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ABSTRACT: We measured the photoelectron spectra of diatomic
AuSi− and AuGe− and conducted calculations on the structures and
electronic properties of AuSi−/0 and AuGe−/0. The calculations at the
CASSCF/CASPT2 level confirmed that experimentally observed
spectra features of AuSi− and AuGe− can be attributed to the
transitions from the 3Σ− anionic ground state to the 2Π (2Π1/2 and
2Π3/2),

4Σ−, 32Σ+, and 42Σ+ electronic states of their neutral
counterparts. The electron affinities (EAs) of AuSi and AuGe are
determined by the experiments to be 1.54 ± 0.05 and 1.51 ± 0.05
eV, respectively. The spin−orbit splittings (2Π1/2−2Π3/2) of AuSi
and AuGe measured in this work are in agreement with the literature
values. The energy difference between the 4Σ− (A) and 2Π1/2 states
of AuSi obtained in this work is in reasonable agreement with the literature value, while that of AuGe obtained in this work by
anion photoelectron spectroscopy is slightly larger than the literature value by neutral emission spectroscopy. The term energies
of the 32Σ+ (B) and 42Σ+ (C) states of AuSi and AuGe were also determined based on the photoelectron spectra. Because of the
different bond lengths between the anionic and neutral states, the electronic state terms energies of AuSi and AuGe estimated
from the anion photoelectron spectra might be slightly different from those obtained from the neutral emission spectra.

1. INTRODUCTION

The Au−Si and Au−Ge alloys are important in fabrication of
microelectronics, microsensors, and new nanomaterials.1−8

Understanding the structures and electronic properties of Au-
doped semiconductor clusters may provide useful information
for the development of semiconductor nanomaterials and for
their potential applications in industry. The structures of Au-
doped silicon clusters9−12 and Au-doped germanium clus-
ters13−18 were studied previously by many calculations. The
vibrational frequencies and structures of AuSin

+ (n = 2−11, 14,
15) were investigated by infrared multiphoton dissociation
(IRMPD) experiment.19 The electronic states and bonding
properties of SiAu4

−, Si2Aun
− (n = 2, 4), Si3Au3

−, and AuSin
− (n

= 4−12) were explored with size-selected photoelectron
spectroscopy experiments.20−23 The electronic states and
structures of AuGen

− (n = 2−12) clusters were also investigated
by size-selected photoelectron spectroscopy in combination
with ab initio calculations.24 The Au-doped Group 14 cluster
ions such as [Au3Ge18]

5−, [Au3Ge45]
9−, and [AuGe18(Si-

(SiMe3)3)6]
− were synthesized in solutions and characterized

by a number of techniques.25−27

Regarding diatomic AuSi and AuGe molecules, the emission
spectra of AuSi and AuGe were measured by Barrow28 and by
Houdart and Schamps.29 The results proposed a ground state
of 2Π1/2 with a spin−orbit splitting from 2Π1/2 to

2Π3/2 of 1071
cm−1 for AuSi and of 1552 cm−1 for AuGe. The dissociation
energy of AuSi was measured using Knudsen cell mass
spectrometer.30 The rotational constant of AuSi was
determined based on the near-infrared bands.31 The rovibronic
bands of AuSi were measured with cavity ringdown laser
absorption spectroscopy.32 The low-lying states of AuSi, AuSi+,
and AuSi− were studied by the multiconfigurational CASSCF/
CASPT2 calculations.12,33 The ground states of AuSi, AuSi+,
and AuSi− were predicted to be 2Π, 1Σ+, and 3Σ−.12 Also, the
ground state of AuSi was computed to be the 2Π1/2 state, and
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the spin−orbit splitting from 2Π1/2 to
2Π3/2 was evaluated to be

