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The potential energy curves (PECs) of 14 Λ–S states for magnesium chloride (MgCl) have been calculated by using
multi-reference configuration interaction method with Davidson correction (MRCI + Q). The core-valence correlation
(CV), scalar relativistic effect, and spin–orbit coupling (SOC) effect are considered in the electronic structure computations.
The spectroscopic constants of X2Σ+ and A2Π states have been obtained, which are in good agreement with the existing
theoretical and experimental results. Furthermore, other higher electronic states are also characterized. The permanent
dipole moments (PDMs) of Λ–S states and the spinorbit (SO) matrix elements between Λ–S states are also computed. The
results indicate that the abrupt changes of PDMs and the SO matrix elements are attributed to the avoided crossing between
the states with the same symmetry. The SOC effect is taken into account with Breit–Pauli operator, which makes the 14
Λ–S states split into 30 Ω states, and leads to a double-well potential of the Ω = (3)1/2 state. The energy splitting for the
A2Π is calculated to be 53.61 cm−1 and in good agreement with the experimental result 54.47 cm−1. The transition dipole
moments (TDMs), Franck–Condon factors (FCFs), and the corresponding radiative lifetimes of the selected transitions
from excited Ω states to the ground state X2Σ+1/2 have been reported. The computed radiative lifetimes τν ′ of low-lying
excites Ω states are all on the order of 10 ns. Finally, the feasibility of laser cooling of MgCl molecule has been analyzed.
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1. Introduction
The spectroscopic investigations of alkaline-earth mono-

halides (MgX , X = F, Cl, Br, I) have attracted much theo-
retical and experimental research interest for a long time.[1–6]

Since the alkaline-earth monohalides are ionic molecules,
these compounds can be treated with ionic bonding models,in
which the Mg+ and X− are described as two closed-shell ion
cores surrounding by an unpaired electron. The previous spec-
troscopic studies of ionic bonding models of MgX mainly
focused on the low-lying electronic states, i.e., ground state
X2Σ+, the first excited state A2Π, and B2Σ+ state.[7–9] Very
recently, the MgX were theoretically regarded as candidates
for laser cooling molecules.[10,11] The accurate spectroscopic
and transition properties for MgX are very helpful for design-
ing the cooling scheme.

The previous experimental spectroscopic studies of the
MgCl molecule mainly focused on two band systems A2Π–
X2Σ+ and B2Σ+–A2Π. The vibrationally resolved absorp-
tion bands were detected by Morgan,[5] which was ascribed to
2Π–X2Σ+ transition. The rotational structure of B2Σ+–A2Π

spectral band was discussed by Singh et al.,[12] and the rota-
tional constants of B2Σ+ and A2Π were evaluated. Recently,

the emission spectrum of the MgCl A2Π–X2Σ+ band sys-
tem was studied with high-resolution Fourier transform spec-
troscopy by Hiroa et al.,[13] and accurate spectroscopic con-
stants of low-lying states were determined. Ohshima et al.[14]

used a Fourier-transform microwave spectrometer to detect the
rotational spectrum of X2Σ+ (v = 0,1), and obtained hyper-
fine coupling constants. The B2Σ+–A2Π band system in the
4500 Å–5000 Å region was observed by Rao and Rao,[15] and
A2Π was assigned by the vibrational analysis of the spectral
band system. Darji et al.[16] confirmed the vibrational analy-
sis given by Rao and Rao[15] using the isotope-shifts studies.
Later, Singh et al. observed the B2Σ+–A2Π (0,0) band,[17]

from which the perturbations from 2Πi state to the v = 0 of
B2Σ+ state were discussed.

In the aspect of theoretical investigations, Parlant et al.[18]

carried out ab initio calculations by using first and secondorder
configuration interaction (SOCI) on MgCl. They investigated
the predissociation mechanisms of A2Π state via the interstate
coupling and spin–orbit coupling (SOC) interaction. Bogey et
al.[19] analyzed the rotational spectrum of the ground state and
obtained the rotationally resolved molecular constants. Parlant
et al.[18] analyzed the SOC splits of A2Π state. Our previ-
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ous report[20] investigated radiative transition probabilities of
A2Π–X2Σ+ transition by employing the MRCI+Q method.
Recently, Wan et al.[4] utilized MRCI method to calculate the
potential energy curves of X2Σ+, A2Π, and 22Π of MgCl,
and the laser cooling mechanism based on A2Π–X2Σ+ tran-
sition was discussed. As mentioned above, the spectroscopic
and transition properties of low-lying electronic states in MgCl
were previously reported, while in these computational stud-
ies, the core-valence correlation and scalar relativistic effect
were not fully considered. To the best of our knowledge, the
studies of spectroscopic parameters and transition properties
of MgCl have been focused on the ground state X2Σ+ and
excited states A2Π, B2Σ+, and C2Π.[10,13,17] However, other
higher excited states of MgCl have not been studied in previ-
ous work, and it may provide extensive and accurate informa-
tion for the electronic structure of MgCl system.

In this work, we perform high-level ab initio calculations
on the MgCl molecule. The potential energy curves (PECs)
of the 14Λ–S states for the MgCl molecule, as well as those
of 30 Ω states generated from the Λ–S states are computed
with multireference configuration interaction method includ-
ing Davidson correction (MRCI+Q). Based on the computed
Λ–S compositions of the Ω states, the configurations mixings
of some Λ–S states are analyzed. The transition properties are
also predicted including transition dipole moments (TDMs),
Franck–Condon factors, and the radiative lifetimes.

