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CdF molecule, which plays an important role in a great variety of research fields, has long been subject to numerous
researchers. Due to the unstable nature and heavy atom Cd containing in the CdF molecule, electronic states of the molecule
have not been well studied. In this paper, high accurate ab initio calculations on the CdF molecule have been performed
at the multi-reference configuration interaction level including Davidson correction (MRCI+Q). Adiabatic potential en-
ergy curves (PECs) of the 14 low-lying Λ–S states correlating with the two lowest dissociation limits Cd(1Sg)+F(2Pu) and
Cd(3Pu)+F(2Pu) have been constructed. For the bound Λ–S and Ω states, the dominant electronic configurations and spec-
troscopic constants are obtained，and the calculated spectroscopic constants of bound states are consistent with previous
experimental results. The dipole moments (DMs) of 2Σ+ and 2Π are determined, and the spin–orbit (SO) matrix elements
between each pair of X2Σ+, 22Σ+, 12Π, and 22Π are obtained. The results indicate that the sudden changes of DMs and
SO matrix elements arise from the variation of the electronic configurations around the avoided crossing region. Moreover,
the Franck–Condon factors (FCFs), the transition dipole moments (TDMs), and radiative lifetimes of low-lying states-the
ground state X2Σ+ are determined. Finally, the transitional properties of 22Π–X2Σ+ and 22Σ+–X2Σ+ are studied. Based
on our computed spectroscopic information of CdF, the feasibility and challenge for laser cooling of CdF molecule are
discussed.
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1. Introduction
The halides of group IIB (Zn and Cd) have attracted

much attention due to their significant roles in a number
of research fields.[1] As the candidates generating chemical
laser, the excited states of the halides of Cd have been exten-
sively investigated.[2] In addition, zinc is a significant element
for biological systems and synthetic organic chemistry; and
also is an important kind of transition metals in the human
body, which is related to nerve disease such as Alzheimer’s
disease.[3,4] Another motivation is to seek the potential candi-
date molecules for laser cooling. Because of the similar va-
lence electronic structure with the first experimentally laser-
cooled molecule SrF,[5] the cadmium halides have attracted a
growing theoretical and experimental interest. The informa-
tion on electronic structures and transition properties for the
halides of group IIB elements is helpful to reveal the bond-
ing nature between group IIB metal and halogen atoms, there-
fore much theoretical and experimental effort has been made
in previous works.[6–8]

The transitional properties of halides of Zn and Cd were
mainly focused on 22Σ+–X2Σ+ and 22Π–X2Σ+ band systems.
Early in 1939, the ultraviolet absorption spectra of ZnF were
detected by Rochester and Olsson, and were assigned to a tran-
sition from 2Π excited state.[9] Later, a number of experimen-
tal works on the electronic states of halides of Zn were carried
out. Moravec et al.[10] observed anion photoelectron spec-
troscopy of ZnF and evaluated the spectroscopic parameters
of the ground state X2Σ+. Subsequently, the pure rotational
spectrum of the X2Σ+ state was detected by Flory et al.,[11]

and the excitation energy of A2Π state was measured. In con-
trast to those on ZnF, the experimental spectroscopy investi-
gations on CdF are less extensively. Two emission bands in
CdF, yellow–green and orange bands, were firstly detected by
Asundi et al.[12] Later, Fowler recorded the absorption spec-
trum in the wavelength range of 2716.2 Å–2923.5 Å,[13] and
this spectrum band was tentatively assigned to 22Σ+–X2Σ+

transition by Huber et al.[14]

On the other hand, a series of theoretical investigations
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were made on the electronic structures of low-lying states
of ZnF over the past several decades. Bowmaker et al.
carried out HF (Hartree–Fock)/CI (Configuration Interaction)
pseudopotential calculations on the electronic structure of the
ground state X2Σ+, and reported the dissociation energy and
equilibrium bond length.[15] Harrison et al. obtained vibra-
tional constants of the ground state by high-level RCCSD(T)
approach.[16] Hayashi systematically investigated the elec-
tronic states correlating to the two lowest dissociation limits
of ZnF with MRCI calculations, and determined the electronic
structures and DMs of these electronic states.[17] While the
CdF, as the isovalent molecular system of ZnF, is less exten-
sively investigated. Kaupp et al. computed the geometry struc-
ture of CdF utilizing HF method and MP2 (Møller–Plesset the-
ory, 2nd order) method.[18] Liao et al. calculated the electronic
structure of the X2Σ+ state of CdF, employing the relativistic
density-functional method, and they gave the vibrational fre-
quency and bond length of the X2Σ+ state.[19] The previous
theoretical investigations on the CdF were mainly focused on
the ground state X2Σ+. Hence, the interaction of the excited
states of the molecule is still unclear.

