyramid
and then another Au atom bonds with the edge-capping
Au atom. The theoretical VDEs of isomers 7A and 7B
(2.64 and 2.91 eV) are both in line with the experimen-
tal value (2.82 eV) and their combined DOS spectrum
can roughly duplicate the peak positions, patterns, and
intensities of the experimental spectrum. Isomer 7B is
slightly higher in energy than isomer 7A by 0.10 eV.
The existence of isomers 7C and 7D can be excluded
because they are higher in energy than isomer 7A by at
least 0.30 eV. Thus, isomer 7A is suggested to be the
major one existing in the experiments and the contri-
bution of isomer 7B to the photoelectron spectrum of
Au2Ge7

− cannot be ruled out.

H. Au2Ge8
−

In the most stable isomer (8A) of Au2Ge8
−, a dis-

torted pentagon is composed of two Au atoms and three
Ge atoms with the two Au atoms having a distance of
3.40 Å, and then another Ge5 pentagon interacts with
the Au2Ge3 pentagon to form a deformable pentago-
nal prismatic structure. The theoretical VDE of isomer

8A (2.65 eV) is close to the experimental value (2.85
eV) and its DOS spectrum is similar to the experimen-
tal one. Isomer 8B is impossible to be detected in the
experiments because its theoretical VDE (2.21 eV) is
much smaller than the experimental value, although it
is higher in energy than isomer 8A by only 0.08 eV.
Isomers 8C and 8D are higher in energy than isomer
8A by 0.10 and 0.19 eV, respectively. Hence, isomer 8A
is considered as the most probable one detected in the
experiments.

I. Au2Gen (n=1−8) neutrals

To explore the charge effect on the geometric struc-
tures of Au−Ge mixed clusters, Au2Ge1−8 neutrals
were also optimized at the B3LYP level and the results
are shown in FIG. 4. The bond lengths of the most
stable isomers of Au2Gen (n=1−8) clusters are shown
in Table II. We found that the most stable isomers of
Au2Gen neutrals have similar structural characteristics
to their corresponding anions, except for Au2Ge4 and
Au2Ge5. As for Au2Ge1−3,6−8

−/0, the bond lengths
and bond angles are different, although their structures
are analogous. For example, the ∠AuGeAu angle in
Au2Ge1 (92.2

◦) is slightly smaller than that in Au2Ge1
−

(94.0◦), and the ∠AuGeAu angle in Au2Ge2 (79.6◦)
is much smaller than that in Au2Ge2

− (104.4◦). The
lowest-lying isomer of Au2Ge4 can be viewed as two ad-
ditional Au atoms face-capping the Ge4 rhombic from
the opposite directions, similar to the second isomer of
Au2Ge4

−. The ground structure of Au2Ge5 can be de-
scribed as a AuGeAu bent unit above the Ge4 rhombus.

V. DISCUSSION

We found that the two Au atoms in Au2Ge1−8
−/0

tend to occupy high coordination sites and to form more
Au−Ge bonds, more likely due to the relative bond
strengths between Au−Ge, Ge−Ge, and Au−Au bonds.
The bond lengths of Au−Ge (2.46 Å) and Ge−Ge
(2.44 Å) are close, but the Au−Ge bond strength
(2.84 eV) is stronger than Ge−Ge bond strength
(2.78 eV) and Au−Au bond strength (2.35 eV) [101–
103], suggesting that the Ge atom prefers to bond with
the Au atom rather than other Ge atoms and the Au
atom is also inclined to interact with the Ge atom. In
other words, the formation of Au−Ge bonds can en-
hance stability of Au−Ge mixed clusters in comparison
to Ge−Ge bonds. These have also been revealed in our
previous work of AuGe2−12

−/0 [63]. In this work, the
experimental data suggest that the VDEs of Au2Gen

−

gradually increase with the increasing number of Ge
atoms. This may relate to the increase of strong Au−Ge
bonds from Au2Ge1

− to Au2Ge8
−.

As shown in Table II, the distances between the
two Au atoms in Au2Ge1−8

−/0 are in the range of
3.21−3.58 Å, both longer than the Au−Au bond length
(2.47 Å) in Au2 dimer [104] and the nearest neighbor
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FIG. 4 Typical low-lying isomers of neutral Au2Gen (n=1−8) clusters. Yellow and purple balls stand for the Au atoms and
Ge atoms, respectively. ∆E values are calculated at CCSD(T)/aug-cc-pVTZ-PP/Au/aug-cc-pVDZ/Ge level of theory.

distance (2.88 Å) in metallic gold [105], indicating the
two Au atoms have weak aurophilic interactions [47].
This is consistent with the relatively weak Au−Au bond
strength (2.35 eV) in comparison with Au−Ge bond
strength (2.84 eV). However, the previous investigations
of Fe2Ge3−12

−/0 and Cr2Ge3−14
− clusters found that

the two Fe or Cr atoms incline to bond with each other

and to form a strong metal-metal bond [31, 106] sug-
gesting that the bonding properties of Au2Gen

−/0 are
different from those of Fe2Gen

−/0 and Cr2Gen
−.