2. Computational method
All the ab initio calculations of MgCl are carried

out by employing the MOLPRO 2012 quantum chemistry
package.[21,22] The C2υ point group is used for MgCl in the
calculations, which includes A1/B1/B2/A2 irreducible repre-
sentations. For MgCl, 4a1, 2b1, and 2b2 symmetry molecular
orbitals corresponding to the 3s3p shells for Mg and Cl are se-
lected as the active space, Hence, the 3s2 electrons for Mg and
3s23p5 electrons for Cl are put into the active space. All 2s22p6

electrons in the inner shell of Mg are put into the closed-shell,
and these orbitals are doubly occupied in all reference configu-
ration state functions, but correlated through singly and doubly
excitations in MRCI computations. The remaining inner elec-
trons are put into the core orbitals. That is to say, there are a
total of 17 electrons in the correlation energy calculations.

In order to obtain accurate PECs of MgCl, the poten-
tial energies at a set of bond lengths are calculated using
the state-averaged complete active space self-consistent field
(SA-CASSCF)[23,24] approach followed by the internally con-
tracted multireference configuration interaction method in-
cluding the Davidson correction (icMRCI + Q).[25–28] The
third-order Douglas–Kroll integrals have been utilized to cal-
culate the scalar relativity effect.[29] As for the basis set, the
correlation-consistent aug-cc-pwCV5Z-DK basis set[30] and

aug-cc-pV5Z-DK basis set[31] are employed for Mg and Cl,
respectively. The PECs of these 14 Λ–S electronic states are
drawn with the help of the avoided crossing rule of the same
symmetry.

Moreover, the SOC effect is treated by the state inter-
action method with the full Breit–Pauli Hamiltonian[32] via
a two-step perturbative procedure. The off-diagonal SO ma-
trix elements are determined from the MRCI wavefunctions,
while the diagonal SO matrix elements are substituted by the
ic-MRCI + Q energies. The SOC effect makes the 14 Λ–S
states split into 30 Ω states. The PECs of Ω states are con-
structed by our calculated energies with the aid of the avoided
crossing rule.

Based on the calculated PECs of the Λ–S and Ω states,
the spectroscopic constants are determined by solving the
radial Schrödinger equations of nuclear motion using the
LEVEL8.0 program,[33] which include equilibrium internu-
clear distance Re, excitation energy Te, vibrational constants
ωe and ωeχe, balanced rotation constant Be, and vibration-
rotation coupling constant αe. The dissociation energy De is
obtained by subtracting the molecular energy at Re from the
energy at a large separation. The SO matrix elements between
electronic states were computed and used to analyze the cou-
pling between the interacting Λ–S states. The TDMs are cal-
culated at the MRCI level. The Franck–Condon factors (FCFs)
are evaluated with the LEVEL8.0 program.[33] And the radia-
tive lifetimes of the several lowest transitions are predicted
based on the calculated TDMs and Franck–Condon (FC) fac-
tors.

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

All 14 Λ–S states of MgCl molecule have been stud-
ied by using the ic-MRCI+Q method with aug-cc-pwCV5Z-
DK for Mg and aug-cc-pV5Z-DK for Cl, respectively. The
single-point energies at a series of internuclear distances from
1.5 Å to 5 Å are calculated. The corresponding PECs are
depicted in Fig. 1. The overall shape of PECs for MgCl
is similar to that of its isovalent system MgBr investigated
in our previous work.[34] As shown in Fig. 1, the 14 Λ–S
states are associated with three dissociation limits, i.e., neu-
tral Mg (1Sg) + Cl (2Pu), Mg (3Pu) + Cl (2Pu), and ion-pair
Mg+(2Sg) + Cl−(1Sg). And only the B2Σ+ state is associ-
ated with the ion-pair limit Mg+(2Sg)+Cl−(1Sg), which cor-
responds to the one-electron transfer from Mg to Cl. The
spectroscopic constants of doublet states X2Σ+, A2Π, B2Σ+,
C2Π, and 32Σ+ are fitted by the calculated PECs and listed in
Table 1, along with their main electronic configurations and
weights around Re. For comparison, the available experimen-
tal and other theoretical results are also listed in Table 1.
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Table 1. The spectroscopic constants of the bound Λ–S states of MgCl molecule.

Λ−S state Te/cm−1 Re/Å ωe/cm−1 ωeχe/cm−1 Be/cm−1 102αe/cm−1 De/eV Main configuration at Re/%

X2Σ+ 0.0 2.2140 460.44 1.8873 0.2418 0.1533 3.325 7σ28σ29σα 10σ03π44π0 (84.6)
7σ28σ29σ010σα 3π44π0 (4.0)

Calc.a 0.0 2.2025 467.53 – 0.2409 – 3.302
Expt.b 0.0 – 462.10 1.381 0.2456 0.162 2.726
Expt.c 0.0 2.196 466.08 2.0 0.2456 0.161 3.37
Expt.d 0.0 2.1991 462.12 2.10 0.2450 0.1580 –
A2Π 26580 2.1855 506.02 2.6716 0.2481 0.1299 0.552 7σ28σ29σ010σ03π44πα (85.1)

