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The spectroscopic and transition properties of strontium chloride (SrCl) are investigated based on the theoretical
approach of ab initio quantum chemistry. The calculation accuracy is improved by introducing Davidson correction,
core-valence correlation (CV), the scalar relativistic and spin–orbit coupling (SOC) effects. The results show that the
spectroscopic constants of X2Σ+ and A2Π states are consistent with the experimental results. The spectroscopic and
molecular constants of most highly excited electronic states are reported for the first time. The permanent dipole mo-
ment (PDMs) and the spin–orbit (SO) matrix element have a sudden change for the avoidance of crossing. The potential
energy curves (PECs) of the 14 Λ–S states split into 30 Ω states. The splitting energy of A2Π is 290.76 cm−1, which
has a little difference from the experimental value 295.597 cm−1. Finally, the transition properties are given, including
transition dipole moment (TDMs), Franck–Canton factor (FCFs) and radiation lifetime. It is found that the calculated radi-
ation lifetime is in the order of 10 ns. The research will provide a theoretical reference for the feasibility of laser cooling
of SrCl molecule. The dataset that supported the findings of this study is available in Science Data Bank, with the link
https://www.doi.org/10.57760/sciencedb.j00113.00218.

Keywords: SrCl, MRCI+Q, spectroscopic and transition properties, spin–orbit coupling
PACS: 31.15.A–, 31.15.vn, 33.15.Mt

DOI: 10.1088/1674-1056/adb264 CSTR: 32038.14.CPB.adb264

1. Introduction

Alkaline earth monohalides play an important role in as-
trophysics, catalysis and high-temperature chemistry.[1–3] In
recent years, various spectral results of these molecules have
been obtained.[4–7] Among them, strontium atom shows spe-
cial interest in astrophysics due to its strong absorption lines.
Because strontium atom exists in many stars, the spectro-
scopic study of its halides and monohalides has become a hot
topic[8] and the spectroscopic transition properties of stron-
tium halide (SrX) have great reference value in astronomy and
astrophysics. Many theoretical and experimental studies have
been carried out for alkaline earth monohalides.[9–11] In par-
ticular, Brinkmann et al.[12] observed the A2Π–X2Σ+ tran-
sition of SrCl molecule and Schröder et al.[13] analyzed the
SrCl molecular transition states. Ernst et al. studied the high-
resolution spectra of B2Σ+–X2Σ+ transition band and gave the
main Dunham parameters by fitting.[14] Allouche et al.[9] cal-
culated the first four lowest doublet electronic states of SrCl
and SrBr molecules using the ligand-field theory, and obtained
the energy and spectroscopic constants. The spectroscopic
data of the lowest state X2Σ+ of SrCl and SrBr molecules
were consistent with those given by Törring et al.[15] and
listed by Huber and Herzberg.[10] The permanent dipole mo-

ments (PDMs) of the first five lowest states were close to
those obtained by Törring et al.[15] The transition dipole mo-
ments (TDMs) were also in agreement with the experimen-
tal data.[16,17] Lately, Adem et al.[18] gave the spectroscopic
constants and the TDMs of the 11 lowest doublet states for
SrCl. In all these previous works, the scalar relativistic effect
and SOC effect were not fully considered although Davidson
correction and core-valence (CV) correlation were involved.
This article will use multiple corrections to the potential en-
ergy point to obtain more accurate spectroscopic constants,
radiative transition probabilities and lifetimes of SrCl. It will
provide new reference for further spectroscopic observation
and laser cooling of SrCl molecule.