As discussed above, the electronic structures of low-
lying electronic states of ZnF have been extensively studied
in previous works. However, the information on the excited
states of CdF is still limited, especially in the theoretical in-
vestigations. In previous ab initio calculations on ZnF, the
spin–orbit coupling (SOC) effect and core-valence (CV) elec-
trons correlations were neglected. However, the SOC effect
and CV correlations play key roles in the electronic states of
molecules.[20–25] Therefore, it is essential to undertake config-
uration interaction study on the electronic states and transition
properties of the CdF with inclusion of SOC and CV correla-
tions.

In this paper, high-level configuration interaction compu-
tations were carried out on the electronic structure and transi-
tion properties of the low-lying electronic states of CdF. The
CV correlation effects of the 4d10 electrons for Cd atom were
also taken into consideration in the calculations. The PECs
of the 14 Λ–S states correlating with the two lowest dissocia-
tion asymptotes of CdF as well as 30 Ω states generated from
these Λ–S states were determined. Based on the computed
PECs, the various spectroscopic parameters of the bound Λ–S
and Ω states, most of which have not been presented in the
literature so far, were evaluated. The transitional properties
of 22Π–X2Σ+ as well as 22Σ+–X2Σ+ were illuminated and
the R-dependent Λ–S compositions of the Ω = (3)1/2 and
(4)1/2 states were also discussed. Finally, we deduced ra-
diative lifetimes of several low-lying vibrational levels of CdF
molecule from the calculated PECs and transition moments.

We expect further experimental study on the electronic struc-
tures and transition properties motivated by present computa-
tional work.

2. Calculation method
In this paper, the electronic structures of CdF were com-

puted with the MOLPRO 2010 software package.[26] The
point group of CdF is C∞v symmetry. Owing to the limit
of the software package, the calculations of electronic struc-
tures were performed in the C2v symmetry. The relations
of the irreducible representations for C2v and C∞v are Σ+ =

A1, Π = B1 + B2, ∆ = A1 + A2 and Σ− = A2. By solv-
ing one-dimensional Schrödinger equations using the LEVEL
program,[27] the spectroscopic constants of CdF were deter-
mined. The single-point energies of electronic states of CdF
were computed to construct the PECs. For the heavy atom Cd,
the usage of effective potentials should be required. There-
fore, the contracted Gaussian-type basis set aug-cc-pwCVQZ-
PP (ECP28MDF) of Cd[28] was chosen. For the F atom the
contracted Gaussian-type basis set aug-cc-pVQZ[29] was used.
A series of calculations were carried out as followed: Firstly,
the HF method was used to obtain the wavefunction of the
ground state; secondly, the multi-configuration wavefunction
was derived using the state-averaged complete active space
self-consistent field (SA-CASSCF) approach.[30] Finally, the
icMRCI+Q method[31,32] was used to consider the dynamical
electron correlation and reduce the size-consistency error. In
the CASSCF calculation, 3a1, 2b1, and 2b2 molecular orbitals
(MOs) are chosen as the active space, which are correlated
with the 5s5p(Cd) and 2p(F) atomic orbitals. The outermost
5s2 electrons of the Cd atom and 2p5 of the F atom were put
into the active space. The 4d10 electrons of Cd atom and the
2s2 of F atom were correlated, which were taken into account
for the CV correlation effect. That is, a total of 19 electrons in
the CdF were correlated in present calculations.

The SOC effect was taken into consideration by
state-interacting approach employing the Breit–Pauli
Hamiltonian.[33] The SO matrix was determined in the SOC
calculations. The off-diagonal SO matrix elements were ob-
tained from the CASSCF wavefunctions and the diagonal SO
matrix elements were replaced by the MRCI+Q energies. Af-
ter taking account of SOC effects, 30 Ω states were generated
from the 14 Λ–S states of CdF. The PECs of the 14 Λ–S and
30 Ω states were mapped with the aid of the avoided crossing
rule.

Based on the computed PECs of the Λ–S states, we eval-
uated Einstein coefficients and FCFs of the 22Π–X2Σ+ and
22Σ+–X2Σ+ transitions. The TDMs and DMs were computed
from the wavefunctions and energies of icMRCI level. Based

023105-2



Chin. Phys. B Vol. 26, No. 2 (2017) 023105

on the computed TDMs, FCFs, and energy separation between
different vibrational levels, the radiative lifetimes of the low-
lying vibrational levels were computed.