7σ28σα 9σβ 10σ03π44πα (1.8)
7σ28σ29σ210σ03πααβ 4π0 (1.0)

Calc.a 26062.04 2.1777 492.33 – 0.2465 – 0.5359
Expt.c 26496.4 2.169 490.8 2.18 0.2517 0.165 3.42
Expt.b 26739.91 – - 2.6693 0.2508 – -

B2Σ+(int) 38274 2.1660 472.71 14.0226 0.2551 0.182 0.124 7σ28σα 9σ210σ03π44π0 (41.7)
7σ28σ29σα 10σ03π44π0 (34.3)
7σ28σα 9σβ 10σα 3π44π0 (4.1)
7σ28σ29σ010σα 3π44π0 (3.1)
7σ28σα 9σα 10σβ 3π44π0 (2.9)

B2Σ+(ext) 29453 3.8595 171.77 0.8381 0.0796 −0.0602 –
C2Π 31894 2.5605 705.16 16.8514 0.1803 0.0408 1.982 7σ28σ29σ010σ03π44πα (47.7)

7σ28σ29σ210σ03πααβ 4π0 (35.3)
7σ28σα 9σβ 10σ03π44πα (3.4)

7σ28σ29σ010σ03πααβ 4π2 (1.2)
Calc.a 31946 2.5541 622.72 – 0.1793 – 2.0132
32Σ+ 41770 2.4150 693.34 18.1108 0.2032 0.164 0.753 7σ28σ29σ010σα 3π44π0 (43.9)

7σ28σα 9σ210σ03π44π0 (23.7)
7σ28σ29σα 10σ03παββ 4πα (13.0)
7σ28σ29σα 10σ03παββ 4πβ (2.5)

7σ28σ29σα 10σ03π44π0 (1.9)
7σ28σα 9σβ 10σα 3π44π0 (1.1)

aRef. [10], bRef. [13], cRef. [36], dRef. [35]
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Fig. 1. (color online) The PECs of the Λ–S states of MgCl molecule.

As shown in Fig. 1, the ground state X2Σ+ is sepa-
rated from the other electronic states and correlated with the
lowest dissociation limit Mg (1Sg) + Cl (2Pu). The state is
mainly characterized by the closed-shell electronic configu-
ration 7σ28σ29σα 10σ03π44π0, which corresponds to one-
electron movement from 3s orbital of Mg to 3p orbital of
Cl. For the X2Σ+ state, our calculated values of ωe, ωeχe,
Be, Re, and αe well reproduce the experimental data[35] with
deviations of 1.685 cm−1 (0.36%), 0.1127 cm−1 (5.37%),
0.0032 cm−1 (1.31%), 0.0149 Å (0.68%), and 0.47 cm−1

(2.97%), respectively. This agreement is better than the re-
cent computed results by Wan.[10] Our calculations indicate
that the ground state has a deep potential well 3.325 eV, which
is close to the experimental value 3.37 eV.[36]

The first excited state A2Π also correlates with
Mg (1Sg) + Cl (2Pu). In Franck–Condon region, the A2Π

state is mainly described by the electronic configuration
7σ28σ29σ010σ03π44πα , which corresponds to one-electron
excitation from X2Σ+ state, namely, 9σ → 4π . The calcu-
lated Te of 26580 cm−1 differs from the experimental value
of 26739.91 cm−1 by 159.91 cm−1 (0.5%).[13] There is an
obvious barrier owing to an avoided crossing near 2.55 Å,
which locates 31030 cm−1 above the ground state. The cal-
culated dissociation energy De is 0.552 eV, which is much
smaller than that of the ground state. Our computed ωeχe

result differs from the experiment[13] by 0.002 cm−1. The
other spectroscopic constants Be, Re, De, and ωe are gener-
ally consistent with the recent theoretical results,[10] with per-
cent errors of 0.65%, 0.36%, 3.0%, and 2.78%, respectively.
The C2Π state correlates to the second neutral dissociation
limit Mg (3Pu)+Cl (2Pu). From Fig. 1, we find that the en-
ergy minimum of C2Π state and the maximum energy of A2Π

state is located at the avoided crossing point (RACP) between
the C2Π and A2Π states, and the energy gap is 925.66 cm−1.
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The computed De value of 1.982 eV is much larger than that
of the A state, but accords with the recent theoretical result
2.0132 eV.[10] Furthermore, the calculated Be, Re, and ωe data
of C2Π state are in good agreement with the recent theoretical
results too.[10]

Of particular note is the B2Σ+ state, which is the
only one state correlating to the ion-pair Mg+(2Sg) +

Cl−(1Sg). The PECs of B2Σ+ state is characterized by a
double-well structure, with the equilibrium internuclear dis-
tance of 2.1660 Å and 3.860 Å, and the calculated Te of
38274 cm−1 and 29453 cm−1, respectively. The wave-
function of the B2Σ+ state exhibits the obvious multi-
configuration character, which is made up of two main elec-
tronic configurations 7σ28σα 9σ210σ03π44π0 (41.7%) and
7σ28σ29σα 10σ03π44π0 (34.3%) at Re, indicating the mix-
ture of covalence bond and ionic bond. As for other excited
electronic states, there are very few theoretical or experimental
studies reported in the literatures. So, our computed spectro-
scopic constants with ic-MRCI+Q method will provide accu-
rate spectroscopic information of the MgCl molecule.