1527 cm−1.33 These computed results were in agreement with
the emission spectra of AuSi.28,29 However, the spin−orbit
splitting predicted by theory is slightly larger than the
experimental value. To best of our knowledge, there is no
quantum chemical calculation on the low-lying states of AuGe−

and AuGe.
In order to give a deeper understanding of the low-lying

electronic states of AuSi−/0 and AuGe−/0, we investigate the
electronic structures of AuSi−/0 and AuGe−/0 by anion
photoelectron spectroscopy and quantum chemical calcula-
tions. By measuring the electron detachment energies of the
anion, anion photoelectron spectroscopy can give relative
energies of all the relevant low-lying electronic states of the
neutral molecule that have not been recorded in the emission
spectra of AuSi and AuGe. Also, the spin−orbit splitting
energies of the low-lying electronic states of AuSi and AuGe are
determined by anion photoelectron spectroscopy. Moreover,
the structural variations from the initial anionic state to the final
neutral state within an electron detachment process are
recorded as vibrational progressions in the spectrum.
Otherwise, the ab initio calculations with density functional
theory (DFT) and CASSCF/CASPT2 method are carried out
to provide the potential energy profiles, relative energies, spin−
orbit splitting energies, vibrational frequencies, and bond
distances of the relevant electronic states of AuSi−/0 and
AuGe−/0. The electron detachment energies of the anion are
calculated and the Franck−Condon factors of the transitions
from the anionic state to the neutral states are simulated. The
computed results are used to interpret the photoelectron
spectra of AuSi− and AuGe−.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.A. Experimental Methods. The experiments were
conducted on a home-built apparatus consisting of a laser
vaporization cluster source, a time-of-flight mass spectrometer,
and a magnetic-bottle photoelectron spectrometer, which has
been described elsewhere.34 The AuSi− anions were generated
in the laser vaporization source by laser ablation of a rotating
and translating isotopically enriched Au/28Si mixture disk target
(13 mm diameter, Au:28Si mole ratio 1:1, 28Si (99.989%)) with
the second harmonic (532 nm) light pulses from a Nd:YAG
laser (Continuum Surelite II-10), while helium gas with ∼0.4
MPa backing pressure was allowed to expand through a pulsed
valve (General Valve Series 9) into the source to cool the AuSi−

anions. Similarly, the AuGe− anions were generated by laser
ablation of a rotating and translating Au/Ge mixture disk target
(Au:Ge mole ratio 1:1). The AuSi− and AuGe− anions were
each size-selected with a mass gate, decelerated by a
momentum decelerator before crossing with the beam of
another Nd:YAG laser (Continuum Surelite II-10, 532, 355,
and 266 nm) at the photodetachment region. The photo-
electrons were energy-analyzed by the magnetic-bottle photo-
electron spectrometer. The photoelectron spectra were
calibrated with the spectra of Bi−, Cs−, Cu−, and Au− ions
taken at similar conditions. The resolution of the magnetic-
bottle photoelectron spectrometer was about 40 meV at
electron kinetic energy of 1 eV.

2.B. Computational Methods. The nonrelativistic (NR),
scalar relativistic (SR), and spin−orbit (SO) energy levels of
AuSi and AuGe are obtained using the Amsterdam Density
Functional software (ADF, 2016.10)35−37 with the B3LYP38−41

method and TZP basis sets.42 The frozen core approximation
was also employed with [1s2−4d10] for Au, [1s2−2p6] for Si,
and [1s2−3p6] for Ge. In order to better understand the
bonding properties of AuSi− and AuGe−, the NBO analysis was
also performed.
The low-lying states of AuSi−/0 and AuGe−/0 was investigated

with the CASSCF/CASPT2 method. The AuSi−/0 and AuGe−/0

have C∞v symmetry. Because only Abelian point groups are
supported in MOLCAS, all the CASSCF/CASPT2 calculations
were performed in C2v symmetry. The triple-ζ ANO-RCC basis
sets with contraction schemes of [24s21p15d11f4g2h]/
(8s6p5d3f2g) for Au, [17s12p5d4f2g]/(5s4p2d1f) for Si, and
[20s17p11d5f2g]/(6s5p3d2f1g) for Ge were used.43,44 The
scalar relativistic effects were treated with the second-order
Douglas-Kroll Hamiltonian.45−47 To reduce the memory for
storing two-electron integrals, Cholesky decomposition with an
accuracy of 10−6 au were employed.48−50 In the CASPT2 step,
an imaginary shift of 0.1 was applied to prevent the intruder
states. Also, the default IPEA shift of 0.25 was used in the
CASPT2 calculations. The wave function for CASPT2 was
obtained from a CASSCF calculation. The previous study on
the electronic structures of AuSi uses an active space of 10
orbitals which includes the 5d and 6s of Au and the 3s and 3p
of Si.33 In this work, our CASSCF/CASPT2 calculations
employ the same active space for AuSi−/0 and AuGe−/0. In
particular, for AuGe−/0, the 4s and 4p of Ge were included in
the active space instead of the 3s and 3p of Si. Overall, the
active spaces for AuSi−/0 and AuGe−/0 consist of 15 or 16

