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Abstract
In this work, we study the single and double ionization spectra of the M(CO)6, with M =
(W and Cr) complexes by applying the four-component algebraic diagrammatic construction
and Fock-space coupled cluster methods to extend earlier studies based on less demanding
approaches. The computed single and double ionization potentials are in good agreement
comparing with the available experimental results. The electronic structures of the cationic
molecular systems are carefully investigated by computing accurately single and double
ionization potentials. The final state characterization is relied on group theoretical
considerations of the contributing orbitals and allowed for a clear assignment. Energy level
diagrams show the effect of spin-orbit (SO) coupling starting from scalar relativistic results
and for the heavy representative M(CO)6 with M = (W and Cr) nonadditivity effects of the
SO and electron correlation can be observed requiring a consistent treatment of both
contributions.
© 2020 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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1. Introduction
Photoelectron spectra provide an accurate way for a thorough exploration of the electronic
structure of molecular systems. The electronic structure of transition-metal complexes is of
particular interest due to the complexity of the bonding and the nature of the orbitals involved [1].
Photoelectron spectra of transition metal complexes can be studied by (a) energy and intensity
analysis and molecular orbital assignments of the valence levels, which can often be employed to
gain detailed information of the bonding; (b) energy and intensity analysis of core electron
excitation bands, which have bearings on the ionization dynamics in terms of relaxation and
charge transfer screening; and (c) vibronic analysis of individual electronic bands yielding
knowledge relating to bonding and dynamics [2]. Theoretically, studying the electronic structure of
the highly symmetric transition metal complexes is interesting, due to presences of the Jahn-Teller
(JT) effect and spin-orbit (SO) coupling. These two important effects play important roles in
studying the electronic structure of metal complexes M(CO)6 with M = (W and Cr) complexes,
which constitute the main topics of the current work.
As indicated, we consider the transition metal complexes, in which CO molecules adsorbed on
metal surfaces of W and Cr. Experimental photoelectron spectra for these two complexes were
reported in the literature [3, 4]. For W(CO)6 , the photoelectron spectrum was measured in
different energy ranges. There are some differences between the two reported experimental
photoelectron spectra in the literature. Higginson et al measured spectrum in energy range of 7 to
20 [3] and in a recent study by Lei et al, they measured the photoelectron spectrum in the energy
range of 5 to 25 eV [4]. The intensities and broadening of bands of the two measured
photoelectron spectra of W(CO)6 reported in Refs. [3, 4] are different. Fukuda et al computed the
photoelectron spectrum of W(CO)6 . Their results were in a good agreement with the
experimental result presented in Ref. [3] but were partially in agreement with the experimental
result in Ref. [4], because the computed photoelectron spectrum by Fukuda et al did not cover the
whole energy range of the recent experimental photoelectron spectrum reported in Ref. [4].
Furthermore, no theoretical investigations relating to the evaluations of the double ionization
potentials (DIPs) have been reported in the literature for M(CO)6 with M = (W and Cr) yet. In
this work, our motivation is to readdress the photoelectron spectra of the M(CO)6 , M =
(W and Cr) complexes by applying four-component algebraic diagrammatic construction (ADC)
and Fock-space coupled cluster (FSCC) methods in order to obtain more accurate information on
the electronic structure of these complexes to explain the partial difference between the
computed and measured photoelectron spectra. Also, the earlier studies would be extended by
computing the double ionization spectra of these molecular systems using the four-component
ADC(2) method.
The lowest electronic state of 2T2g of M(CO)6 with M = (W and Cr) complexes in the
degenerated shell has configuration t 52g . It is well-known that the JT effect can lift the degeneracy
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of the degenerate ground state when the distortion along the JT active modes takes place [5]. Due
to degeneracy in the 2T2g electronic ground state, one would expect that this molecule shows the
JT activity resulting in lifting the degeneracy in the 2T2g electronic ground state. The JT active
modes are eg and t 2g . Hence, this leads to the well-known JT problem of type T2g ⊗ (eg ⊕ t 2g ) in
these complexes [5]. This indicates that the five-fold degenerate d-orbital on the transition metal
is separated into a three fold degenerate orbital T2g symmetry and a two fold degenerate orbital
of Eg . Considering the electron spin leads to the ten double valued-reducible representation
(T2g + Eg ) × Eg1/2, which can be decomposed into irreducible representations of double point
group Eg5/2 + 2Gg3/2 . The Eg1/2 and Eg5/2 are two-dimensional double-valued irreducible
representations. The Gg3/2 is a four-dimensional double-valued irreducible representation. In the
decomposed irreducible representations Eg5/2 + 2Gg3/2 , one of the two Gg3/2 manifolds
corresponds to the 2Eg state while the other Gg3/2 and Eg5/2 are irreducible representations of
the 2T2g state. Thus, inclusion of electron spin lifts partially the six-fold degenerate electronic state
2
T2g into four-fold and two-fold degenerate electronic states in these open-shell systems. In this
work, we mainly consider the spin-orbit (SO) coupling for analyzing and computation of the single
and double ionization spectra of these complexes and we believe that the JT effect has a minor
role for investigation of the electronic structure of these complexes. The reason is that the SO
coupling is relatively strong and it nearly vanishes the contribution of the JT effect due to a
quenching between the SO and JT couplings (the Ham effect)[5, 6].
2. Computational Details
M(CO)6 with M = (W and Cr) complexes are optimized in the Oh symmetry point group by
using a dyall.v3z basis set for all atoms with the large and small basis sets 24s19p12d9f and
19s36p28d12f9g, respectively. The total number of the primitive gaussians is 1983. The lengths
large and small components are 583 and 1400. respectively [7]. Optimizations are carried out by
employing the four-component density functional theory (DFT)/B3LYP method as implemented in
the DIRAC14 package [8]. Here, B3LYP stands for Becke’s three-parameter DFT hybrid exchange
functional (B3) with the Lee, Yang, and Parr41 (LYP) dynamical correlation functional. Within the
ADF program package [9], we also carry out the optimization using the zeroth-order regular
approximation, ZORA, 2c Hamiltonian treating the SO effect (SO ZORA) [10-12]. In this calculation,
the B3LYP functional and the TZ2P basis set [13] are employed. For completeness, we perform the
ADF calculations using scalar-relativistic (SR ZORA) and nonrelativistic (NR) Hamiltonians with all
electrons included. In Table 1, we report the calculated bond lengths at the different levels of
theory and compare them with experimental values.
Table 1 The calculated equilibrium values of the bond lengths at different levels of
theory, which is compared by the previous reported values in the literature shown in
parentheses.
distance
W(CO)6