In this paper, we present the calculation of multi-
reference configuration interaction method including David-
son correction (MRCI+Q). The calculation particularly con-
siders the scalar relativistic effect and SOC effect. The po-
tential energy curves (PECs) of the 14 Λ–S states and 30 Ω

states have been calculated and the spectroscopic constants
and the transition properties, including TDMs, Franck–Canton
factors (FCFs), and the radiative lifetimes, have also been de-
termined. These new accurate data will provide a new refer-
ence for further spectroscopic observation and laser cooling of
SrCl molecule.
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2. Computational methods
All the ab initio calculations are performed on the SrCl

system using the computational chemistry program MOLPRO
2012.[19,20] Because of the limit of the MOLPRO program, the
C2υ point group is used to calculate, which holds A1/B1/B2/A2

irreducible representations. For the SrCl system, 4a1, 2b1,
and 2b2 symmetry molecular orbitals are determined as the
active space, corresponding to the Sr 4s4p and Cl 3s3p shells.
Considering that in the optimization process, the outermost va-
lence electrons and the electrons in the second outer layer are
calculated as correlated electrons. In the active space, the out-
ermost electrons of Sr and Cl atoms are placed. The sub-outer
electrons of Sr are put in the closed shell. The rest of the inner
electrons are put into the core orbitals. That is, there are 17
electrons used in the correlation energy calculations.

In order to obtain the high-level PECs of SrCl, the poten-
tial energy point near the equilibrium bond length is calculated
with the internally contracted multireference configuration
interaction method,[23–26] with the relativistic effective core
pseudopotential basis aug-cc-pV5Z-PP (ECP28MWB)[28] for
Sr and aug-cc-pV5Z-DK[29] for Cl. The Davidson correction,
core-valence correlation, scalar relativistic effect[27] and SOC
effect corrections are introduced to improve the calculation
accuracy. The SOC effect is corrected with the Breit–Panli
Hamiltonian.[30] The off-diagonal SO matrix elements are cal-
culated by using CASSCF wavefunctions, while the diagonal
SO matrix elements are substituted with ic-MRCI+Q ener-
gies.

Based on the modified PECs, the spectroscopic constants
are gained with the aid of the LEVEL8.0 program.[31] The
SO matrix elements between electronic states are computed
and used to analyze the coupling between the interacting Λ–
S states. The TDMs are calculated in the complete active
space self-consistent field. The FCFs are evaluated with the
LEVEL8.0 program.[31] Finally, the radiative lifetimes are
predicted with the obtained TDMs and FCFs.

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

The Λ–S represents the spin and orbital angular momen-
tum quantum number. The theoretical energies of the 14 Λ–S
electronic states of SrCl have been calculated as a function
of the internuclear distance R from 1.6 Å to 8.0 Å by using
the icMRCI+Q method with relativistic effective core pseu-
dopotential aug-cc-pV5Z-PP for Sr and aug-cc-pV5Z-DK for
Cl. The potential energy curves (PECs) have been plotted in
an interval of points around the equilibrium internuclear dis-
tances in Fig. 1. The curves present an irregular form, which
suffer from the avoided crossing. Many crossing points be-
tween the different states have been obtained and are repre-

sented for SrCl in Table 3. As shown in Fig. 1, the 14 Λ–
S states are correlated with the three dissociation limits in-
cluding neutral Sr(1Sg)+Cl(2Pu), Sr(3Pu)+Cl(2Pu), and ion-
pair Sr+(2Sg)+Cl−(1Sg). And only the B2Σ+ state is associ-
ated with the ion-pair limit Sr+(2Sg)+Cl−(1Sg), which cor-
responds to the one-electron transfer from Sr to Cl. The three
dissociation limits of 14 Λ–S states are listed in Table 1.

By fitting the PECs of X2Σ+, A2Π, B2Σ+, C2Π and 32Σ+

bound states, the obtained spectroscopic constants, main elec-
tronic configurations and weights around the Re are listed in
Table 2. A comparison with the previous experimental and
theoretical results has also been summarized in the table.