Figure 1. Photoelectron spectra of AuSi− and AuGe− recorded with 532 and 266 nm photons.
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electrons distributed in 10 orbitals. After spin-free CASSCF/
CASPT2 calculations, spin−orbit state interactions were carried
out with the atomic mean field approximation.51 All the
CASSCF/CASPT2 calculations were carried out with MOL-
CAS@UU 8.0.52

3. EXPERIMENTAL RESULTS
The photoelectron spectra of AuSi− and AuGe− anions
recorded with 532 and 266 nm photons are shown in Figure
1. (The spectra recorded with 355 nm photons are shown in
the Supporting Information.) The vertical detachment energies
(VDEs) of these clusters obtained from the photoelectron
spectra are reported in Table 1. It is worth noting that the
original photoelectron spectrum of AuSi− at 266 nm was
contaminated by the signals of Si8

− because the ion intensity of
AuSi− was very weak and it was always disturbed by the strong
ion intensity of Si8

−. Thus, the 266 nm spectrum of AuSi−

anion displayed in Figure 1 is obtained by subtracting the
photoelectron signals of Si8

− from the original spectrum. (The
detailed information about the spectrum subtraction can be
found in the Supporting Information.)
The 266 nm spectrum of AuSi− reveals a broad peak (X)

centered at 1.66 eV, and three sharp peaks A, B, and C at 3.30,
3.71, and 4.14 eV, respectively. In the 532 nm spectrum of
AuSi−, the X peak is resolved into two peaks centered at 1.54
(X1) and 1.69 eV (X2) because the instrumental resolution for
that region is better at 532 nm than at 266 nm. The X1 and X2
more likely correspond to the transitions from the ground state
of AuSi− anion to the spin−orbital splitting states of AuSi
neutral. In addition, a weak broad feature in the range of 0.8−
1.2 eV can be observed in the 532 nm spectra of AuSi−, which
is assigned as a hot band (HB) due to the transition from the
vibrational excited state of AuSi− anion to the spin−orbital
splitting states of AuSi neutral.
The 266 nm spectrum of AuGe− shows a broad peak (X)

centered at 1.63 eV, followed by a high-intensity sharp peak (A)
at 3.38 eV, a weak peak (B) at 3.68, and an additional high-
intensity sharp peak (C) at 4.05 eV. The broad X peak is
resolved into two peaks (X1, X2) centered at 1.51 and 1.72 eV
in the 532 nm spectrum. Also, a weak low binding energy hot
band (HB) in the range of 1.0−1.4 eV can be observed the 532
nm spectrum of AuGe−, which has been confirmed by
variations of the hot band intensity at different experimental
conditions.

4. COMPUTATIONAL RESULTS
The NR, SR, and SO energy level of AuSi are shown in Figure
2. The NR, SR, and SO energy levels of AuGe are shown in
Figure 3. For AuSi, the 6s atomic orbital (AO) of Au (sd0.12)
interacts with the 3p AOs of Si (sp21.29d0.22) forming one
bonding orbital (3σ, 65% Au and 35% Si) and one antibonding
orbital (4σ, 35% Au and 65% Si), while the 5d AOs of Au split

into five molecular orbitals. For AuGe, the 6s AO of Au (sd0.12)
bonds with the 4p AOs of Ge (sp26.89d0.22) forming one 3σ
bonding orbital (65% Au and 35% Si) and one 4σ antibonding
orbital (35% Au and 65% Si), leaving the 5d AOs of Au
splitting into five molecular orbitals without interacting with
Ge.