W−C

SO-ZORA

SR-ZORA

NR

expt.

4c-DFT

2.062a
(2.062b)

2.29a

2.094a

2.058c

2.057a
(2.062d)
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Cr(CO)6

C−O

1.154a
(1.154b)

1.154a

1.152a

1.148c

1.153a
(1.153d)

Cr − C

1.912a

1.909a

1.909a

1.918b

1.906a

C−O

1.153a

1.153a

1.153a

1.141b

1.157a

a

The computed values are from this work.
The values are taken from Ref. [14]
c
The experimental values are taken from Ref. [15]
d
The values are taken from Ref. [16]
b

For evaluating the single and double ionization spectra, the electron correlation and SO
coupling effects are considered consistently, which are achieved by the DC-FSCC [17] and DCADC(3) [18] approaches using the Dirac-Coulomb (DC) Hamiltonian,
𝑁

𝑁

𝐻𝐷𝐶 = ∑( 𝑐𝛼𝑖 ⋅ 𝑝𝑖 + 𝛽𝑖 𝑚𝑒 𝑐 2 + 𝑉(𝑖)𝐼4 ) + ∑
𝑖=1

1
,
𝑟𝑖𝑗

(1)

𝑖<𝑗

where the potential 𝑉(𝑖) due to n finite nuclei of the molecular system is equal to the sum of their
nuclear potentials, i.e. 𝑉(𝑖) = ∑𝑛 𝑉𝑛 , and for molecular systems including heavy atoms (with 𝑍 >
70), the finite nuclear model is always employed [19]. We shall utilize the Gaussian nuclear model
[8], in which a single Gaussian function is employed for each nuclear charge distribution.
Contribution of SO coupling can be ignored by utilizing the scalar relativistic Hamiltonian based on
a spin-free Hamiltonian calculation according to Dyall's formalism [20]. Comparing the results
deduced from the spin-free Hamiltonian with the corresponding ones using the DC Hamiltonian
reveals the importance of the SO coupling which provides a thorough information for better
understanding of SIP and DIP spectra for these two complexes. The approach relied on the spinfree Hamiltonian takes into account all scalar relativistic effects and can therefore be seen as a
Douglas-Kroll (DK) approach of infinite order. For each Hamiltonian the electronic structure
method can be Hartree-Fock, coupled cluster and nonadditivity effects can also be revealed, if
necessary. For our analysis, we performed DC-ADC(3) and DC-FSCC calculations and compared
with the corresponding DK-ADC(3) and DK-FSCC results. In the case of DK-SCF and DC-SCF,
koopmans' theorem was applied to neutral systems and the negative molecular orbital energies
were specified with IPs. The DK-FSCC and DC-FSCC values correspond to the correlated cationic
final state energies of the respective symmetry. As a result, the symmetry of a correlated final
state can be specified by the zeroth-order term of the corresponding determinantal expansion
having a single hole. The higher excited states possess the same symmetry.
All these methods are available in the DIRAC14 package [8] used for computing of the SIP and
DIP spectra. In the relativistic framework, fully uncontracted basis sets have to be applied in order
to generate the kinetically balanced small component basis. For all elements W, Cr, C and O, the
basis set dyall.v2z was employed in the evaluation of single and double ionization spectra [7, 21].
Due to considerable numerical effort we could not afford larger basis sets on the atomic centers.
For the DC-FSCC method, the active spaces for W(CO)6 and Cr(CO)6 (-1,16 au) and (-1,25 au),
respectively. These indicate that the number of occupied and virtual spinors are 108 and 470 for
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W(CO)6 , respectively and 108 and 574, for Cr(CO)6, respectively. For the DC-ADC(3) method, the
active spaces for W(CO)6 and Cr(CO)6 are (-1,1.6 au) and (-1,1.16 au), respectively. These