3. Results and discussion
3.1. PECs of the 14 ΛΛΛ–S states

The 14 Λ–S electronic states correlating with the
two lowest dissociation asymptotes Cd(1Sg)+F(2Pu) and
Cd(3Pu)+F(2Pu) were computed with the icMRCI+Q
method. The ground state X2Σ+ and the 12Π state correlate
with the lowest asymptote Cd(1Sg)+F(2Pu). Other twelve
molecular states (two 2,4Σ+, one 2,4Σ−, two 2,4Π, and one 2,4∆)
correlate with the second asymptote Cd(3Pu)+F(2Pu). The
energy difference of the second and the first dissociation limit
is 30147 cm−1, which fits well with the experimental value[34]

of 31246 cm−1. The PECs of the doublet and quartet states
of CdF at the icMRCI+Q level were plotted in Figs. 1 and
2, respectively. The computation step length of PECs was set

at 0.05 Å for R = 1.3–3.8, 0.1 Å for R = 3.8–4.5, 0.5 Å for
R = 4.5–5.0, and 1.0 Å for R = 5.0–6.0. The spectroscopic
parameters (Re , ωe , ωe xe , Te , Be , De ) were determined and
given in Table 1.
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Fig. 1. (color online) MRCI+Q potential energy curves of the doublet states
of CdF molecule.

Table 1. Spectroscopic constants of the Λ–S states of CdF.

State Te/cm−1 ωe/cm−1 ωe xe/cm−1 Be/cm−1 Re/Å De/eV Configuration at Re/%

X2Σ+ 0 549.2126 2.5792 0.2704 1.9594 2.1281 6σ27σ18σ03π44π0 (72.1)
6σ17σ28σ03π44π0 (9.3)
6σ27σ08σ13π44π0 (5.0)

Expt. 535a

Calc. 508b 2.016b

22Σ+ 26854.0838 315.4002 0.5845 0.1537 2.5985 2.5216 6σ17σ28σ03π44π0 (73.4)
6σ27σ18σ03π34π1 (8.8)
6σ27σ08σ13π44π0 (4.5)

Expt. 34200a 535a

22Π 35740.9601 657.2600 8.9027 0.2684 1.9657 1.4303 6σ27σ08σ03π44π1 (61)
6σ17σ18σ03π44π1 (27.8)

32Σ+ 49554.3551 1.9407 0.0713 6σ27σ08σ13π44π0 (44)
6σ27σ18σ03π34π1 (19.8)
6σ17σ18σ13π44π0 (12.8)

12∆ 47112.9257 33.7057 1.8149 0.0877 3.4423 0.0185 6σ27σ18σ03π34π1 (97.7)
12Σ− 47218.2814 23.6328 2.0200 0.0765 3.6904 0.0080 6σ27σ18σ03π34π1 (97.8)
14Σ+ 46778.5340 60.8909 2.0393 0.1159 2.9945 0.0585 6σ27σ18σ03π34π1 (98.1)
14∆ 47055.5624 44.6820 2.1825 0.1015 3.2044 0.0278 6σ27σ18σ03π34π1 (98.3)

14Σ− 47196.2115 29.2261 2.2180 0.0867 3.4664 0.0115 6σ27σ18σ03π34π1 (98.1)

a Ref. [14], b Ref. [19].

Because of the effective core potential used in this paper,
the inner 1s22s22p63s23p63d10 electrons of Cd atom kept in
the n = 1–3 shells are represented by means of a pseudopo-
tential. Thus, the n = 1–3 shells were not included in the
MOs. The 1–5σ , 1δ , and 1–2π MOs, corresponding to the
Cd 4s4p4d and F 1s2s orbitals, are kept doubly occupied in
CASSCF calculations. The constructions of 6–8σ and 3–4π

orbitals are as follows: the bonding 6σ and antibonding 7σ

orbital correspond to a combination of the 2pz of F and the 5s
of Cd. The 2pz of F mainly contributes to the 6σ orbital, while
the 5s of Cd mainly contributes to the 7σ . The 8σ orbital is

more diffuse and is mainly arising from the 5pz of Cd. The
3π and 4π orbitals correspond to the F 2px2py and Cd 5px5py

atomic orbitals, respectively.

As shown in Fig. 1 and Fig. 2, from these calculated
PECs, there are nine bound states (X2Σ+, 22Σ+, 22Π, 32Σ+,
12∆, 12Σ−, 14Σ+, 14∆, 14Σ−) and five repulsive states (12Π,
32Π, 24Σ+, 14Π, 24Π). The ground state X2Σ+ of CdF cor-
relating with the lowest asymptote has an equilibrium geom-
etry around R = 1.95 Å. The strong interaction of X2Σ+ with
22Σ+ is presented in the region near R = 2.60 Å, which leads
to a deep minimum for the 22Σ+ state at R = 2.60 Å, and an-
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other 32Σ+ state correlating with the second asymptote shows
a shallow minimum at R = 1.95 Å. The 12Π and 22Π states
correlating with different asymptotes form an avoided cross-
ing point at the internuclear distance near R = 1.90 Å. Such
avoided crossing phenomenon will be analyzed in the follow-
ing discussion. The 12Π state is unbound but has a potential
barrier at the avoided crossing point. The minimum for the
22Π state lies at R = 1.95 Å, which is caused by the avoided
crossing phenomenon between 22Π and 12Π states. As shown
in Figs. 1 and 2, 32Π, 24Σ+, 14Π, 24Π and 12∆, 12Σ−, 14Σ+,
14∆, 14Σ− are repulsive and bound, respectively, which are
associated with the second asymptote.