4.A. AuSi− and AuSi. The CASSCF/CASPT2 potential
energy curves of the low-lying states of AuSi− and AuSi are
presented in Figure 4, parts a and b. The Au−Si bond distances,
harmonic vibrational frequencies, and relative energies of the
low-lying states of AuSi− and AuSi as defined from the potential

Table 1. Experimental VDEs of the Peaks Observed in the Photoelectron Spectra of AuSi− and AuGe− a

VDE (eV)

X

X1 X2 A B C

AuSi− 1.54 (5) 1.69 (5) 3.30 (8) 3.71 (8) 4.14 (8)
AuGe− 1.51 (5) 1.72 (5) 3.38 (8) 3.68 (8) 4.05 (8)
assignment 3Σ− → 2Π1/2

3Σ− → 2Π3/2
3Σ− → 4Σ− 3Σ− → 32Σ+ 3Σ− → 42Σ+

aThe numbers in the parentheses indicate the uncertainties of the last digits.

Figure 2. Nonrelativistic (NR), scalar relativistic (SR), and spin−orbit
(SO) energy levels of AuSi.

Figure 3. Nonrelativistic (NR), scalar relativistic (SR), and spin−orbit
(SO) energy levels of AuGe.
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energy curves are collected in the upper part of Table 2. The
calculated results show that the ground state of AuSi− is a 3Σ−

with a bond distance of 2.031 Å and a harmonic vibrational
frequency of 322 cm−1. The qualitative molecular orbital
diagram of the 3Σ− as presented in Figure 5 shows that the 11b1
(π) and 11b2 (π) orbital are singly occupied. These two orbitals
are predominantly 3px and 3py of Si. All the predominantly 5d
and 6s of Au orbitals (20a1, 21a1, 22a1, 10b1, 10b2, and 4a1) are
fully occupied. On the other hand, the ground state of the AuSi
is a 2Π with a bond distance of 2.241 Å and a vibrational
frequency of 389 cm−1. In the spin−orbit state interaction
calculations, the 2Π is split into the 2Π1/2 and

2Π3/2 in which
the 2Π1/2 is the ground state. The spin−orbit splitting of the
2Π1/2 and 2Π3/2 is calculated to be 0.12 eV, in reasonable
agreement with the experimental value of 0.15 ± 0.02 eV (1210
± 160 cm−1) in this work. The ground states of the anionic and
neutral AuSi as obtained with the CASPT2 method in this work
are in agreement with the previous results.12,33

The photoelectron spectra of AuSi− can be interpreted by
electron detachments from the 3Σ− anionic ground state. The X
band at 1.66 eV in the 266 nm spectrum is ascribed to the 3Σ−

→ 2Π transition in which one electron from the 11b2 (π)
orbital is detached. The vertical detachment energy (VDE) as
computed with the CASPT2 method is 1.48 eV. Because of the
spin−orbit interaction in the 2Π, the X band is split into the X1

and X2 bands centered at 1.54 and 1.69 eV in the 532 nm
spectrum. The VDEs of the transitions from the 3Σ− to the
2Π1/2 and to the 2Π3/2 are calculated by theory to be 1.40 and
1.52 eV, respectively. On the other hand, the A, B, and C bands
at 3.30, 3.71, and 4.14 eV in the 266 nm spectrum are assigned
to the transitions from the 3Σ− to the 4Σ−, 32Σ+, and 42Σ+ in
which one electron is removed from the 22a1 (σ) orbital. The
VDEs of these three transitions as computed with the CASPT2
method are 3.13, 3.96, and 4.17 eV, respectively. In general, we
can say that all the calculated VDEs correspond well with the
positions of the X (X1 and X2), A, B, and C bands in the
experimental spectra.
The Franck−Condon factor simulation results for the 3Σ−→