Compared with other homologues, the calculated ground
state De (3.325 eV) of MgCl is smaller than that of MgF
(4.67 eV),[37] but larger than 3.157 eV of MgBr[34] for X2Σ+

state. The excitation energy Te for A2Π, B2Σ+, and C2Π

excited states of MgCl is 26580 cm−1, 29453 cm−1, and
31894 cm−1, respectively, which is a little smaller than that
of MgF (27935 cm−1, 38431 cm−1, and 47969 cm−1),[37]

and larger than that of MgBr (25891 cm−1, 26539 cm−1,
and 29096 cm−1).[34] The calculated Re values are 2.2140 Å,
2.1855 Å, 3.8595 Å, and 2.5605 Å, which are larger than those
of MgF (1.7611 Å, 1.7470 Å, 3.5848 Å, and 2.3000 Å),[37]

while smaller than those of MgBr (2.3710 Å, 2.3365 Å,
3.8950 Å, and 2.6275 Å).[34] The ωe values are 460.44 cm−1,
506.02 cm−1, 171.77 cm−1, and 705.16 cm−1, which are
smaller than those of MgF (555.00 cm−1, 653.10 cm−1,
263.60 cm−1, and 1001.30 cm−1)[37] and larger than those
of MgBr (369.21 cm−1, 407.69 cm−1, 146.06 cm−1, and
605.46 cm−1).[34] As can be seen from the above, all the spec-
troscopic constants show an obvious trend of change as the
atomic number of the halogen atoms increases from F element
to Br element.

The permanent dipole moments (PDMs) as the internu-
clear distance R changes from 1.5 Å to 5.0 Å are calculated
and depicted in Fig. 2. It is found that the PDMs of each state
change with the increase of the bond distance. Especially at
large distance, the PDMs of all states exhibit two asymptotic
limits due to the two different dissociation limits, namely neu-
tral Mg+Cl and ion-pair Mg++Cl. In detail, the calculated
PDMs of all states except B2Σ+ state lead to consistent asymp-
totic limit of 0 a.u. corresponding to the dissociation limit of
Mg+Cl. The PDM of B2Σ+ state is negative and shows linear
dependence on R at large bond distance, demonstrating that
the dissociation limit is Mg++Cl instead.

Another interesting feature to note in Fig. 2 is that a
pair of complementary abrupt change of the PDMs of the
A2Π state and C2Π state around the bond distance of RACP =

2.55 Å. Such abrupt change of the PDMs can be explained
by the fact that the main electronic configuration of the A2Π

state is 7σ28σ29σ010σ03π44πα and the C2Π state becomes
(7σ28σ29σ210σ03πααβ 4π0) through RACP, which can be
seen from Fig. 2, thus leading to the abrupt changes in the
avoided crossing region.
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Fig. 2. (color online) The permanent dipole moments of the Λ–S states
of MgCl as a function of the bond distance.

3.2. The PECs of the 30 ΩΩΩ states

The SOC effect could lead to the strong interaction be-
tween the adjacent electronic states, especially the states in-
volving the PECs’ intersection. And the interaction could
be quantitatively evaluated by the spin–orbit (SO) matrix el-
ement. The larger spin–orbit matrix element indicates great
interaction between different electronic states. These phe-
nomena in molecules have attracted much research interest
in the previous investigations.[38–40] Figure 3 only shows the
R-dependent SO matrix elements of five interaction systems
including B2Σ+–A2Π, B2Σ+–C2Π, 32Σ+–C2Π, A2Π–14Σ+,
and C2Π–14Σ+ for the MgCl.
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Fig. 3. (color online) The R-dependent spin–orbit matrix elements in-
volving the A2Π, B2Σ+, C2Π, 32Σ+, and 14Σ+ states.

The SO matrix elements have the largest values 298 cm−1

for the B2Σ+–C2Π system after the avoided crossing point of
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the B2Σ+ and 32Σ+ states, indicating the strong interaction be-
tween the B2Σ+ and C2Π state. The system B2Σ+–A2Π have
larger SO matrix elements 340 cm−1, which also shows the
strong interaction between the B2Σ+ and A2Π states. There-
fore, the perturbation of B2Σ+ state is mainly arising from the
A2Π and C2Π states, which is consistent with the analysis in
the literature.[17] The matrix element is only about 79 cm−1

for the crossing point of the B2Σ+ and 14Σ+ states, indicat-
ing weak interaction induced between the B2Σ+ and 14Σ+

states. As discussed above, four pairs of the complementary
sudden changes have been exhibited, all of which result from
the PECs’ avoided crossings of B2Σ+ and 32Σ+ states, A2Π

and C2Π states, and the crossing of B2Σ+ and C2Π states.
When the SOC effects are taken into account, 30 Ω

states, including fifteen Ω = 1/2 states, ten Ω = 3/2 states,
four Ω = 5/2 states, and one Ω = 7/2 state, are gener-
ated from the 14 Λ–S states of MgCl. Eight dissocia-
tion limits Mg (1S0g)+Cl (2P3/2u), Mg (1S0g)+Cl (2P1/2u),
Mg (3P0u)+Cl (2P3/2u), Mg (3P1u)+Cl (2P3/2u), Mg (3P2u)+

Cl (2P3/2u), Mg (3P0u)+Cl (2P1/2u), Mg (3P1u)+Cl (2P1/2u),
and Mg (3P2u)+Cl (2P1/2u) are generated from the original Λ–
S atomic limits Mg (1Sg)+Cl (2Pu) and Mg (3Pu)+Cl (2Pu).
The detailed dissociation relationships are listed in Table 2.