Here, we would like to compare the photoelectron
spectra and geometrical structures of Au2Ge1−7

− with
those of Au2Si1−7

− which have been reported in our
previous work [71]. The experimental spectra of
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Au2Ge1−7
− are rather similar to those of Au2Si1−7

−

except that the experimental VDEs of Au2Ge1−7
− are

slightly higher than those of Au2Si1−7
−. Given that Ge

atom has analogical electronic structure with Si atom, it
is not surprising to find the similarities of experimental
spectra between Au2Ge1−7

− and Au2Si1−7
−. It is also

observed that the two Au atoms in both Au2Ge1−7
−

and Au2Si1−7
−/0 have weak aurophilic interactions. As

for n=1−6, Au2Gen
− and Au2Sin

− adopt analogical
geometrical features, which are primarily dominated by
the planar ring-like and prismatic based geometries.
Au2Ge7

− and Au2Si7
− have different structural fea-

tures, in which Au2Ge7
− is a Ge-capped Au2Ge6 tetrag-

onal prism, while Au2Si7
− is a deformable prismatic

structure composed of a distorted Au2Si3 pentagon and
an Si4 rhombus.

To give insight into the effective atomic charges dis-
tribution of Au2Ge1−8

−, we conducted the natural pop-
ulation analysis (NPA) on the most stable isomers and
the results are shown in FIG. 5. Since the Pauling
electronegativity (χ=2.54) of Au atom is stronger than
that (χ=2.01) of Ge atom [107], the negative NPA
charges on the two Au atoms in Au2Ge1−8

− varying
from −0.10 e to −0.33 e are expected. The change
of NPA charges on the two Au atoms versus n is not
significant for Au2Ge1−8

− because they all adopt exo-
hedral structures. In addition, we found that the NPA
charges on the two Au atoms gradually decrease for the
cluster sizes of n=1−5 and increase at n=6−8, prob-
ably associated with forming more Au−Ge bonds at
n=6−8, as a consequence, more electrons of the Gen
frameworks are transferred to the two Au atoms. The
observed increase of VDEs for Au2Ge1−5

− with the in-
creasing number of Ge atoms may partly be explained
by the decrease of the negative NPA charges on the
localized Au site. In Au2Ge1−8

−, the two Au atoms
interact with nearly same number of Ge atoms, prob-
ably resulting in that the NPA charges distribution on
the two Au atoms are very similar. Therefore, the
NPA charges distribution on the two Au atoms are re-
lated with the Pauling electronegativities of Au and
Ge atoms and the structural evolution of Au2Gen

−

clusters. The charges distribution of Au2Ge1−8 neu-
trals were also analyzed and were found that the two
Au atoms also have a small quantity of negative NPA
charges within the range of −(0.01−0.16 e). The
Au2Ge1−8 neutrals all have closed-shell electronic struc-
tures, as a result, it should be reasonable to find the
large HOMO−LUMO gaps. The calculated results sug-
gested that the HOMO−LUMO gaps of Au2Ge1−8 neu-
trals are between 1.90 and 3.01 eV.

To probe the bonding properties of Au2Gen, we an-
alyzed the molecular orbitals of the most stable iso-
mer of Au2Ge6 (6A′, 1A1) because it has higher sym-
metry than the clusters of neighboring sizes as shown
in FIG. 6. The HOMO is a σ orbital with bonding
characters in the perpendicular Ge−Ge bonds, mainly
composed of the 4pz orbitals of four Ge atoms. The

FIG. 5 The NPA charges on the Au atoms of the most stable
isomers of Au2Gen

− (n=1−8) clusters.

FIG. 6 Molecular orbitals of the lowest-lying isomer (6A′,
1A1) of neutral Au2Ge6 from different angles (isosurface
value=0.02). The alphabet and number in brackets refer
to the symmetry of molecular orbitals.