2Π1/2 and
3Σ− → 2Π3/2 transitions are presented in Figure 6a

and 6b. As can be seen from these figures, the 3Σ− → 2Π1/2 and
3Σ−→ 2Π3/2 transitions have vibrational progressions of three
or four peaks. The vibrational frequencies of the vibrational
progression in the transition to 2Π1/2 and to 2Π3/2 are 395 and
386 cm−1, respectively. These vibrational frequencies are too
small to be observed in the 532 nm photoelectron spectrum.
Indeed, in the 532 nm photoelectron spectrum of AuSi−, the X1
and X2 bands appear with unresolved vibrational progressions.
The vibrational progressions in the 3Σ−→ 2Π1/2 and 3Σ−→
2Π3/2 transitions are the results of the detachment of one
electron from the 11b2 (π) orbital of the

3Σ−. As can be seen in
Figure 3, the 11b2 (π) is a slightly antibonding orbital. The
removal of one electron from an antibonding orbital would
result in a decrease of the bond distance. Indeed, in the 3Σ−→
2Π1/2 and 3Σ−→ 2Π3/2 transitions, the Ai-Si distances are
reduced from 2.301 to 2.230 and to 2.248 Å. Overall, we can
say that the decrease of Au−Si distance is the reason to why
vibrational progressions appear in the 3Σ−→ 2Π1/2 and

3Σ−→
2Π3/2 transitions.

4.B. AuGe− and AuGe. The potential energy curves of the
low-lying states of AuGe− and AuGe as computed with the
CASSCF/CASPT2 method are displayed in Figure 7, parts a
and b. On the basis of the potential energy curves, the Au−Ge
bond distance, harmonic vibrational frequency, and relative
energy of these states are evaluated and the results are
presented in the lower part of Table 2. It can be seen from
Figure 7 and Table 2 that the ground states of the AuGe− and
AuGe are similar to those of AuSi− and AuSi. For AuGe−, the
3Σ− is calculated as the ground state with a bond distance of
2.378 Å and a vibrational frequency of 209 cm−1. The molecular
orbital diagram of the 3Σ− as presented in Figure 8 shows that
the 13b1 (π) and 13b2 (π) are singly occupied. From Figure 8,
we can see that the 13b1 and 13b2 are the 4px and 4py of Ge.
Additionally, all the 5d and 6s of Au (24a1, 25a1, 26a1, 12b1,
12b2, and 2a2) are fully occupied. Otherwise, the ground state
of AuGe is a 2Π state. The bond distance and vibrational
frequency of the 2Π as computed at CASPT2 level are 2.306 Å
and 258 cm−1. In the CASPT2 spin−orbit coupling
calculations, the 2Π is split into the 2Π1/2 and

2Π3/2. In these
two doublet states, the 2Π1/2 is the neutral ground state, while
the 2Π3/2 is 0.17 eV above. This result confirms the spin−orbit
splitting of 0.21 ± 0.02 eV (1690 ± 160 cm−1) estimated from
the 532 nm photoelectron spectrum.
The photoelectron spectra of AuGe− are explained by the

one-electron detachment processes from the 3Σ− anionic
ground state. The X band at 1.63 eV in the 266 nm spectrum
is attributed to the 3Σ− → 2Π transition in which one electron
from the 13b2 (π) orbital is detached. The VDE of this

Figure 4. Potential energy curves of the low-lying states of AuSi− (a)
and of AuSi (b) as obtained from CASPT2 calculations.
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transition as calculated at the CASPT2 level is 1.39 eV. Because
of the spin−orbit coupling, the 2Π is split into the 2Π1/2 and
2Π3/2. The computed VDEs of the transitions from the 3Σ− to
the 2Π1/2 and

2Π3/2 are 1.28 and 1.45 eV. It can be seen that
these computed VDEs are lightly lower than the experimental
values of 1.51 and 1.72 eV in the experimental spectrum.
Otherwise, the A, B, and C bands at 3.38, 3.68, and 4.05 eV in
the experimental spectrum are the results of the transitions
from the 3Σ− to the 4Σ−, 32Σ+, and 42Σ+ states. In these

transitions, one electron from the 26a1 orbital of the 3Σ− is
detached. The calculated VDEs of these transitions are 3.13,
3.80, and 4.23 eV, respectively.
Figure 9a and 9b represent the Franck−Condon factor

simulations for the 3Σ− → 2Π1/2 and 3Σ− → 2Π3/2. These
figures show that both of these two transitions have vibrational
progressions. The vibrational frequencies of these progressions
as computed with the CASPT2 methods are 264 and 278 cm−1.
These vibrational frequencies are even smaller than that of the
3Σ− → 2Π1/2 and