As seen, the ground state of SrCl, of X2Σ+ symme-
try, has a deep potential well of 3.703 eV, which is sep-
arated from the rest of the states and correlated with the
lowest dissociation limit Sr(1Sg) + Cl(2Pu). The state is
mainly characterized by the closed-shell electronic config-
uration 6σ27σ28σα 9σ03π24π2, which corresponds to one-
electron movement from 3s orbital of Sr to 3p orbital of Cl.
For the X2Σ+ state, our calculated Re and ωe are in agree-
ment with the recent theoretical calculated results,[18] the de-
viations are 0.0025 nm and 3.22 cm−1. The calculated Be is in
good agreement with the experimental result,[13] the percent-
age error is 0%. Compared with other homologues, the cal-
culated De (3.703 eV) of SrCl is smaller than 94.31 kcal/mol
(4.090 eV) of BeCl[33] and 34283.5 cm−1 (4.251 eV)[34] of
CaCl. The calculated Re is 2.575 Å, which is larger than those
of BeCl (0.1792 nm),[33] MgCl (0.2214 nm),[35] and CaCl
(0.2506 nm).[34] These comparisons indicate that SrCl is more
unstable and easier to dissociate than BeCl, MgCl and CaCl.
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Fig. 1. The PECs of the Λ–S states of SrCl molecule.

Table 1. The dissociation relationships of the Λ–S states of SrCl
molecule.[32]

Λ–S Atomic state

2Σ+, 2Π Sr(1Sg)+Cl(2Pu)
2.4Σ+(2), 2,4Σ−(2), 2,4Π(2), 2,4∆ Sr(3Pu)+Cl(2Pu)
2Σ+ Sr+(2Sg)+Cl−(1Sg)
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Table 2. The spectroscopic constants of of X2Σ+, A2Π, B2Σ+, C2Π and 32Σ+ bound states of SrCl molecule.

Λ–S Te (cm−1) Re (nm) ωe (cm−1) ωeχe (cm−1) Be (cm−1) 10−4αe (cm−1) De (eV) Main configuration at Re (%)

X2Σ+ 0 0.2575 309.78 0.8682 0.1016 4.131 3.703 6σ27σ28σα 9σ03π24π2 (78.8)
6σ27σ28σ09σα 3π24π2 (7.5)

Calc.[18] 0 0.255 313 0.93 0.1037 – –
Expt.[14] 0 0.257 302[10] 0.95[10] – – –
Expt.[13] 0 – 302.448 −0.9502 0.1016 4.524 –

A2Π 15779.16 0.2518 330.69 – 0.1061 2.013 1.673 6σ27σ28σ09σ03πααβ 4π2 (85.7)
Calc.[18] 14730 0.252 323 0.95 0.1055 – –
Expt.[14] 14818 0.255 309[10] 0.98[10] – – –
Expt.[13] 14966.73 – 309.625 0.996 0.1030 4.606 –

B2Σ+ 16612.74 0.2538 318.67 0.4874 0.1043 2.599 1.937 6σ27σ28σα 9σ03π24π2 (78.8)
6σ27σ28σ09σα 3π24π2 (7.6)

Calc.[18] 15714 0.253 319 0.99 0.1055 – –
Expt.[14] 15719 0.255 306[10] 0.98[10] 0.1030[13] 4.739[13] –

C2Π 33532.99 0.3477 425.57 15.5691 0.0554 −11.932 1.546 6σ27σ28σ09σ03πααβ 4π2 (59.7)
6σ27σ28σ29σ03π24π2 (13.4)

6σ27σα 8σβ 9σ03πααβ 4π2 (9.8)
6σ27σα 8σα 9σ03παββ 4π2 (2.7)

Calc.[18] 26688 0.259 278 0.83 0.1095 – –
Expt.[10] 26099 – 270 0.72 – – –

32Σ+ 36625.55 0.3519 392.49 10.4544 0.0544 −12.567 1.140 6σ27σα 8σ29σ03π24π2 (51.0)
6σ27σ28σ09σα 3π24π2 (16.4)