The calculated atomic energy intervals of Mg and Cl are
21682.361 cm−1 for Mg (1S0g)–Mg (3P0u), 18.292 cm−1 for
Mg (3P1u)–Mg (3Pu), 46.847 cm−1 for Mg (3P2u)–Mg (3P1u),
and 836.325 cm−1 for Cl (2P1/2u)–Cl (2P3/2u), which are
in good accordance with the corresponding observed values
21850.405, 20.059, 40.714, and 882.350 cm−1.[41] The PECs
of 30 Ω states are depicted in Fig. 4, which are correlated
with 8 dissociation limits. The spectroscopic constants of the
bound states obtained by fitting the PECs, and the main Λ–S
compositions at Re are listed in Table 3.

The ground state X2Σ+ 1/2 is almost completely com-
posed of X2Σ+Λ–S state, hence, the spectroscopic constants
are hardly influenced by the SOC effect. However, slight
change (only 0.0028 eV) can be found for the dissociation en-
ergy De after considering the SOC effect, which mainly comes
from the SO splitting of Cl atom. The A2Π state splits into
two bound Ω states of 1/2 and 3/2 state. The wave func-
tions of these two states are mainly a mixture of B and a small
part of C states, and the effect of SOC is mainly reflected in
Te and De. We also find that the calculated SO splitting is
53.61 cm−1, which is in good agreement with the experimen-
tal observation[13] 54.47 cm−1 and the recent theoretical result
51.24 cm−1.[10] Considering the SOC effect and the avoided
crossing rule, the PECs will become complicated. From Fig. 4,
the Ω = (3)1/2 state is characterized by double-well poten-

tial resulting from the avoided crossing with the (4)1/2. The

inner well mainly consists of the B2Σ+ state and the exter-

nal one from the C2Π state. The spectroscopic constants of

Ω = (4)1/2 are greatly different from those of the Λ–S states.

It is mainly due to the varying wavefunction at the equilibrium

position, and the wavefunction consists of the Λ–S compo-

nents B2Σ+ (98.65%), A2Π (0.27%), and C2Π (0.4%). For

the higher-energy states, because of the high state density of

the Λ–S states, the SOC leads to stronger mixture of the Λ–S

components and more complicated shapes of the PECs, espe-

cially for the Ω = 1/2 states. In view of the above, the SOC

effects should be taken into account for the spectroscopy study

of excited states of MgCl.
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Table 2. The dissociation relationships of the Ω states of MgCl molecule.

Ω state Atomic state
Energy/cm−1

This work Expt.a

(1) 1/2, 3/2 Mg(1S0g)+Cl(2P3/2u) 0 0
(2) 1/2 Mg(1S0g)+Cl(2P1/2u) 836.325 882.350
(3) 1/2, 3/2 Mg(3P0u)+Cl(2P3/2u) 21682.361 21850.405
(4) 1/2, 1/2, 3/2, 3/2, 5/2 Mg(3P1u)+Cl(2P3/2u) 21700.653 21870.464
(5) 1/2, 1/2, 1/2, 1/2, 3/2, 3/2, 3/2, 5/2, 5/2, 7/2 Mg(3P2u)+Cl(2P3/2u) 21747.500 21911.178
(6) 1/2 Mg(3P0u)+Cl(2P1/2u) 22518.686 22732.755
(7) 1/2, 1/2, 3/2 Mg(3P1u)+Cl(2P1/2u) 22526.978 22752.814
(8) 1/2, 1/2, 3/2, 3/2, 5/2 Mg(3P2u)+Cl(2P1/2u) 22583.825 22793.528

aRef. [41]

Table 3. The spectroscopic constants of the bound Ω states of MgCl molecule.

Ω state Te/cm−1 Re/Å ωe/cm−1 ωeχe/cm−1 Be/cm−1 103αe/cm−1 De/cm−1 Dominant Λ–S state
compositions at Re/%

X2Σ+1/2 0 2.1990 457.7852 1.6577 0.2466 3.061 3.129 X2Σ+(100.00)
(2)1/2 26542.8281 2.2020 518.7415 3.4840 0.2448 −0.084 0.632 A2Π (100.00)
Calc.a 26088.05 2.1779 495.04 – 0.2465 – 0.5588
Expt.b 26523 2.1720 491.6 2.54 0.25116 0.18 0.225
(1)3/2 26489.2210 2.5890 324.2912 −21.4035 0.0692 −28.20 0.517 A2Π (99.44), C2Π (0.56)
Calc.a 26036.81 2.1776 492.79 – 0.2465 – 0.5112
Expt.b 26469 2.1808 – – 0.24914 0.18 0.225
(3)1/2 29609.6814 2.1840 30.0203 −3.1967 0.0672 −1.096 – B2Σ+(96.02), C2Π (3.98)
Calc.a 31974.91 2.5667 635.54 – 0.1777 – 2.0112
(2)3/2 31823.8750 2.5500 703.8730 17.0073 0.1822 −0.176 0.665 C2Π (98.28), A2Π (1.72)
Calc.a 31777.98 2.5401 616.72 – 0.1880 – 2.0324
(4)1/2 35115.6550 2.7510 726.8675 28.5025 0.1562 −2.492 1.469 B2Σ+(98.65), A2Π (0.27), C2Π (0.4)
(5)1/2 41867.8208 2.4240 770.9581 28.8308 0.2015 1.646 0.680 32Σ+(99.91), C2Π (0.03)
(6)1/2 46722.1250 2.7195 229.3885 13.9397 0.1535 1.680 0.109 14Σ+(97.90), 14Σ−(0.38)