3Σ− → 2Π3/2 transitions within AuSi−/0 (395
and 386 cm−1). Such frequencies are too small to be resolved in
the 532 nm photoelectron spectrum. In the 532 nm
photoelectron spectrum, the X1 and X2 features are observed
as two broad peaks. Similar to AuSi−/0, the vibrational
progressions in the 3Σ− → 2Π1/2 and

3Σ− → 2Π3/2 transitions
within AuGe−/0 are the results of the removal of one electron
from a slightly antibonding 13b2 (π) orbital. In the

3Σ− → 2Π1/2
and 3Σ− → 2Π3/2 transitions, the Au−Ge distance is reduced
from 2.378 to 2.320 Å and to 2.337 Å.

5. DISCUSSION
The emission spectra of AuSi and AuGe were reported by
Barrow et al. in 1964.28 For AuSi, the spectrum showed an A-
X1(

2Π1/2) and a X2(
2Π3/2)-X1(

2Π1/2) transition with transition
energies of 13632 and 1071 cm−1, respectively. For AuGe, the
transition energies of A-X1(

2Π1/2) and X2(
2Π3/2)-X1(

2Π1/2)
increased to 13740 and 1552 cm−1. The emission spectra of
AuSi and AuGe were reinvestigated by Houdart and Schamps
in 1973.29 The transition energies were almost the same as
observed by Barrow but the emission band was reassigned to

Table 2. Bond distances, vibrational frequencies, relative energies of the low-lying states of AuSi−/0 and AuGe−/0 and the
adiabatic and vertical detachment energies (ADEs and VDEs) of the anion

ADE (eV) VDE (eV)

cluster state leading configuration R (Å) freq (cm−1) REb (eV) CASPT2 CASPT2 expt

AuSi− 3A2 (
3Σ−) 22a1

223a1
011b1

111b2
14a2

2 2.301 322 0.00
1A1 (

1Σ+) 22a1
223a1

011b1
211b2

04a2
2 2.268 350 0.72

3B1 (
3Π) 22a1

223a1
111b1

111b2
04a2

2 2.347 343 1.58

AuSi 2B1 (
2Π) 22a1

223a1
011b1

111b2
04a2

2 2.241 389 0.00 (1.46) 1.46 1.48 1.66, X
2B1 (

2Π1/2)
a 2.230 395 −0.09 (1.37) 1.37 1.40 1.54, X1

2B1 (
2Π3/2)

a 2.248 386 0.04 (1.50) 1.50 1.52 1.69, X2

12A1 (1
2Σ+) 22a1

223a1
111b1

011b2
04a2

2 2.240 392 1.76 (3.22)
22A1 (2

2Σ+) 22a1
123a1

011b1
211b2

04a2
2 2.246 346 2.60 (4.06)

4A2 (
4Σ−) 22a1

123a1
011b1

111b2
14a2

2 2.251 351 1.66 (3.12) 3.12 3.13 3.30, A

12A2 (3
2Σ+) 22a1

123a1
011b1

111b2
14a2

2 2.342 271 2.49 (3.95) 3.95 3.96 3.71, B
22A2 (4

2Σ+) 22a1
123a1

011b1
111b2

14a2
2 2.254 339 2.69 (4.15) 4.15 4.17 4.14, C

4B1 (
4Π) 22a1

123a1
111b1

111b2
04a2

2 2.391 242 3.02 (4.48)