6σ27σ28σα 9σ03πααβ 4π2 (4.6)
6σ27σ28σα 9σ03πβ 4πααβ (4.6)

6σ27σ28σα 9σ03π24π2 (2.5)
Calc.[18] 27979 0.248 358 1.01 0.1095 – –
Expt.[14] 28822 – 3446[10] 1.046[10] 0.1030[13] – –

Apart from the X2Σ+ state, the first excited state
A2Π also correlates with Sr(1Sg) + Cl(2Pu). The A2Π

state is mainly described by the electronic configura-
tion 6σ27σ28σ09σ03πααβ 4π2, which corresponds to one-
electron excitation from the X2Σ+ state, namely, 8σ → 3π .
The calculated Te of 15779.16 cm−1 differs from the exper-
imental value of 14966.73 cm−1, and the percent error is
5.4%.[13] There is an obvious barrier of 30951.13 cm−1 ow-
ing to an avoided crossing near 0.348 nm. The calculated dis-
sociation energy De is 1.673 eV, which is much smaller than
that of the ground state. Our computed Re differs from the
experiment[13] by 0.0047 nm. The other spectroscopic con-
stants Be and ωe are general consistent with the recent theoret-
ical results,[18] and the deviations 0.0006 cm−1 (0.57%) and
7.6 cm−1 (2.38%). For the C2Π state, it corresponds to the
second neutral dissociation limit Sr(3Pu)+Cl(2Pu). The com-
puted De of 1.546 eV is slightly smaller than that of the A2Π

state. From Fig. 1, we also found that the minimum energy
point 31191.10 cm−1 is located at the avoided crossing point
RACP, and the energy gap with A2Π state is 239.97 cm−1.

Of particular note is the B2Σ+ state, which is the only
state correlating to the ion-pair Sr+(2Sg) + Cl−(1Sg). The
PECs of B2Σ+ state are characterized by a double-well struc-
ture, the nuclear distance is 0.2538 nm. The wavefunction of
the B2Σ+ state exhibits the obvious multi-configuration char-
acter, which consists of two main electronic configurations

6σ27σ28σα 9σ03π24π2 (78.8) and 6σ27σ28σ09σα 3π24π2

(7.6) at Re. The acquired Te is 16612.74 cm−1, which is
also different from the experimental value 15719.5 cm−1,[14]

and the relative deviation is 5.7%. The spectral constants
ωe, Re, Be are also different from the experimental results,[14]

but they are also very consistent with the recent theoretical
results,[18] and the deviations are only 0.33 cm−1, 0.0008 nm
and 0.0012 cm−1, respectively. From Fig. 1, we can also find
that there are two intersections at 0.261 nm and 0.340 nm
for A2Π and B2Σ+. Few theoretical or experimental studies
have reported spectroscopic parameters of other excited elec-
tronic states in the literature. The spectroscopic constants cal-
culated in this paper will provide accurate prediction of SrCl
molecules.

The permanent electric dipole moments (PDMs) reflect
the bonding properties of molecules. The PDMs of the five
bound electronic states of SrCl have been plotted as a function
of the nuclear spacing R from 1.5 Å to 5.0 Å and depicted in
Fig. 2. With the help of the dipole moment curves, we dis-
cuss the interactions and polarity of the states. As shown in
Fig. 2, many negative values of the moments appearing in the
figure are due to the polarity of SrCl. Almost all these mo-
ments except for B2Σ+ state lead to the consistent asymptotic
limit of 0 a.u. (a.u. represents atomic units), corresponding to
the dissociation limit of Sr+Cl. The PDM of B2Σ+ state is
negative and shows a linear dependence on R at large bond
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distance. When the nuclear spacing increases to 0.57 nm, the
maximum dipole moment (4.907 a.u., about 7.5 Debye) is ob-
tained, which indicates that molecular ions have strong prop-
erties. It is consistent with the previous analysis of the dis-
sociation limit of the corresponding ion pair Sr+ +Cl. This
behavior is obtained also in the study of the low lying elec-
tronic states in MgCl molecule[35] (See more details in data
on the Science DB).