2 3 4 5 6
0

2

4

6

8

R/A

Cd(3Pu)+F(2Pu)

1S+

2S+

1S-

2P

1P

1D

E
n
e
rg

y
/
1
0

4
 c

m
-

1

Fig. 2. (color online) MRCI+Q potential energy curves of the quartet
states of CdF molecule.

Previously, only the vibrational constant ωe of the ground
state X2Σ+ and spectroscopic constants (Te and ωe) of
the excited state 22Σ+ were experimentally reported. As
listed in Table 1, the X2Σ+ state is mainly from the elec-
tronic configuration 6σ27σ18σ03π44π0 (72%) with a small
amount of mixtures from 6σ → 7σ and 7σ → 8σ transitions.
Our computed vibrational constant ωe of the X2Σ+ at the
icMRCI+Q level differs from the experimental result[14,35] by
only 14.2126 cm−1, and are 41.2126 cm−1 larger than previ-
ous theoretical value.[19] The equilibrium distance of X2Σ+ is
calculated to be 1.9594 Å, which is well consistent with exist-
ing theoretical result of 2.016 Å.[19] The 22Σ+ state mainly
arises from the electronic configuration 6σ17σ28σ03π44π0

(73.4%), which corresponds to a single-electron transition of
6σ → 7σ .

For the 22Σ+–X2Σ+ transition, the experimental val-
ues of Te and ωe are uncertain as summarized by Huber
and Herzberg.[14] Our results of Te and ωe of 22Σ+ are
26854 cm−1 and 315 cm−1, respectively, which are obviously
smaller than those from the corresponding experimental re-
sults (34200 cm−1 and 535 cm−1).[14] As illustrated in Table 2,
the energy separations of the eight lowest dissociation lim-
its are reasonably consistent with experimental atomic energy

level,[34] hence, we expect presently computed spectroscopic
constants of 22Σ+ are more reliable. In contrast, the present Te

and Be of 22Π state are 35740 cm−1 and 657 cm−1, which are
close to the experimental results (34200 cm−1 and 535 cm−1)

of the 22Σ+. Since 22Π–X2Σ+ transition has large transition
dipole moment in the Franck–Condon region (see Fig. 9), the
22Π–X2Σ+ transition can also be easily observed in experi-
ment. Therefore, the 22Σ+ state tentatively identified in pre-
vious experimental work should be the 22Π state according
to the present computational results. For the other electronic
states, the electronic structures have not been reported in the
literature. Our calculated results of the spectroscopic constants
can provide theoretical help for the future experimental stud-
ies.

Table 2. Dissociation relationgship of the low-lying Ω states of CdF.

Atomic state (Cd + F) Ω state
Energy/cm−1

This work Expt.a

1S0+
2P3/2 3/2,1/2 0 0

1S0+
2P1/2 1/2 394 404

3P0+
2P3/2 3/2,1/2 29105 30114

3P0+
2P1/2 1/2 29500 30517

3P1+
2P3/2 5/2,3/2,3/2,1/2,1/2,1/2, 29623 30656

3P1+
2P1/2 3/2,1/2,1/2 30014 31060

3P2+
2P3/2

7/2,5/2,5/2,3/2,3/2,3/2,
30624 31827

1/2,1/2,1/2,1/2
3P2+

2P1/2 5/2,3/2,3/2,1/2,1/2 31025 32231

aRef. [34].

The leading electronic configurations and their weights
of selected bound states are listed in Table 1. At large bond
length, the leading electronic configuration for the X2Σ+ is
6σ17σ28σ03π44π0, which reveals the covalent situation of
the X2Σ+ of CdF. In the internuclear distance between 1.3 Å
and 2.4 Å, the leading configuration of the X2Σ+ state is
6σ27σ18σ03π44π0, correlating to a single electron trans-
fer from Cd to F. While the leading configuration of 22Σ+

state changes into 6σ17σ28σ03π44π0 induced by the avoided
crossing occurring with X2Σ+ around R = 2.6 Å. At larger
distance R = 3.0 Å, the main configuration of the 22Σ+ state
is 6σ27σ18σ03π44π0 with a coefficient of 0.52, which is the
same with those of ground state X2Σ+ in short internuclear
distance, indicating ionic structure of 22Σ+ state at large in-
ternuclear distance. According to the analysis of its electronic
configuration, the 32Σ+ state exhibits ionic characters at its
equilibrium geometry, indicating the single electron transfer is
favored in excited state.