AuGe− 3A2 (
3Σ−) 26a1

227a1
013b1

113b2
15a2

2 2.378 209 0.00
1A1 (

1Σ+) 26a1
227a1

013b1
213b2

05a2
2 2.333 230 0.90

3B1 (
3Π) 26a1

227a1
113b1

113b2
05a2

2 2.362 228 1.47

AuGe 2B1 (
2Π) 26a1

227a1
013b1

113b2
05a2

2 2.306 258 0.00 (1.36) 1.36 1.39 1.63, X
2B1 (

2Π1/2)
a 2.320 264 −0.10 (1.26) 1.26 1.28 1.51, X1

2B1 (
2Π3/2)

a 2.337 278 0.08 (1.44) 1.44 1.45 1.72, X2

12A1 (1
2Σ+) 26a1

227a1
113b1

013b2
05a2

2 2.311 251 1.80 (3.16)
22A1 (2

2Σ+) 26a1
127a1

013b1
213b2

05a2
2 2.331 215 2.79 (4.15)

4A2 (
4Σ−) 26a1

127a1
013b1

113b2
15a2

2 2.330 223 1.76 (3.12) 3.12 3.13 3.38, A

12A2 (3
2Σ+) 26a1

127a1
013b1

113b2
15a2

2 2.430 172 2.44 (3.80) 3.80 3.68, B
22A2 (4

2Σ+) 26a1
127a1

013b1
113b2

15a2
2 2.331 217 2.87 (4.23) 4.23 4.23 4.05, C

4B1 (
4Π) 26a1

127a1
113b1

113b2
05a2

2 2.525 111 2.99 (4.35)
aThe spin−orbit coupling is calculated with four roots for each of the 2B1,

2B2,
2A1,

2A2,
4A2, and

4B1 states of the AuSi and AuGe. bThe numbers in
parentheses are relative energies as compared to the 3A2 (

3Σ−).

Figure 5. Qualitative molecular orbital diagram of the 3A2 (3Σ−) of
AuSi−. The Au atom is placed on the left-hand side of the molecule.
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the A(2Σ+)-X1(
2Π1/2) transition. In this work, from the

experimental photoelectron spectra of AuSi− and AuGe−

anions, the spin−orbit splitting of AuSi is measured to be
0.15 ± 0.02 eV (1210 ± 160 cm−1), slightly larger than the
literature value of 1071 cm−1; that of AuGe is measured to be
0.21 ± 0.02 eV (1690 ± 160 cm−1), also slightly larger than the
literature value of 1552 cm−1. The differences to the literature
values are within the uncertainties of the photoelectron
measurements. The 266 nm photoelectron spectrum of AuSi−

shows that the 4Σ− (A) state of AuSi are higher than the 2Π1/2
state by 1.76 ± 0.08 eV (14195 ± 640 cm−1), slightly larger
than the literature value of 13632 cm−1 by 563 ± 640 cm−1

which is also within the experimental uncertainty. On the basis
of the 266 nm photoelectron spectrum of AuGe−, the 4Σ− (A)
state of AuGe are higher than the 2Π1/2 state by 1.87 ± 0.08
(15083 ± 640 cm−1), larger than the value of 13740 cm−1 in
the literature by 1343 ± 640 cm−1. The larger term energy of
AuGe 4Σ− (A) state observed in our experiment probably is due
to the bond length of AuGe− is longer than that of AuGe.
Hence, the vertical photodetachment of AuGe− corresponds to
the points different from the equilibrium points on the
potential curves of the neutral states.

By using the cavity ringdown laser absorption spectroscopy,
the ground state of AuSi was defined as a 2Σ.32 On the other

Figure 6. Franck−Condon factor simulations for the 3A2 (
3Σ−) → 2B1

(2Π1/2) (a) and 3A2 (
3Σ−) → 2B1 (

2Π3/2) (b) transitions within the
AuSi−/0 clusters. Figure 7. Potential energy curves of the low-lying states of AuGe− (a)

and of AuGe (b) as obtained from CASPT2 calculations.