Another interesting feature to note in Fig. 2 is that
there are two pairs of complementary abrupt changes of the
PDMs. One is caused by the avoidance of crossing be-
tween A2Π state and C2Π state near the nuclear spacing
of R1ACP = 3.46 Å. The other is caused by the avoidance
of crossing between B2Σ+ state and 32Σ+ state around the
bond distance of R2ACP = 3.53 Å. Such abrupt changes of
the PDMs can be explained by that the main electronic con-
figuration of the A2Π state is 6σ27σ28σ09σ03πααβ 4π2 and
the C2Π state becomes 6σ27σ28σ09σ03πααβ 4π2, the B2Σ+

state is 6σ27σ28σ09σα 3π24π2 and the 32Σ+ state becomes
6σ27σ28σ09σα 3π24π2 through RACP, which can be seen
from Fig. 5, thus leading to the abrupt changes in the avoided
crossing region.
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Fig. 2. The PDMs of bound states of SrCl molecule.

3.2. The PECs of the Ω states

The SOC effect could lead to the strong interaction be-
tween the adjacent electronic states, especially the states in-
volving the intersection of PECs. And the interaction could
be quantitatively evaluated by the spin–orbit (SO) matrix ele-
ment. The larger spin–orbit matrix element indicates the great
interaction between different electronic states. These phe-
nomena in molecules have attracted much research interest
in previous investigations.[36–38] Figure 3 only shows the R-
dependent SO matrix elements of four interaction systems in-
cluding B2Σ+–A2Π, B2Σ+–C2Π, 32Σ+–C2Π, and C2Π–A2Π

for SrCl.
The SO matrix elements have the largest values of

300 cm−1 for the 32Σ+–C2Π system after the avoided crossing

point of the B2Σ+ and 32Σ+ states, indicating the strong inter-
action between the 32Σ+ and C2Π state. The system B2Σ+–
A2Π has larger SO matrix elements 342 cm−1, which is also
showing the strong interaction between the B2Σ+ and A2Π

states. Therefore, the perturbation of B2Σ+ state is mainly
arising from the A2Π and C2Π states, which is consistent with
the analysis in the literature.[18] As discussed above, two pairs
of the complementary sudden changes have been exhibited,
which both result from the PECs’ avoided crossings of B2Σ+

and 32Σ+ states, A2Π and C2Π states.
The Ω represents the total angular momentum quan-

tum number. After considering the spin–orbit coupling ef-
fect, the 14 Λ–S states split into 30 Ω states, including fif-
teen Ω = 1/2 states, ten Ω = 3/2 states, four Ω = 5/2
states, and one Ω = 7/2 state. Eight dissociation lim-
its Sr(1S0g) + Cl(2P3/2u), Sr(1S0g) + Cl(2P1/2u), Sr(3P0u) +

Cl(2P3/2u), Sr(3P1u) + Cl(2P3/2u), Sr(3P2u) + Cl(2P3/2u),
Sr(3P0u)+Cl(2P1/2u), Sr(3P1u)+Cl(2P1/2u), and Sr(3P2u)+

Cl(2P1/2u) are generated by Sr(1Sg)+Cl(2Pu) and Sr(3Pu)+

Cl(2Pu). The corresponding dissociation relationships are
listed in Table 3.
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It can be seen from Table 3 that the energy gaps of
Sr and Cl in this paper are 14298.110 cm−1 for Sr(1S0g)–
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Sr(3P0u), 201.126 cm−1 for Sr(3P1u)–Sr(3Pu), 392.455 cm−1

for Sr(3P2u)–Sr(3P1u), and 881.680 cm−1 for Cl(2P1/2u)–
Cl(2P3/2u), respectively, which are in good accordance
with the corresponding observed values 14317.520 cm−1,
186.831 cm−1, 394.212 cm−1 and 882.350 cm−1.[38] Figure 4
shows the PECs of seven bound Ω states, which correspond to
four dissociation limits. The spectroscopic constants are fitted
with the PECs, and the main Λ–S composition at Re are listed
in Table 4.