indicate that the number of occupied and virtual spinors are 108 and 190, respectively, for
W(CO)6 and 108 and 164, respectively, for Cr(CO)6.
3. Results and Discussion
3.1 𝑾(𝑪𝑶)𝟔
The ground state equilibrium geometry of W(CO)6 is computed at the NR, SR and SO-ZORA as
well as the 4c-DFT levels of theory and compared with the previous computational and
experimental results, which are summarized in Table 1. The 4c-DFT results for both transition
metal complexes are in good agreement with the corresponding experimental results.
The vibrational frequency calculation has been carried out using the ADF SO-ZORA and NR
Hamiltonians for this complex ensuring that the optimized structure is in the minimum energy. It
can be inferred from the assignment of the vibrational frequencies that they are either triply or
doubly degenerate (with symmetry Tij with i=1,2 and j=u,g as well as Eg ) indicating of presence of
the Jahn-Teller (JT) activity in the ground state of this highly symmetric molecule. The
nomenclatures g and u refer to gerade and ungerade molecular orbitals. The two remaining
modes are totally symmetric A1g . The computed vibrational frequencies are listed in Table 2 for
this complex, where they are compared with the corresponding available experimental values. In
general, the values obtained at the SO-ZORA level of theory are in a good agreement with the
corresponding experimental and theoretical values reported in Ref. [14]. For W(CO)6 , there are
two experimental works in which the photoelectron spectrum of this molecule was measured in
energy ranges (5 to 20 eV) and (5 to 25 eV) [4, 23]. The reported spectrum in Ref. [23] shows three
bands, while the measured spectrum in Ref. [4] represents five bands. Furthermore, for these two
measured spectra, there are differences in the intensity and broadening of the spectral bands
especially for the band in the energy range of 12 to 17 eV. In principal, the main differences
between these two measured spectra are in the middle and high energy parts of the spectra.
Fukuda et al computed the photoelectron spectrum of this molecule using the SAC-CI (the
symmetry-adapted cluster configuration interaction) method within the energy range of 5 to 20
eV [24]. Their results are in a good agreement with the experimental work of Ref. [23]. However,
their work could not explain the inconsistency between the two experimental works reported in
Refs. [4, 23]. In fact, the computational result reported by Fukuda et al was partially in agreement
with the recent experimental result in Ref. [4] and the major differences are in the middle and
high energy parts of the photoelectron spectrum. To remove this inconsistency and provide a clear
understanding on the electronic structure of this complex, we carried out the SCF, ADC(3) and
FSCC calculations using the DC and DK Hamiltonians as indicated in Sec. 2. The summaries of our
results are shown in Figure 1, Figure 2 and Figure 3 as well as Table 3, which are described in more
details in the following. In Figure 1, we show the energy level of W(CO)6 final states are computed
using the ADC(3) method employing the DC and DK Hamiltonians. The SO effect partially lifts the
six-fold degenerate electronic state 2T2g into four-fold and two-fold degenerate electronic states
in this open-shell system (see Figure 1).
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Figure 1 Energy level diagram for W(CO)6 calculated at the uncorrelated (SCF) and
correlated (ADC(3)) level of theory for the DK and DC Hamiltonians in eV. The energy
values correspond to the IPs.