aRef. [10], bRef. [13]

From the above analysis, it can be seen that the change
of the wavefunction lead to the change of spectroscopic con-
stant for Ω state. In order to illustrate the Λ–S component
mixture in the wavefunction of the Ω state, we provide the
R-dependent Λ–S components in the wavefunctions of the
Ω = (2)1/2, (3)1/2, (1)3/2, and (2)3/2 states. As shown
in Fig. 5, the (2)1/2 state is mainly from SOC splitting of
the A2Π state. Due to the obvious mixture with C2Π, the
paired peak values of the percentages suddenly appear near
2.55 Å, which is just at the avoided crossing position between
the A2Π and C2Π states in Fig. 1. The adjacent B2Σ+ and
X2Σ+ states contribute to the (2)1/2 state at R > 4.0 Å region,
especially the X2Σ+ state. As for the Ω = (1)3/2 state, it de-
rives from the Ω = (1)3/2 component of the A2Π state with a
slight mixture of C2Π state near the avoided crossing point at
2.55 Å. The (3)1/2 state, as mentioned before, is characterized
by the double-well potential and the Λ–S components switch
between the C2Π and B2Σ+ states in the avoided crossing re-
gion. For the (2)3/2 state, the mixture is relatively simple at
small internuclear instance, but becomes very complex at large
internuclear instance.

1.0 2.0 3.0 4.0 5.0

0

20

40

60

80

100 (a)

L
-

S
 c

o
m

p
o
n
e
n
ts

/
%

L
-

S
 c

o
m

p
o
n
e
n
ts

/
%

L
-

S
 c

o
m

p
o
n
e
n
ts

/
%

L
-

S
 c

o
m

p
o
n
e
n
ts

/
%

1.0 2.0 3.0 4.0 5.0

0

20

40

60

80

100 (b)

1.0 2.0 3.0 4.0 5.0

0

20

40

60

80

100 (c)

1.0 2.0 3.0 4.0 5.0

0

20

40

60

80

100 (d)

B2
S

+

A2
P A2

P

A2
P A2

P
32
P

B2
S

+
C2
P C2

P

X
2
S

+

Ω=(2)1/2 Ω=(1)3/2

Ω=(3)1/2 Ω=(2)3/2
R/(0.1 nm) R/(0.1 nm)

R/(0.1 nm) R/(0.1 nm)

32
S

+

14
S

+

14
S

-

C2
P C2

P

Fig. 5. (color online) The Λ–S component of 1/2 and 3/2 (a) Ω = (2)1/2,
(b) Ω = (1)3/2, (c) Ω = (3)1/2, and (d) Ω = (2)3/2.

3.3. The transition properties and the radiative lifetimes

Figure 6 shows the absolute values for transition dipole
moments of (2)1/2–X2Σ+ 1/2, (3)1/2–X2Σ+ 1/2, (4)1/2–
X2Σ + 1/2, (1)3/2–X2Σ + 1/2, and (2)3/2–X2Σ + 1/2 as
a function of the internuclear distance. As illustrated in
Fig. 6, the TDMs curves exhibit four paired abrupt changes
around the avoided crossing points (R1ACP, R2ACP, R3ACP, and
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R4ACP), resulting from the avoided crossing with the adja-
cent Ω states of the same symmetry. Both of the transitions
(2)1/2–X2Σ+1/2 and (1)3/2–X2Σ+1/2, arising from A2Π–
X2Σ+ transition of Λ–S states, have relative large TDMs about
2.0 a.u. at R< 2.5 Å. It can be found that the abrupt changes of
the TDMs value are observed between the (2)1/2–X2Σ+1/2
and (3)1/2–X2Σ+ 1/2 at R1ACP = 2.55 Å, which may result
from the avoided crossing of A2Π and C2Π states. Due to
the avoided crossing between (3)1/2 and (4)1/2 states, the
(3)1/2–X2Σ + 1/2 transition is mainly characterized by the
transition B2Σ+–X2Σ+ in the bond region from 2.36 Å (R3ACP)
to 2.93 Å (R4ACP). Both (1)3/2–X2Σ + 1/2 and (2)3/2–
X2Σ+1/2 transitions have large TDMs. It is worth noting that
the TDMs have abrupt changes near 2.50 Å (R2ACP), which is
due to the avoided crossing between the A2Π and C2Π states
as well.