When the SOC effect is considered, the compositions of
X2Σ

+
1/2 and X2Σ+ Λ–S states are consistent. The spectro-

scopic constants are almost unchanged except for the disso-
ciation energy De, which is mainly caused by SO splitting of
Cl atom. The A2Π state splits into two bound Ω states of

1/2 and 3/2 states. It can be seen that the influence of SOC
is mainly reflected in Te and De. The SO splitting energy is
290.76 cm−1, which is in good agreement with the experimen-
tal value 295.597 cm−1.[13] The PECs will become compli-
cated after considering the SOC effect and avoiding crossing
rule. Due to the abrupt changes of wavefunction at the equilib-
rium position, the potential energy curve of Ω = (3)1/2 state
has partially changed by (2)1/2 and (4)1/2, the Ω = (4)1/2
state by (3)1/2 and (5)1/2. Because of the high state density
of the higher-energy states, the SOC leads to stronger mix-
ture of the Λ–S components and more complicated shapes of
the PECs, especially 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 SrCl.

Table 3. The dissociation relationships of the Ω states of SrCl molecule.

Ω state Atomic state
Energy (cm−1)

this work Expt.a)

(1) 1/2, 3/2 Sr(1S0g)+Cl(2P3/2u) 0 0
(2) 1/2 Sr(1S0g)+Cl(2P1/2u) 881.680 882.350
(3) 1/2, 3/2 Sr(3P0u)+Cl(2P3/2u) 14298.110 14317.520
(4) 1/2, 1/2, 3/2, 3/2, 5/2 Sr(3P1u)+Cl(2P3/2u) 14499.236 14504.351
(5) 1/2, 1/2, 1/2, 1/2, 3/2, 3/2, 3/2, 5/2, 5/2, 7/2 Sr(3P2u)+Cl(2P3/2u) 14891.691 14898.563
(6) 1/2 Sr(3P0u)+Cl(2P1/2u) 15179.790 15199.870
(7) 1/2, 1/2, 3/2 Sr(3P1u)+Cl(2P1/2u) 15380.916 15386.701
(8) 1/2, 1/2, 3/2, 3/2, 5/2 Sr(3P2u)+Cl(2P1/2u) 15773.371 15780.886

a)Ref. [39].

Table 4. The spectroscopic constants of the bound Ω states of SrCl molecule.

Ω state Te (cm−1) Re (Å) ωe (cm−1) ωeχe (cm−1) Be (cm−1) 10−4αe (cm−1) De (eV)

X2Σ
+
1/2 0 2.5765 309.81 0.871 0.1016 4.13 3.658

(2)1/2 16775.74 2.5270 335.18 0.552 0.1053 1.89 2.071
(1)3/2 16484.98 2.5285 313.63 0.121 0.1051 2.13 2.099
(3)1/2 16925.21 2.5180 332.02 −0.112 0.1062 2.59 2.143
(2)3/2 33621.68 3.4510 339.24 9.536 0.0562 −11.84 1.629
(4)1/2 33621.68 3.4510 339.24 9.536 0.0562 −12.03 1.733
(5)1/2 36656.18 3.5200 393.64 10.516 0.0544 −12.50 1.283

3.3. The transition properties and the radiative lifetimes

According to the principle of avoiding crossing, the ad-
jacent Ω states with the same symmetry will have a crossing
phenomenon. The absolute values of the transition dipole mo-
ments for each transition state are plotted in Fig. 5. For the
avoided crossing of A2Π and C2Π states, there are two obvious
abrupt changes around R1ACP and R2ACP. One is the (2)1/2–
X2Σ