Figure 2 The simulated photoelectron spectrum of W(CO)6 calculated by employing
the DC-ADC(3) method.

Page 6/18

ACR 2020; 2(4), doi:10.21926/acr.2004010

Figure 3 The simulated photoelectron spectrum of W(CO)6 calculated by employing
the DK-ADC(3) method.
Table 2 Vibrational Frequencies for W(CO)6 computed using the ADF for the NR and
SO-ZORA Hamiltonians, which are compared with the corresponding experimental
values. The unit is cm−1 .
SO-ZORA (this work)

72.8

38.6

T2u

–

92.8

71.8

T2g

–

83.41

76.3

T1u

–

375.25

363.3

T1g

–

372.33

379

T1u

–

412.53

413.3

Eg

–

422.16

428.1

A1g

–

524.19

480.2

T2g

482.2

557.29

528.1

T2u

–

609.22

591.5

T1u

–

1980.67

1965

T1u

1997.6

2003.71

1987.8

Eg

2021.1

2096.4

2085.8

A1g

2126.2

a

Assignment

Expt.a

NR (this work)

Ref.[22]
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Table 3 Ionization potentials of W(CO)6 for the valence spinors at the scalar and fully
relativistic levels of theory which correspond to the DK and DC Hamiltonians,
respectively. Note that these results are calculated by using ADC(3) and FSCC methods.
All values are in eV. The values in the parentheses refer to the differences between the
computed IPs with the corresponding experimental values reported in Ref. [23].
state
12 T2g
12 T1u
12 T1g
12 T2u
12 T1u
22 T2g

ADC(3)-DK FSCC-DK

ADC(3)-DC

FSCC-DC

SAC-CI a

OVGFb

Expt.c

8.03

8.00 (0.30)

8.15

8.14 (0.16)

8.1

8.3

8.11 (0.45)

8.35

8.37 (0.19)

13.32(-0.05)

13.77

13.28(0.01)

13.36

14.16

14.11

13.91(0.29)

–

14.38 (0.18)

13.94

–

14.39

14.31 (0.11)

–

14.53(-0.11)

14.31

–

14.53

14.56 (0.32)

–

14.76 (0.12)

14.77

–

15.21

14.95 (0.25)

–

14.97 (0.23)