The Franck–Condon factors of all the transitions men-
tioned have been evaluated with the aid of the LEVEL pro-
gram and listed in Table 4. From Table 4, it can be seen that

the transitions (2)1/2–X2Σ+1/2 and (1)3/2–X2Σ+1/2 have
the maximum FC factors 0.981740 and 0.976493 for 0–0 vi-
brational transition, which is due to the similar equilibrium
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Fig. 6. (color online) The TDMs of the transitions (2)1/2–X2Σ +
1/2, (3)1/2–X2Σ+ 1/2, (4)1/2–X2Σ+ 1/2, (1)3/2–X2Σ+ 1/2, and
(2)3/2–X2Σ+1/2.

Table 4. The FC factors of the transitions (2)1/2–X2Σ+1/2, (3)1/2–X2Σ+1/2, (1)3/2–X2Σ+1/2, and (2)3/2–X2Σ+1/2.

ν ′′ = 0 1 2 3 4 5 6 7 8 9 10 11 12 13

(2)1/2–X2Σ+1/2
ν ′ = 0 0.981740 0.016767 0.000022 0.000879 0.000551 0.000005 0.000027 0.000008 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

1 0.014696 0.788990 0.187963 0.005826 0.001042 0.001221 0.000149 0.000061 0.000081 0.000000 0.000000 0.000000 0.000000 0.000000
2 0.000955 0.165430 0.544836 0.265918 0.021149 0.000582 0.000485 0.000390 0.000008 0.000000 0.000000 0.000000 0.000000 0.000000
3 0.002387 0.021354 0.234583 0.427038 0.268107 0.043827 0.002100 0.000079 0.000226 0.000000 0.000000 0.000000 0.000000 0.000000
4 0.000132 0.006772 0.028831 0.263430 0.349897 0.286252 0.058885 0.005350 0.000121 0.000000 0.000000 0.000000 0.000000 0.000000
5 0.000083 0.000085 0.003195 0.033505 0.295180 0.242571 0.330050 0.084592 0.008950 0.000000 0.000000 0.000000 0.000000 0.000000
6 0.000004 0.000506 0.000000 0.002993 0.056495 0.320664 0.132187 0.342704 0.119227 0.000000 0.000000 0.000000 0.000000 0.000000
7 0.000000 0.000008 0.000393 0.000064 0.006906 0.090642 0.328503 0.053164 0.347363 0.000000 0.000000 0.000000 0.000000 0.000000
8 0.000000 0.000067 0.000036 0.000092 0.000462 0.013029 0.123330 0.319594 0.030826 0.000000 0.000000 0.000000 0.000000 0.000000
9 0.000000 0.000004 0.000131 0.000078 0.000013 0.000912 0.021120 0.156731 0.325571 0.000000 0.000000 0.000000 0.000000 0.000000

(3)1/2–X2Σ+1/2
ν ′ = 0 0.000002 0.000057 0.000400 0.002491 0.013257 0.048381 0.121107 0.211164 0.245963 0.199742 0.113853 0.038451 0.004524 0.000051

1 0.000028 0.000755 0.003923 0.016478 0.054711 0.112499 0.129055 0.063035 0.000478 0.054393 0.175248 0.218391 0.134081 0.034243
2 0.000216 0.004536 0.018057 0.052861 0.110648 0.119527 0.040456 0.002385 0.059184 0.058927 0.001918 0.058467 0.195200 0.194876
3 0.000894 0.014294 0.042688 0.083192 0.097065 0.033697 0.003920 0.060262 0.039865 0.000817 0.051054 0.039294 0.004767 0.141545

(1)3/2–X2Σ+1/2
ν ′ = 0 0.976493 0.015687 0.002866 0.004000 0.000220 0.000398 0.000236 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

1 0.019271 0.817655 0.159869 0.001927 0.000285 0.000521 0.000003 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
2 0.000670 0.143170 0.626105 0.218721 0.010544 0.000051 0.000242 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
3 0.001956 0.018533 0.186798 0.533009 0.231392 0.026954 0.000759 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
4 0.001084 0.003901 0.022089 0.211342 0.441336 0.268946 0.044782 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
5 0.000270 0.000208 0.001708 0.026577 0.267422 0.311047 0.312711 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
6 0.000134 0.000497 0.000000 0.002093 0.044216 0.324610 0.216985 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
7 0.000094 0.000048 0.000223 0.000000 0.003734 0.060400 0.352118 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

(2)3/2–X2Σ+1/2
ν ′ = 0 0.000005 0.000160 0.001014 0.005583 0.025973 0.082035 0.174625 0.263266 0.237744 0.147940 0.059396 0.011574 0.000231 0.000302