Figure 8. Qualitative molecular orbital diagram of the 3A2 (3Σ−) of
AuGe−. The Au atom is placed on the left-hand side of the molecule.
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hand, the CASSCF/CASPT2 calculations of Abe et al.
suggested the ground state of AuSi to be the 2Π1/2 and the
spin−orbit splitting between 2Π1/2 and

2Π3/2 was 1527 cm−1.33

In this work, the electronic ground states of AuSi and AuGe are
calculated to be the 2Π1/2. Their

2Π1/2 - 2Π3/2 spin−orbit
splittings are calculated by theory to be 1049 and 1450 cm−1,
respectively. The calculated spin−orbit splittings are in good
agreement with the experimental values by Barrow et al. (1071
and 1552 cm−1)28 and the experimental values of this work
(1210 ± 160 cm−1 and 1690 ± 160 cm−1). In general, our
CASSCF/CASPT2 calculations confirm the previous exper-
imental and computational results for AuSi and AuGe.
As can be seen from the Franck−Condon factor simulations

for the 3Σ− → 2Π1/2 and
3Σ− → 2Π3/2 transitions within the

AuSi−/0 and AuGe−/0 (Figures 6 and 9), the first vibrational
peaks which are the results of 0→ 0 vibrational transitions have
the highest intensities. The VDEs of AuSi− and AuGe− are very
similar to their ADEs. Their ADEs equal to the EAs of their
neutral counterparts. Hence, the EAs of AuSi and AuGe are
determined in our experiments to be 1.54 ± 0.05 eV and 1.51 ±
0.05 eV, respectively.
Also, from the photoelectron spectra, we were able to

determine the term energies of the 32Σ+ (B) and 42Σ+ (C)
states of AuSi and AuGe, whose values have not been reported

before. The 32Σ+ (B) and 42Σ+ (C) states of AuSi are higher
than the 2Π1/2 state by 2.17 ± 0.08 (17502 ± 640 cm−1) and
2.60 ± 0.08 eV (20970 ± 640 cm−1) respectively. The 32Σ+ (B)
and 42Σ+ (C) states of AuGe are higher than the 2Π1/2 state by
2.17 ± 0.08 (17502 ± 640 cm−1) and 2.54 ± 0.08 eV (20325 ±
640 cm−1), respectively. Similar to the case of AuGe 4Σ− (A)
state, these terms energies estimated from the anion photo-
electron spectra might be slightly different from those obtained
by neutral emission spectroscopy, due to the different bond
lengths of AuSi− and AuGe− compared to their neutral
counterparts.

6. CONCLUSIONS

We measured the photoelectron spectra of diatomic AuSi− and
AuGe− and conducted calculations on the structures and
electronic properties of AuSi−/0 and AuGe−/0. The electron
affinities (EAs) of AuSi and AuGe are determined by the
experiments to be 1.54 ± 0.05 eV and 1.51 ± 0.05 eV,
respectively. The comparison of the theoretical results with the
experimental results reveals that the electronic ground states of
AuSi− and AuGe− are both a 3Σ− state. The photoelectron
spectra of AuSi− and AuGe− can both be interpreted by the
transitions from the 3Σ− anionic ground state to the 2Π (2Π1/2
and 2Π3/2),

4Σ−, 32Σ+, and 42Σ+ electronic states of their neutral
counterparts. The spin−orbit splitting (2Π1/2 − 2Π3/2) of AuSi
is measured to be 0.15 ± 0.02 eV (1210 ± 160 cm−1) in
agreement with the literature value of 1071 cm−1 and that of
AuGe is measured to be 0.21 ± 0.02 eV (1690 ± 160 cm−1) in
agreement with the literature value of 1552 cm−1. The term
energy of the AuGe 4Σ− (A) state estimated from AuGe−

photoelectron spectrum is larger than the literature value by
1343 ± 640 cm−1, more likely due to the different bond lengths
between AuGe− and AuGe. From the photoelectron spectra, we
were able to determine the term energies of the 32Σ+ (B) and
42Σ+ (C) states of AuSi and AuGe, whose values have not been
reported before. The 32Σ+ (B) and 42Σ+ (C) states of AuSi are
higher than the 2Π1/2 state by 2.17 ± 0.08 (17502 ± 640 cm−1)
and 2.60 ± 0.08 eV (20970 ± 640 cm−1), respectively. The
32Σ+ (B) and 42Σ+ (C) states of AuGe are higher than the 2Π1/2
state by 2.17 ± 0.08 (17502 ± 640 cm−1) and 2.54 ± 0.08 eV
(20325 ± 640 cm−1), respectively.
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