14.98

–

14.99

13.57

13.82

13.98

14.15

14.17

8.28

13.91

–

–

–

–

Expt.d

8.56

8.6

14.03

13.27

13.6

15.42

14.2

15.55

14.42

15.8

14.88

16.04

15.2

14.3

15

a

Ref. [24]
Ref. [25]
c
Ref. [23]
d
Ref. [4]
b

In a DC-SCF calculation, due to the presence of the SO coupling, the t 2g orbital, composed of
the gWd , gCp and gOp orbitals, undergo a Δ1 = 0.35eV splitting into the Eg5/2 and Gg3/2 spinors
where the first mentioned is the highest occupied molecular orbital (HOMO). The reason for this
considerable splitting can be explained by looking at the corresponding populations, where a
significant gWd contribution of 70% in the DK cases is responsible for the splitting of the t 2g
orbitals compared to the gWd contribution of 67% and 70% in the Eg5/2 and Gg3/2 orbitals,
respectively. This substantial gWd population of the ground state with t 2g symmetry leads to the
strong SO splitting of 0.24 and 0.11eV with respect to the DK value. After performing the SCF
calculation at the scalar and four-component levels of theory, the corresponding ionised system
was studied by the ADC(3) and FSCC methods taking electron correlation into account. Our
symmetry assignments based on the ADC(3) method are also shown in Figure 1. The first IP
evaluated using the DK Hamiltonian is attributed to an ionization from the triply degenerate
orbitals with t 2g symmetry. When the SO coupling is taken into account by employing the DC
Hamiltonian, these orbitals undergo a splitting and lead to two different IPs. By careful inspection
of the underlying Mulliken population data and comparison with the corresponding
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transformation behavior in Oh we can assign the first IP to eg5/2 and the second IP to ug3/2 It can
be seen that the SO effect is significant for 12 T2g in comparison with the 12 T1u state (see also
Table 3). This observation is consistent with the population analysis of 12 T2g where it shows that
this state has the character of the gWd , while 12 T1u has dominant contributions of the uOp , uCs ,
uCp characters (see Figure 2 and Figure 3). Thus the larger SO splitting can be observed for the
12 T2g state. It is instructive to compare the size of SO splitting computed using the ADC(3) and
FSCC methods using Figure 1 and Table 3. We mentioned that the ADC(3) predicates the larger SO
splitting for 12 T2g state than for 12 T1u state (SO(12 T2g )=0.11 eV and SO(12 T1u )=0.04 eV). In
contrary to the ADC(3) method, the size of the SO splitting using the FSCC method for 12 T1u state
is larger than for 12 T2g (SO(12 T2g )=0.2 eV and SO(12 T1u )=0.35 eV). It seems that the FSCC method
overestimates ionization potentials. In other words, due to the metal character of the 12 T2g one
would expect a larger SO splitting in comparison with 12 T1u where it has contributions of the uOp ,
uCs , uCp characters as obtained from the ADC(3) method.
In Table 3, we provide more results using the ADC(3) and FSCC methods at the relativistic and
scalar relativistic levels of theory, which cover the outer valence IPs for the W(CO)6 molecule.
These results are computed in different levels of theory, where they are compared with the
previous theoretical and experimental values. In general, the agreement between the computed
results using the ADC(3)-DC method and the previously reported experimental values are good. In
this table, we also compared our results obtained from the ADC(3)-DC with other reported
computed IPs using the SAC-CI and OVGF methods, where in the later the relativistic contribution
was not taken into account in the calculation.
We present the simulated spectrum within the energy range of 5 and 27 eV using the ADC(3)
method employing the DC and DK Hamiltonians in Figure 2 and Figure 3, respectively, where the
stick diagrams are convoluted by Lorentzian envelopes.
n Figure 2 and Figure 3, the pole strengths refer to the relative intensities in each line of the
spectrum and the Mulliken population analysis reflecting contributions of molecular orbitals in the
ionic states is also shown. The computed spectrum in this work represents five bands and position
of each band is in a good agreement with the one reported in Ref. [4], measured in the energy
range 5 to 25 eV. Especially, the broadening of the band in the energy range of 12 to 17 eV is quite
similar to the experimental spectrum measured in Ref. [4] and Figure 4. Furthermore the position
and intensities of the last two bands are close to the experimental bands reported in Ref. [4]. The
last band of the photoelectron spectrum in the energy range of 20 to 25 eV is nicely reproduced
and in consistent with the experimental result of Ref. [4]. The characterization of the first three
bands can be explained as follows. The first, second, third, fourth and fifth bands of the
photoelectron spectrum are located in the three following energy ranges; less than 10 eV, 12-17
eV, 17-18 eV, 18-22 eV and 22-25 eV, respectively. From Figure 2, it can be seen that the first
region is ionization from the metal d orbital, while the second and third regions are the ionizations
from the 𝐶𝑂 outer and iner-valence orbitals. The fourth and fifth regions are the ionization from
orbitals with dominant characters of UOp , Os and Op . Comparing Figure 2 and Figure 3 indicates
that the contribution of SO coupling is more pronounced in the energy range less than ≈ 10 eV,
where the first computed IP using DK Hamiltonian is split into the two IPs using the DC
Hamiltonian as can be seen in Figure 1.
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Figure 4 The experimental photoelectron spectrum of W(CO)6 which has been
reprinted with permission from Lei et al, Chin. Phys. B. Copyright 2011 IOP science.
We also computed the double ionization spectrum of W(CO)6 using the ADC(2) method, where
the corresponding results using the DK and DC Hamiltonians are shown in Figure 5a and Figure 5b,
respectively. In this case, the pole strengths represent the intensities and the Mulliken population
in this figure determines the contribution of molecular orbitals in the ionic states. Our calculation
shows that the effect of the SO coupling plays an important role for better understanding of the
double ionization spectrum. From the result shown in Figure 5a and Figure 5b, it can be
understood that there is a dominant contribution of gWd in both DK and DC cases and we can see
an increase in the number of lines in the spectrum when the SO coupling is taken into account.
The experimental value for the first double ionization energy is 22.90 eV [26], which is close to our
computed value 22.29 eV.