At internuclear distances larger than R = 1.95 Å,
the leading configuration of the 12Π state is
6σ27σ28σ03π34π0, while the 22Π state is characterized
by 6σ27σ08σ03π44π1. These leading configurations are
associated with Cd(4d105s2)+F(2s22p5) for 12Π state and
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Cd+(4d105p1)+F−(2s22p6) for the 22Π state. At inter-
nuclear distances shorter than 1.85 Å, the dominant con-
figurations of 12Π and 22Π are 6σ27σ08σ03π44π1 and
6σ27σ28σ03π34π0, respectively. The dominant configura-
tions are interchanged at bond length shorter than 1.85 Å,
owing to the avoided crossing phenomenon between these two
2Π states near 1.9 Å.

For these 2Σ+ and 2Π states, the dipole moment curves
were also calculated at the icMRCI level and mapped in Figs. 3
and 4, respectively. With the help of the dipole moment
curves, we discuss the interactions and polarity of the states.
As shown in Fig. 3, the charge separation of the X2Σ+ state in
the bonding range of R= 1.95 Å is close to 0.87e, illuminating
the Cdδ+Fδ− polarity. Our calculated dipole moment of the
X2Σ+ state (0.87 a.u., the unit a.u. is short for atomic unit) is
consistent with that of isovalent molecule ZnF (0.77 a.u.).[17]

In the distance near 2.3 Å, the dipole moment reaches the
largest magnitude and then the absolute value decreases to
zero as distance R larger than 3.3 Å, which is associated with
the covalent dissociation limit. For distance longer than 5.0 Å,
the dipole moment of 22Σ+ tends to be zero, corresponding
to the covalent structure. For distance R = 3.0 Å–5.0 Å, the
22Σ+ exhibits an ionic Cdδ+Fδ− polarity with a largest value
of the dipole moment near R = 3.2 Å. The interaction between
22Σ+ state and X2Σ+ leads to the exchange of their ionic char-
acters in the avoided crossing region. The polarity change of
the X2Σ+ and 22Σ+ states is arising from the charge transfer in
the electronic configuration 6σ27σ18σ03π44π0. For distance
longer than 3.3 Å, the dipole moment of the 32Σ+ tends to be
zero, correlating to the covalent structure. In the equilibrium
distance of this state, the dipole moment is positive, indicating
an ionic Cdδ+Fδ− polarity. As depicted in Fig. 4, the abrupt
gradient change for the dipole moment of the 12Π and 22Π

locates at about R = 1.90 Å, owing to the drastic change of the
wavefunctions around the avoided crossing region mentioned
above. The weights c2 of the dominated electronic configura-
tions (con-A, con-B) of these two electronic states as a func-
tion of the interatomic distance were presented in Fig. 5. As
shown in Fig. 5, the con-B plays key role in the 12Π state at
small distance, but reduces rapidly around the avoided cross-
ing region. In contrast, the con-A is almost equal to zero at
short distance, but increases rapidly near the avoided crossing
region. For these two 2Π states, the weights c2 of each main
configuration present abrupt changes in the avoided crossing
region. The dominant electronic configurations are exchanged
around the avoided crossing, which means the interchange of
the wavefunctions for the two states, hence leading to the sud-
den changes of the dipole moment. At distances longer than
1.9 Å, the dipole moment of the 22Π state is positive with a
largest value near R = 2.0 Å, corresponding to the ionic struc-
ture of Cdδ+Fδ− type. The Cdδ+Fδ− polarity of the 22Π state

originates from the singlet electron transfer from Cd to F ap-
pearing in the configuration 6σ27σ08σ03π44π1. For distance
longer than 5 Å, the 32Π state exhibits a covalent structure,
corresponding to the quasi-zero result of the dipole moment.
In the region R = 1.9 Å–5.0 Å, the dipole of the 32Π state
is negative, corresponding to the ionic structure of Cdδ−Fδ+

type.
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3.2. PECs of the 30 ΩΩΩ states