+
1/2 and (3)1/2–X2Σ

+
1/2 at R2ACP = 2.60 Å, the other is the

(1)3/2–X2Σ
+
1/2 and (2)3/2–X2Σ

+
1/2 near R1ACP = 2.50 Å. At

R < 2.5 Å, the transition (2)1/2–X2Σ
+
1/2 and (1)3/2–X2Σ

+
1/2,

arising from A2Π–X2Σ+ transition of Λ–S states, both have
relatively large TDMs about 1.78 a.u. It is worth noting that
the TDMs value of (3)1/2–X2Σ

+
1/2 transition changes greatly.

There is a maximum of 3.55 a.u. at R = 3.90 Å, then it tends

to zero (See more details in data on the Science DB).
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Fig. 5. The TDMs of the lowest five transition states of SrCl molecule.
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Table 5. The FCFs of three transition states of SrCl molecule.

ν ′′ = 0 1 2 3 4 5 6 7 8

(2)1/2–X2Σ
+
1/2

ν ′ = 0 0.753014 0.211171 0.031543 0.003606 0.000468 0.000120 0.000053 0.000019 0.000002
1 0.209083 0.356953 0.316588 0.093029 0.019037 0.003942 0.001009 0.000285 0.000060
2 0.033753 0.325036 0.101902 0.316260 0.160748 0.047096 0.011602 0.028265 0.000649
3 0.003891 0.090962 0.365704 0.006540 0.241285 0.193469 0.072236 0.019828 0.004839
4 0.000239 0.014518 0.149324 0.321176 0.007600 0.164352 0.206080 0.096694 0.030154
5 0.000017 0.001283 0.008066 0.030817 0.199215 0.241676 0.043850 0.097906 0.204271
6 0.000002 0.000065 0.003883 0.051104 0.236823 0.158727 0.051200 0.045282 0.186741
7 0.000000 0.000011 0.000210 0.008390 0.075696 0.257137 0.087428 0.132627 0.012056
8 0.000000 0.000000 0.000025 0.000620 0.015034 0.103861 0.257938 0.035904 0.16029

(3)1/2–X2Σ
+
1/2

ν ′ = 0 0.850647 0.270571 0.063763 0.011968 0.002258 0.000553 0.000177 0.000050 0.000006
1 0.275446 0.184407 0.320000 0.154169 0.048440 0.013059 0.003431 0.000855 0.000157
2 0.064468 0.366254 0.010621 0.232605 0.202035 0.087332 0.027546 0.007265 0.001590
3 0.008762 0.147713 0.330492 0.014314 0.131815 0.201237 0.111742 0.040091 0.011060
4 0.000635 0.027878 0.212698 0.231963 0.062896 0.065152 0.188163 0.133996 0.055548
5 0.000037 0.002982 0.053762 0.254468 0.135671 0.110651 0.022792 0.163314 0.151436
6 0.000005 0.000171 0.008030 0.083037 0.271982 0.062738 0.145147 0.002425 0.129021
7 0.000000 0.000022 0.000574 0.015805 0.114900 0.265353 0.018102 0.160569 0.020943
8 0.000000 0.000000 0.000051 0.001538 0.026363 0.147230 0.238532 0.000641 0.156548

(1)3/2–X2Σ
+
1/2

ν ′ = 0 0.777754 0.186548 0.030128 0.004485 0.000779 0.000205 0.000074 0.000022 0.000002
1 0.199094 0.411687 0.278572 0.083386 0.020384 0.005066 0.001368 0.000360 0.000066
2 0.021955 0.033532 0.157763 0.287292 0.136649 0.044354 0.012544 0.003274 0.000724
3 0.001181 0.061817 0.418108 0.037966 0.237165 0.158080 0.061060 0.018596 0.004850
4 0.000015 0.004517 0.105521 0.420919 0.003247 0.188586 0.167785 0.075699 0.025173
5 0.000001 0.000108 0.009486 0.149232 0.383255 0.002.166 0.146100 0.173012 0.090944
6 0.000000 0.000000 0.000415 0.015706 0.192552 0.330852 0.017886 0.105767 0.171535
7 0.000000 0.000000 0.000000 0.001001 0.024068 0.232337 0.273183 0.043280 0.069526
8 0.000000 0.000000 0.000005 0.000002 0.001857 0.035211 0.265885 0.215115 0.072734