Figure 5 The computed double ionization potentials computed using ADC(2) using DK
(a) and DC (b) Hamiltonians.
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Table 4 Vibrational Frequencies for Cr(CO)6 computed using ADF for the NR and SOZORA Hamiltonian, which are compared with the corresponding experimental values.
The unit is cm−1
SO-ZORA

44

45.2

T2u

–

78.75

80.14

T2g

–

96.82

97.96

T1u

–

372.54

375.86

T1g

–

395.03

398.11

A1g

381

399.85

402.41

Eg

394

452.32

456.87

T1u

–

523.78

526.7

T2u

–

538.93

542.74

T2g

–

693.03

696.08

T1u

–

1973.53

1972.22

T1u

–

1994.56

1993.14

Eg

2018

2086.09

2085.33

A1g

2112

a

Assignment

Expt.a

NR

Ref. [27]

3.2 𝑪𝒓(𝑪𝑶)𝟔
The ground state equilibrium structure of Cr(CO)6 is computed by using different levels of
theory as summarized in Table 1, where the computed bond lengths are compared with the
available experimental results. It can be seen that the bond lengths computed at the SO-ZORA and
4c-DFT levels of theory are closer to the corresponding experimental results comparing with the
other computational methods mentioned in Table 1. In Table 4, we also report the vibrational
frequencies for Cr(CO)6 computed at the SO-SORA and NR levels of theory. As carried out for
W(CO)6 , the same computational methods are used for studying the electronic structure of this
molecule (i.e., ADC(3) and FSCC methods using DK and DC Hamiltonians). The corresponding
results are shown in Figure 6, Figure 7 and Figure 8 as well as Table 5, which are described in more
details as follows. In Figure 6 for a DC-SCF calculation, one can observe that the t 2g orbital,
composed of gCrd orbital, is split into the eg5/2 and ug3/2 spinors by amount of 0.15 eV, which is
reduced by more than factor of half in comparison with the splitting of the 12 T2g state in W(CO)6 .
The Mulliken population analysis reveals that the t 2g orbital has a considerable gCrd contribution
of 70% in the DK cases, which is responsible for the splitting of the t 2g orbitals compared to the
gCrd contribution of 50% and 71% in the eg5/2 and ug3/2 orbitals, respectively. This considerable
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gCrd population of the ground state with t 2g symmetry leads to the SO splitting of 0.10 and 0.05
eV with respect to the DK value. In comparison with W(CO)6 , the size of SO splitting is reduced by
factor of half.

Figure 6 Energy level diagram for Cr(CO)6 calculated at the uncorrelated (SCF) and
correlated (ADC(3)) level of theory for the DC and DK Hamiltonians in eV. The energy
values correspond to the IPs.

Figure 7 The simulated photoelectron spectrum of Cr(CO)6 calculated by employing
the DC-ADC(3) method.
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Figure 8 The simulated photoelectron spectrum of Cr(CO)6 calculated by employing
DK-ADC(3) method.

Figure 9 The experimental spectrum which has been reprinted with permission from
B.R. Higginson et al, Faraday Trans. 2 69, 1659 1973. Copyright 1973 American
Chemical Society.
Table 5 Ionization potentials of Cr(CO)6 for the valence spinors at the scalar and fully
relativistic levels of theory which correspond to the DK and DC Hamiltonians,
respectively. Note that these results are calculated by using the ADC(3) and FSCC
methods. All values are in eV. The values in the parentheses refer to the differences
between the computed IPs with the corresponding experimental values reported in
Ref. [23]
state
12 T2g

ADC(3)DK
8.33

FSCCDK
8.39

ADC(3)-DC
8.30 (0.1)
8.34

FSCCDC
8.37
8.4

SAC-CI(with
SO)a
8.55 (-0.15)
8.59

ADC(3)b

expt.c

9.15

8.4
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12 T1u
12 T1g
2

13.71

14.19

14.15

–

1 Eg

14.3

–

12 T2u

14.41

–

2

1 T2g

14.53

–

12 T1u

14.58

–

12 A1g

15.1

–

13.70(0.32)
13.73
14.19
(0.02)
14.28
14.35
14.41(0.01)
14.42
14.53(0.59)
14.57
14.58
14.71