As mentioned above, the PECs of Λ–S states were
obtained by solving the Hamiltonian with the Born–
Oppenheimer approximation, while the spin-dependent part
was neglected. For the heavy metal fluoride CdF, the SOC
effect on multiplet state are obvious. The SOC effect make
the strong interactions for Λ–S states of the heavy metal fluo-
ride CdF, especially the electronic states involving the PECs’
avoided crossing and intersection region. To quantitatively
evaluate the interactions, the value of SO matrix elements were
evaluated, and the evolution of SO matrix elements between
each pair of X2Σ+, 22Σ+, 12Π, and 22Π were plotted in Fig. 6.
As shown in Fig. 6, the significant change could be observed
around the region R= 1.9 Å and 2.3 Å, which could arise from
the abrupt change of electronic configurations in the avoided
crossing region mentioned above.
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After taking into account of the spin–orbit coupling ef-
fects, a given multiplet Λ–S state splits into several Ω states.
The same Ω components of the Λ–S states form avoided
crossings. Due to the spin–orbit coupling effect, the dissoci-
ation limits Cd(1Sg)+F(2Pu) and Cd(3Pu)+F(2Pu) split into
Cd(1S0)+F(2P3/2), Cd(1S0)+F(2P1/2), Cd(3P0)+F(2P3/2),
Cd(3P0)+F(2P1/2), Cd(3P1)+F(2P3/2), Cd(3P1)+F(2P1/2),
Cd(3P2)+F(2P3/2), and Cd(3P2)+F(2P1/2). The energy sep-
aration of higher dissociation limits with respect to the low-
est dissociation limit Cd(1S0)+F(2P3/2) are calculated to be
394, 29105, 29500, 29623, 30014, 30624, and 31025 cm−1,
respectively, differing from the corresponding experimen-
tal results[34] by only 10 cm−1(2%), 1009 cm−1(3%),
1017 cm−1(3%), 1033 cm−1(3%), 1046 cm−1(3%),
1203 cm−1(4%), 1206 cm−1(4%). There are 30 states with
Ω = 1/2, 3/2, 5/2, 7/2, corresponding to the eight low-lying
dissociation limits. The relationship of computational Ω states
with their dissociation limits is listed in Table 2.

The PECs of the Ω = 1/2 and Ω = 3/2, 5/2, 7/2 states
were plotted in Fig. 7 and 8, respectively. The spectroscopic
constants of the bound Ω states were evaluated and listed in
Table 3. The ground state X2Σ

+
1/2 is completely consisted

of the X2Σ+ state, so their spectroscopic constants are al-
most the same as that of X2Σ+ state. For most of the other
states, their spectroscopic parameters would be revised due
to the avoided crossing phenomenon and the change of the
PECs’ shape, as compared to those of the pure Λ–S states. The
SOC splitting of the 22Π leads to the Ω state 22Π1/2((3)1/2)
and 22Π3/2((2)3/2). It can be seen from Fig. 7, there is an
avoided crossing around R = 2 Å between the 22Π1/2 and
22Σ

+
1/2(4(1/2)) states as a result of their common Ω = 1/2

component. Owing to the avoided crossing phenomenon, the
22Σ

+
1/2 state potential well shifts higher by 9385 cm−1 and the

bond length shortens by 0.59 Å than the 22Σ+ state, respec-
tively. In order to further illuminate the influence of SOC
effect on the PECs, the change of Λ–S compositions of the
Ω = (3)1/2 and (4)1/2 states are shown in Table 4 in the
range of 1.8 Å–2.2 Å. For the two Ω states, the dominant Λ–
S compositions exchange between the 22Σ+ and 22Π states at
the avoided crossing region near R = 2.05 Å.
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Table 3. Spectroscopic constants of the bound Ω states of the CdF.

State Te/cm−1 ωe/cm−1 ωe xe/cm−1 Be/cm−1 Re/Å De/eV Dominant Λ–S composition at Re/%

(1)1/2 0 549.2430 2.5796 0.2704 1.9594 2.1127 X2Σ+ (99.9)
(3)1/2 26846.4586 315.4279 0.5919 0.1537 2.5988 2.3925 22Π1/2 (99.6), 22Σ

+
1/2 (0.21)

(2)3/2 35730.2460 625.3230 8.0225 0.2540 2.0241 1.2865 22Π3/2 (99.92), 12Π3/2 (0.06),
(4)1/2 36239.7449 841.4501 23.3004 0.2583 2.0083 1.2776 22Σ

+
1/2 (99.74), 22Π1/2 (0.2)

(5)1/2 49568.2442 1.9449 0.0425 32Σ
+
1/2 (99.90), 22Π1/2 (0.06)

Table 4. Composition of Ω = (3)1/2, (4)1/2 states of CdF at some
selected bond distances.