HOMO−1 is a delocalized π orbital with bonding char-
acters in the vertical Au−Ge and Ge−Ge bonds, and
HOMO−1 is also a σ orbital with bonding characters in
the perpendicular Ge−Ge bonds, primarily constructed
by the 5dxy orbitals of two Au atoms and the 4pz or-
bitals of six Ge atoms. The 5dz2 orbitals of two Au
atoms and the 4py and 4pz orbitals of six Ge atoms are
mainly involved in the HOMO−2, which is a σ orbital
with bonding characters in the horizontal Au−Ge and
Ge−Ge bonds. The HOMO−3 is a σ orbital with bond-
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ing characters in the horizontal Ge−Ge bonds, mainly
made up of the 5dyz orbitals of two Au atoms and the
4s, 4px and 4pz orbitals of six Ge atoms, whereas the
HOMO−4 possesses σ bonding characters and π anti-
bonding characters and has the components from the
5dxz orbitals of two Au atoms and the 4px and 4py or-
bitals of six Ge atoms. As for the HOMO−5, it consists
of 6s orbitals of two Au atoms and the 4s4p hybridized
orbitals of Ge atoms and is a σ orbital with bonding
characters. These molecular orbitals clearly suggest
that Au2Ge6 exhibits σ and π double bonding charac-
ters in the vertical Au−Au and Ge−Ge bonds. On one
hand, we can see from these MOs that there are small
overlaps between the 5d or 6s orbitals of two Au atoms,
indicating that the Au−Au interactions are very weak,
in reasonable agreement with the long Au−Au distance
(3.58 Å) and low Au−Au Wiberg bond order (0.51).
On the other hand, there are large overlaps between
the 5d or 6s orbitals of two Au atoms and the 4s or 4p
orbitals of six Ge atoms, suggesting that the Au−Ge
has strong interactions, consistent with high calculated
Wiberg bond order of 0.92−0.96. Therefore, the weak
Au−Au and strong Au−Ge interactions, and the σ plus
π double bonding characters play important roles in the
structural stability of C2v symmetric tetragonal prism.

Density of states (DOS) represents the number of
states in contiguous unit energy interval and is one of
important concepts in solid physics. DOS graph has
been considered as a very valuable tool for analyzing
the nature of electronic structure, and the curve map
of broadened partial density of states (PDOS) can be
used for visualizing orbital composition analysis. The
Au−Ge and Au−Au interactions can also be interpreted
based on the PDOS of the most stable isomer of Au2Ge6
(6A′, 1A1), as presented in FIG. 7. The p states of
Ge and d states of Au are analyzed, and the s states
are not given because of its negligible contributions. It
can be seen that, for the Au−Ge interactions, there are
strong overlaps between Au2-d and Ge6-p at energies
from −0.2 eV to −1.8 eV and from −3.8 eV to −5.0 eV.
For the two Au atoms, it exhibits very weak overlaps
between Auleft-d and Auright-d. The large overlaps be-
tween Au2-d and Ge6-p states can confirm the MO anal-
yses that there exit strong interactions between the Au
5d orbitals and the Ge 4p orbitals. The small overlaps
between Auleft-d and Auright-d states indicate that the
Au−Au interactions are weak. This is also consistent
with the MO, bond length, and bond order analyses.

VI. CONCLUSION

Au2Gen
−/0 (n=1−8) clusters were investigated by

size-selected anion photoelectron spectroscopy and the-
oretical calculations to probe their structural evolu-
tion and electronic properties. The results found that
the two Au atoms in Au2Gen

−/0 (n=1−8) have weak
aurophilic interactions and prefer to occupy high co-
ordination sites to form more Au−Ge bonds. The

FIG. 7 Partial density of states (PDOS) for the lowest-lying
isomer (6A′, 1A1) of neutral Au2Ge6. The vertical dashed
line is the Fermi level.

most stable isomers of Au2Gen
− anions and Au2Gen

neutrals have spin doublet and singlet states, respec-
tively. It is observed that the most stable structures
of Au2Gen

− anions and Au2Gen neutrals adopt simi-
lar geometrical characteristics. Au2Ge1

−/0 has a C2v

symmetric V-shaped structure, Au2Ge2
−/0 has a C2v

symmetric dibridged structure, and Au2Ge3
−/0 can be

regarded as the two Au atoms independently capping
the different Ge−Ge bonds of Ge3 triangular struc-
ture. Au2Ge4−8

−/0 are majorly governed by triangu-
lar, tetragonal, and pentagonal prism-based geometries.
Especially, Au2Ge6 adopts a C2v symmetric tetragonal
prism and exihibits σ plus π double bonding characters.

Supplementary materials: The Cartesian coordi-
nates of the low-lying isomers of Au2Gen

−/0 (n=1−8)
clusters are available.
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