14.14

13.76(-0.38)

14.17

13.78

–

14.58

–
–

14.6
14.81

14.79,15.14

–

14.83(-0.43)

14.94

14.4

–
–
–
–
–

14.85
15.47(-0.59)
15.48
15.48
15.51

15.71

15.12

15.10(0.50) –

16.19

14.06

13.38

14.75(0.37)

14. 21

15.51
16.77(1.17)

15.6

a

Ref. [24]
Ref. [28]
c
Ref. [23]
b

In the next step, we treat the electron correlation utilizing the ADC(3) and FSCC methods using
the DC and DK Hamiltonians. In Figure 6, the ADC(3) calculation using the DK Hamiltonian results
in the first IP which is related to an ionization from the triply degenerate orbital with the t 2g
symmetry. In the four-component framework, due to the SO coupling, the triply degenerate
orbital undergoes a splitting leading to two different IPs, which are assigned to eg5/2 and ug3/2 . It
can be seen that both ADC(3) and FSCC methods yields nearly the similar sizes of SO splitting for
12 T2g and 12 T1u states (≈ 0.03 eV), see from Table 5 and Figure 7. The 12 T2g and 12 T1u has
considerable gCrd and uCrp contributions, respectively, which can explain the SO splitting for
these two states. In contrary to W(CO)6 where the largest SO splitting exists for 12 T2g state, the
results in Table 5 show that the largest SO splitting for Cr(CO)6 is for the 12 T1g state (0.09 eV),
which has gCrd , uOp and gOp contributions. In Table 5, we also compare our results with the
available experimental and theoretical results. The previous ADC(3) calculation of Ref. [28] was
carried out at the scalar relativistic level of theory, where the SO coupling was not treated.
Furthermore in Ref. [24], the IPs were computed using the SAC-CI method considering the SO
coupling. Our ADC(3) results with considering SO coupling are close to the experimental ones,
while we can see more deviations (especially for the lowest and highest IPs) from the
experimental results using the SAC-CI and ADC(3) method from Refs.[24, 28].
In Figure 7 and Figure 8, we also present the ionization spectrum using the ADC(3) method with
employing the DC and DK Hamiltonians, respectively. The agreement between the computed
spectrum in Figure 7 and the experimental one is good. In Figure 7, the splitting between the
ionization peaks due to presence of the SO coupling can be clearly seen while we do not see such a
feature in Figure 8, where we compute spectrum at the scalar relativistic level of theory. The
effect of SO coupling is more pronounced in the low energy part of the ionization spectrum than in
the middle and high energy parts of the spectrum. This observation is consistent with this fact that
characterization of the IPs in the energy range of less than 14.5 eV has a metal character, while for
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the energy range larger than 14.5 eV contributions of molecular orbitals in the ionic states mostly
depend on the orbitals of light elements C and O atoms. Thus, this can be considered as a reason
why the size of SO splitting in the low and middle energy parts of spectrum is larger than the high
energy parts of the spectrum.
We also computed the double ionization spectrum for this molecule using the ADC(2) method
in Figure 10. We can see that the role of the SO coupling is important in the double ionization
spectrum. This is due to the fact that the DIPs have mostly the metal character leading to the
splitting of DIPs.

Figure 10 The computed double ionization potentials computed using ADC(2) using DC
(a) and DK (b) Hamiltonians.
4. Conclusions
In this study, we computed the SIP and DIP spectra for the two complexes M(CO)6 with M =
(W, Cr) employing the four-component ADC(2), ADC(3) and FSCC methods. For all complexes
under consideration an acceptable agreement with the experimental single and double ionization
spectra could be achieved. For the first time we computed the DIP spectra for both complexes at
the scalar relativistic and four-component levels of theory. The computed photoelectron spectra
are in good agreement with the corresponding experimental ones. For W(CO)6 , due to the
similarity between the computed spectrum and the measured one in Ref. [4], the conflicting
situation available between the two reported experimental spectra in Refs. [3, 4] is thus resolved.
It is found that the role of the SO coupling is important for a thorough understanding of the SIP
and DIP spectra of both complexes.
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