State r/Å 22Σ+ 22Π

(3)1/2 1.80 0.06 99.62
1.85 0.05 99.26
1.90 0.07 98.70
1.95 0.21 99.60
2.0 7.76 92.18

2.05 99.34 0.06
2.10 99.79 0.14
2.15 99.86 0.08
2.2 99.88 0.06

(4)1/2 1.80 99.92 0.06
1.85 99.93 0.04
1.90 99.9 0.06
1.95 99.74 0.2
2.0 92.18 7.74

2.05 0.59 99.34
2.10 0.15 99.78
2.15 0.08 99.84
2.2 0.05 99.86

3.3. Transition properties and feasibility of laser cooling
CdF

The TDMs of 22Π–X2Σ+ and 22Σ+–X2Σ+ were calcu-
lated as a function of the internuclear distance R = 1.3 Å–
6.0 Å, which can be seen from Fig. 9. In the Franck–Condon
region (1.6 Å–2.8 Å), the TDM of the 22Π–X2Σ+ has a largest
value and then gradually decreases to zero as internuclear dis-
tance longer than 4.0 Å. The TDM of the 22Σ+–X2Σ+ tran-
sition has a maximum value at R = 2.7 Å and decreases to
zero at internuclear distance longer than 5.0 Å. The TDMs of
22Π and 22Σ+ tend to be zero due to the spin-forbidden tran-
sitions 3Pu–1Sg for Cd atom. The Einstein coefficients Aν ′ν ′′ ,
Franck–Condon factors (FCFs), and transition energies Tν ′ν ′′

of 22Π–X2Σ+ and 22Σ+–X2Σ+ transitions were evaluated and
listed in Tables 5 and 6. The Einstein coefficients of 22Π–
X2Σ+ transition indicate that the ∆ν(ν ′− ν ′′) = 0 bands are
predicted to be more intense than the other bands due to sim-
ilar equilibrium internuclear distances of the 22Π and X2Σ+

states. For the 22Σ+–X2Σ+ transition, the (2,23) band is pre-
dicted to be the most intense, which is caused by the large
equilibrium distance of 22Σ+ state relative to that of the X2Σ+

state.
The radiative lifetime of vibrational level ν ′ for a given

state is defined by the inverse of the total Einstein coeffi-
cient Av′ =

(
∑v′′ Av′v′′

)
. Based on the Einstein coefficients

Aν ′ν ′′ given in Tables 5 and 6, the radiative lifetimes of the
22Πν ′ = 0–3 and 22Σ+ν ′ = 0–3 vibrational levels to ground
state were determined. The radiative lifetimes of these two
sets of transitions are in the order of ten nanoseconds and
hundred nanoseconds, respectively, which can be found in Ta-
ble 7. In addition, the calculated spontaneous radiative life-
time of 22Σ+–X2Σ+ of isovalent molecule ZnF in recent the-
oretical work[36] is 10.98 ns, which is one order smaller than
our calculated value (141.89 ns) of those of CdF; their cal-
culated spontaneous radiative lifetime of 22Π–X2Σ+ of ZnF
is 8.21 ns, which is only 2.57 ns smaller than our evaluated
value (10.78 ns) of corresponding transition of CdF. The rela-
tively small deviation between spontaneous radiative lifetimes
of low-lying states of CdF and ZnF indicates that the studies
of transition properties of CdF in our work are reliable.
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Fig. 9. (color online) The transition dipole moments from 22Π and
22Σ+ to X2Σ+.

Table 5. Einstein coefficients Aν ′ν ′′ (×106 s−1), Franck–Condon fac-
tors (FCFs), and transition energies Tν ′ν ′′ (cm−1) for the 22Π–X2Σ+

transition of CdF molecule.

ν ′′ ν ′ = 0 ν ′ = 1 ν ′ = 2 ν ′ = 3

0 Aν ′ν ′′ 89.967 1.5931 0.6244 0.3340
FCFs 0.9691 0.0168 0.0064 0.0034
Tν ′ν ′′ 35786 36419 37047 37659

1 Aν ′ν ′′ 2.3458 77.834 5.1917 2.1515
FCFs 0.0265 0.8609 0.0558 0.0287
Tν ′ν ′′ 35242 35875 36503 37115

2 Aν ′ν ′′ 0.3362 9.9014 58.508 8.9944
FCFs 0.0039 0.0146 0.6581 0.0991
Tν ′ν ′′ 34703 35336 35964 36576

3 Aν ′ν ′′ 0.0320 0.5668 23.424 34.769
FCFs 0.0004 0.0068 0.2755 0.4036
Tν ′ν ′′ 34169 34802 35430 36042
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Table 6. Einstein coefficients Aν ′ν ′′ (×106 s−1), Franck–Condon fac-
tors (FCFs), and transition energies Tν ′ν ′′ (cm−1) for the 22Σ+–X2Σ+

transition of CdF molecule.