1 0.000072 0.001726 0.007985 0.028959 0.080861 0.133268 0.106890 0.018946 0.019348 0.137924 0.221833 0.171733 0.062878 0.006850
2 0.000444 0.008122 0.028147 0.068699 0.114064 0.085695 0.008341 0.025544 0.075168 0.024261 0.015123 0.153574 0.234070 0.133151
3 0.001887 0.025614 0.064048 0.096749 0.076464 0.007949 0.023664 0.062244 0.010184 0.021472 0.063865 0.008254 0.056128 0.222781
4 0.005823 0.057375 0.098715 0.079207 0.013459 0.015420 0.056215 0.010480 0.018687 0.044825 0.001751 0.034706 0.037119 0.007727
5 0.013104 0.091074 0.099009 0.027450 0.005603 0.051927 0.016773 0.012448 0.040966 0.001448 0.029084 0.025245 0.005140 0.046621
6 0.023467 0.109148 0.062336 0.000039 0.043234 0.033313 0.003366 0.042212 0.004752 0.023015 0.025112 0.003028 0.035918 0.001534
7 0.036552 0.106016 0.020316 0.019085 0.055807 0.001734 0.035028 0.017051 0.012699 0.031310 0.000297 0.031661 0.003976 0.022959
8 0.052050 0.085867 0.000431 0.051861 0.028088 0.011562 0.037256 0.000833 0.036176 0.001957 0.025776 0.010685 0.013989 0.019481
9 0.069548 0.057189 0.008529 0.060907 0.001791 0.038489 0.008713 0.024666 0.015229 0.013407 0.022855 0.004137 0.025565 0.000617
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internuclear distances of the upper and lower states. The FC
factors are in good accordance with the experimental value
0.96814 in A2Π–X2Σ+ transition,[39] while differ from the
values (0.930 and 0.928, respectively) in the recent theoreti-
cal literature.[10] For diagonal 1–1 and 2–2 vibrational transi-
tions, similar to those calculated in the previous work (0.792
and 0.798, respectively),[10] the FC factors are computed to be
0.789 and 0.818, respectively. The 0–0 bands of the transitions
(3)1/2–X2Σ+1/2 and (1)3/2–X2Σ+1/2 have very small FC
factors because of the significantly different equilibrium inter-
nuclear distances between the upper and the lower electronic
states.

The radiative lifetimes of the selected vibrational level ν ′

have been calculated by the following formula:[42,43]

τν ′ = (Aν ′)
−1

=
3h

64π4
∣∣a0 · e ·T DM

∣∣2 Σν ′′qν ′,ν ′′(∆Eν ′,ν ′′)3

=
4.936×105

(T DM)2Σν ′′qν ′,ν ′′(∆Eν ′,ν ′′)3
,

where ν ′ and ν ′′ correspond to the upper and lower vibrational
states, the energy difference ∆Eν ′,ν ′′ is in unit cm−1, the aver-
aged electronic transition dipole moment T DM is in atomic
units, qν ′,ν ′′ is the FC factor, and the radiative lifetime τν ′ is in
second.

Aside from the larger diagonal FC factors, the shorter
spontontaneous radiative lifetime τ (10−9 s ∼ 10−6 s) can be
applied for rapid laser cooling, which can provide a signifcant
rate of rapid cycling. The radiative lifetimes τν ′ of ν ′ = 0–3
for the lowest transitions are determined and listed in Table 5.
It can be seen that our calculated radiative lifetimes τν ′ are all
on the order of 10 ns, which are a bit smaller than the previous
theoretical results.[10]

Table 5. The radiative lifetimes of the transitions (2)1/2–X2Σ+ 1/2,
(3)1/2–X2Σ+1/2, (1)3/2–X2Σ+1/2, and (2)3/2–X2Σ+1/2.

Transition
Radiative lifetimes/ns

ν ′ = 0 ν ′ = 1 ν ′ = 2 ν ′ = 3

(2)1/2–X2Σ+1/2 9.39 9.42 9.35 9.26
Calc.a 10.05 10.09 10.14 10.19
(1)3/2–X2Σ+1/2 9.68 9.76 9.62 9.56
Calc.a 10.08 10.12 10.16 1020
(3)1/2–X2Σ+1/2 11.55 11.07 10.55 10.32
(2)3/2–X2Σ+1/2 12.84 12.35 11.93 12.05

aRef. [10]

4. Conclusions
High-level ab initio calculations on the ground and low-

lying excited states of MgCl have been carried out by employ-
ing the MRCI+Q method with relativistic corrections. The
PECs of 14 Λ–S states are calculated and plotted with the aid

of the avoided crossing rule. From the PECs of the bound
states, the corresponding spectroscopic constants are obtained,
and the constants of the X2Σ+ and A2Π states are in good
agreement with previous measurements. The B2Σ+ state is
characterized by the shallow potential well with large equilib-
rium internuclear distance, which is associated with the ion-
pair dissociation limit Mg+(2Sg)+Cl−(1Sg). The calculated
PDMs exhibit two asymptotic limits because of the different
dissociation product channels of Mg+Cl and Mg++Cl− at
large distance. The abrupt changes of PDMs and SO reveal
the sharp changes of the electron configurations in the wave-
functions of the A2Π and C2Π states at their avoided crossing
point. The SOC effect splits 14 Λ–S states into 30 Ω states.
The spectroscopic results indicate that the SOC effect brings
little effect on the ground state X2Σ+, except for the dissocia-
tion energy. The computed spliting between the Ω = 1/2 and
3/2 components of the A2Π state is 53.61 cm−1, which agrees
well with the experimental observation 54.47 cm−1. Under
the influence of the SOC effect, many avoided crossings of the
PECs are generated. The strong coupling between the A2Π

and C2Π states at their crossing region are analyzed with the
help of the Λ–S compositions for the Ω states. The TDMs, FC
factors, and radiative lifetimes are determined. The radiative
lifetimes for the four transitions are all evaluated on the order
of 10 ns. The present computational work should shed light on
the spectroscopy of low-lying electronic state and pave further
experimental studies on the laser cooling of MgCl molecule.
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