Table 6. The radiative lifetimes of three transition states of SrCl
molecule.

Transition
Radiative lifetimes (ns)

ν ′ = 0 ν ′ = 1 ν ′ = 2 ν ′ = 3

(2)1/2–X2Σ
+
1/2 31.63 31.81 32.04 32.26

Expt.a) 31.3±2.7
(1)3/2–X2Σ

+
1/2 31.01 31.16 31.52 31.87

Expt.a) 30.4±3.6
(3)1/2–X2Σ

+
1/2 39.16 39.22 39.31 39.52

Expt.a) 38.8±2.1

a)Ref. [16].

The FCFs of the transitions (2)1/2–X2Σ
+
1/2, (3)1/2–

X2Σ
+
1/2 and (1)3/2–X2Σ

+
1/2 are calculated and listed in Table 5.

By analyzing data, it can be found that three transition states
have the largest FCFs for the 0–0 vibrational transition, which
are 0.751034, 0.850647 and 0.777754 respectively. And it is
also found that the FCFs of (3)1/2–X2Σ

+
1/2 have significant

diagonalization, but the other two are not very obvious. Fi-
nally, the radiative lifetimes are calculated by the following
formula:[40,41]

τν ′ = (Aν ′)
−1

=
3h

64π4|a0 · e ·TDM|2 ∑ν ′′ qν ′,ν ′′(∆Eν ′,ν ′′)3

=
4.936×105

(TDM)2 ∑ν ′′ qν ′,ν ′′(∆Eν ′,ν ′′)3
,

where ν ′ and ν ′′ express the upper and lower vibrational states,
∆Eν ′,ν ′′ is the energy difference, TDM is the averaged elec-
tronic transition dipole moment, qν ′,ν ′′ is the FCFs and τν ′ is
the radiative lifetime.

The shorter radiative lifetime τ (10−9–10−6 s) can pro-
vide a significant rate of rapid cycling. The following table
lists the radiative lifetimes of ν ′ = 0–3. The results are all in
the order of 10 ns, which are a bit bigger than the experimental
results.[16]

4. Conclusion
The PECs and spectroscopic constants of 14 Λ–S states

are obtained with ic-MRCI+Q method. The results of X2Σ+

and A2Π states are in good agreement with experimental re-
sults. The B2Σ+ state with shallow potential well and large
equilibrium internuclear distance, is associated with the ion-
pair dissociation limit Sr+(2Sg)+Cl−(1Sg). The PDMs ex-
hibit two asymptotic limits because of the different dissocia-

043101-6



Chin. Phys. B 34, 043101 (2025)

tion products of Sr+Cl and Sr++Cl− at large distance. At
the avoided intersection, sudden changes of PDMs and SO re-
veal the sharp changes of the electron configurations in A2Π

and C2Π states. The SOC effect causes 14 Λ–S states to split
into 30 Ω states, and many avoided crossings of the PECs are
generated. The splitting energy of A2Π state is 290.76 cm−1,
which is consistent with the experimental value 295.597 cm−1.
At last, the TDMs, FCFs, and radiative lifetimes are calcu-
lated. The radiation lifetimes of the three transition bands are
all at the level of 10 ns, which conforms to the laser cooling
principle. The calculation work in this paper gives the spec-
troscopic parameters of SrCl molecule, which will provide a
reference for further experimental research on molecular laser
cooling.
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