ν ′′ ν ′ = 0 ν ′ = 1 ν ′ = 2 ν ′ = 3

21 Aν ′ν ′′ 0.9060 45.352 4.7615 48.022
FCFs 0.1443 0.0553 0.0055 0.0545
Tν ′ν ′′ 16449 16763 17076 17388

22 Aν ′ν ′′ 1.037 12.998 30.701 31.549
FCFs 0.1416 0.0171 0.03884 0.0386
Tν ′ν ′′ 16207 16342 16655 16967

23 Aν ′ν ′′ 1.0421 0.0378 49.870 3.7659
FCFs 0.1538 0.0005 0.0680 0.0049
Tν ′ν ′′ 15613 15928 16241 16553

24 Aν ′ν ′′ 0.9056 15.746 37.502 6.5335
FCFs 0.1447 0.0242 0.0552 0.0092
Tν ′ν ′′ 15208 15522 15835 16147

25 Aν ′ν ′′ 1.0378 48.145 8.4249 33.033
FCFs 0.1580 0.0800 0.0134 0.0504
Tν ′ν ′′ 14810 15124 15437 15749

Table 7. Radiative lifetimes of the transitions from 22Π, 22Σ+ to the
ground X2Σ+ state.

Transition
Radiative lifetimes/ns

ν ′ = 0 ν ′ = 1 ν ′ = 2 ν ′ = 3

22Π–X2Σ+ 10.78 11.11 11.35 11.77

22Σ+–X2Σ+ 141.89 134.36 127.09 121.26

As shown in Table 5, the FCFs for ∆ν(ν ′ − ν ′′) = 0
transitions (diagonal) of 22Π–X2Σ+ have the largest factors,
whereas the others (off-diagonal) have very small values,
which is an important criterion for laser cooling candidate
molecule. Figure 10 shows the proposed laser cooling scheme
for CdF molecule. The calculated FCFs for 0–0 transition
is f00 = 0.969, which is slightly smaller than that in SrF
( f00 = 0.98)[5] and large enough for laser cooling. With the
present scheme of CdF molecule, only one main pump laser
and two repump lasers are needed. The main laser drives
the main cooling transition X2Σ+(ν ′′ = 0)→ 22Π(ν ′ = 0) at
λ00 = 279.4 nm. The probability of decay for 22Π(ν ′ = 0) to
X2Σ+(ν ′′ = 1) is small (0.027) and to X2Σ+(ν ′′ = 2) is even
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Fig. 10. (color online) Proposed scheme for laser cooling of CdF us-
ing the X2Σ+ → 22Π transition (solid line) and decay pathways (dot-
ted line) with fν ′ν ′′ as shown. Here λν ′ν ′′ is the wavelength of the
X2Σ+(ν ′′)→ 22Π(ν ′) transition.

smaller (0.004). The total probability of the decays for
22Π (ν ′ = 0) to X2Σ+ (ν ′′ ≥ 3) is less than 10−3. Two repump
lasers with λ10 = 283.8 nm and λ21 = 283.0 nm are needed
to excite the molecules falling from ν ′ = 0 to ν ′′ = 1 ( f01 =

0.027) and from ν ′ = 1 to ν ′′ = 2 ( f12 = 0.015), respectively.
The lifetime of 22Π state is ∼ 11 ns, which is about half of
SrF,[5] ensuring the efficient laser cooling of CdF molecule.
The repulsive state 12Π just lies below 22Π and the bound
state 22Σ+ crosses with 22Π state, which would lead to dis-
sociative or hot CdF molecule, therefore the efficiency of the
laser cooling would be reduced.

4. Conclusions
The PECs of 14 Λ–S electronic states of CdF correlat-

ing to the two lowest dissociation asymptotes and the DMs
of 2Σ+ and 2Π were computed at icMRCI level. The cal-
culated PECs show that nine electronic states (X2Σ+, 22Σ+,
22Π, 32Σ+, 12∆, 12Σ−, 14Σ+, 14∆, 14Σ−) are bound and the
other five electronic states (12Π, 32Π, 14Π, 24Π, 24Σ+) are
repulsive. Based on the computed PECs, the spectroscopic
parameters of these bound Λ–S and Ω states were evaluated.
The transition properties of 22Π–X2Σ+ and 22Σ+–X2Σ+, in-
cluding the TDMs, Einstein coefficients, FCFs, and radiative
lifetimes, were discussed. Moreover, the feasibility and chal-
lenges for laser cooling of CdF molecule were discussed and
presented. The sudden changes of the DMs and the SO matrix
elements indicate the sharp changes of the electronic configu-
rations in the avoided crossing region. Taking into account the
SOC effect, there are 30 Ω states generated from the 14 Λ–
S electronic states. Among these Ω states, the (3)1/2 and
(4)1/2 states exchange their dominant Λ–S compositions with
each other around avoided crossing region. The present theo-
retical results reveal more information on the electronic struc-
tures and spectroscopic properties of the low-lying states of
CdF molecule.
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