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In this work, we investigate the potential energy curves (PECs), transition dipole moments (TDMs) and
spin-orbit couplings for low-lying electronic states of SiO" based on ab initio calculations. The PECs of sev-
enteen low-lying electronic states are calculated by the internally contracted multireference configura-
tion interaction (icMRCI) method with the Davidson correction, as well as the basis set extrapolation,
core-valence (CV) correction and scalar relativistic correction. The Schrédinger equation of nuclear move-
ment is solved over the PEC to obtain the rotational and vibrational energy levels, which are used to fit
the spectroscopic parameters. The Einstein coefficients, Franck-Condon factors and oscillator strengths
for dipole-allowed transitions are calculated with the PECs and TDMs. The radiative lifetimes of some
excited states are also obtained. Our calculated radiative lifetime of 67.8 ns for BZZ*(v' = 0) is in excellent
agreement with the recent experimental measurement of 66 + 2 ns. The spin-orbit coupling integrals
related to the X2X*, AZIl, B2Z*, 1*=* 1% and 14X~ states are calculated using the Breit-Pauli
Hamiltonian. In addition, the effects of spin-orbit couplings on the potential energies of the A-S elec-
tronic states are discussed.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Silicon monoxide (SiO) is often formed from the ablated Si and
0 atoms in meteor entry [1] and has been observed in various stel-
lar sources [2-10]. It is also an important participant on telluric
chemistry [11]. Although its cation, SiO*, has not been detected
in the interstellar medium so far, it is easily generated from disso-
ciative shocks under suitable conditions in dense clouds [12].
Therefore, the detailed knowledge of spectroscopy for SiO* is of
great astrophysical interest. Two doublet electronic transition sys-
tems (B?~*-X2X* and B>~ *-AI1) have long been studied in the lab-
oratory [13-22]. Experimental studies of spectra for SiO* initially
used discharge spectroscopy [13-16,18], then photoelectron spec-
troscopy [17], and more recently fast-ion-beam laser spectroscopy
[19-22], which can be utilized to measure more transition bands of
SiO*. For example, almost 1400 lines of the (0,0), (1,0), (1,1), (2,1),
(2,2),(3,2) bands for the B>~ *-X?~* system and 66 lines of the (2,0)
Q = 1/2 sub-band for the B>X*-AIT system [19,20], as well as the
(4,4), (4,3), and (5,4) bands for the B>Z*-X?X* system and (3,2),
(4,2), and (5,3) bands of the B2X*-A2[T system [22] have been
observed by laser spectroscopy. In total, 2378 rovibronic transi-
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tions has been observed for the B>Z*-X?>X* and B2X"-A%II elec-
tronic transition systems in the laboratory.

Theoretically, a recent ab initio study of SiO* is provided by Li
et al. [23], who investigated the electronic structures and transition
properties of SiO" by the MRCI/aug-cc-pwCV5Z-DK method.
Another recent ab initio study of SiO* is by Shi et al. [24], who pre-
sented a high-level study for the X2X*, A%1, B2, a*Z*, 1°11, 14A,
14%-, and 2*IT electronic states of SiO* at the MRCI + Q/AV6Z + C
V + DK level of theory. They just reported ab initio potential ener-
gies and spectroscopic parameters, along with the effect of spin-
orbit coupling on the spectroscopic parameters. In addition, a rel-
atively recent ab initio study of SiO* is by Chattopadhyaya et al.
[25], who used the multireference singles and doubles configura-
tion interaction (MRDCI) method to calculate potential energy,
spectroscopic parameters and transition dipole moments (TDMs)
for low-lying electronic states of SiO". Earlier, but comprehensive,
ab initio studies of SiO* were performed by Cai and Francois
[26,27] using the internally contracted multireference configura-
tion interaction (MRCI) method for investigating low-lying elec-
tronic states of SiO*. However, oscillator strengths and spin-orbit
coupling integrals between different electronic states have not
been widely reported before, but are very important to accurately
describe the spectra of SiO*.
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Recently, experimental investigations of the B*Z*-X?Z* (0,0)
transition of SiO* were carried out by Stollenwerk et al. [28] due
to its implications for laser cooling. In the past few years, laser-
cooling and magneto-optical trapping have been extended to dia-
tomic molecules and molecular ions [29-32]. Cold and ultracold
molecules and ions are of growing interest because of their poten-
tial applications of quantum information and simulation [33-35],
cold controlled chemistry [36,37], precise measurements [38,39],
etc., which motivates researchers to search for candidates for laser
cooling. Experiments of laser cooling have been successfully car-
ried out for the SrF [29,40], KRb [41], YO [30], and CaF [42], and
theoretically possible laser cooling schemes have been proposed
for RaF [38], AIH [43], AIF [43], BeF [44], LiRb [45], and TICI [46]
etc. Except for the neutral diatomic molecules, molecular ions,
such as Cz [32], BH" [47], AIH* [47], AICI" [48], GaH" [49], and
InH* [49], were found to be prospective candidates for laser cooling.
In 2011, Nguyen and Odom proposed a three-electronic-level laser
cooling scheme for SiO*, along with the discussion of other candidate
three-electronic-level molecules. Recently, a viable optical cycling
scheme based on the B>Z*-X2T* transition of SiO* has been pre-
sented by Li et al. [23].

In this paper, we present a systematic investigation of the elec-
tronic structure and transition properties of SiO* by the state-of-
the-art ab initio method as implemented in the MOLPRO 2015
package [50]. The aim of this work is threefold. Firstly, this work
is to present a more detailed study on the electronic structures
of Si0*, including the potential energy curves (PECs) and spectro-
scopic parameters of low-lying electronic states. The second pur-
pose is to provide the transition properties of SiO*, including the
transition dipole moments (TDMs), Franck-Condon factors (FCFs),
Einstein A coefficients, oscillator strengths and spontaneous radia-
tive lifetimes of dipole allowed transitions. The third intension is to
investigate the spin-orbit couplings within the spin-orbit selection
rule and their effects on the potential energies of A-S states.

This paper is organized as follows. The state-of-the-art ab initio
method is detailed in Section 2. The computational results, includ-
ing the electronic structures, transition properties and spin-orbit
coupling integrals for SiO", are presented and discussed in
Section 3. Finally, in Section 4, a brief summary is given.

2. Computational method

The electronic structure calculations of SiO" were performed
using the state-averaged complete active space self-consistent
field (SA-CASSCF) [51,52], followed by the internally contracted
multireference configuration interaction (icMRCI) method [53,54]
with the Davidson correction (+Q). We described the Si and O
atoms with the aug-cc-pV6Z basis set [55-57] for the main elec-
tronic structure calculations. In order to obtain more accurate
potential energy, the basis-set extrapolation to the complete basis
set (CBS) limit was considered with the aug-cc-pV5Z and aug-cc-
pV6Z basis sets [55-57]. We used the basis-set extrapolation for-
mulas given by Truhler [58]

EJ =E9 +AYX™, (1)
E)c(or — Eizr +ACOTx—/f. (2)

where Ef and E°y are the reference and correlation energies of an

electronic state at a certain internuclear distance, respectively, cal-
culated with the aug-cc-pVXZ (here X = 5 and 6) basis set. E*" and
E" denote the reference and correlation energies, respectively,
which are both obtained by the extrapolation of the basis set to
the CBS limit. The extrapolation parameters o and B are equal to
3.4 and 2.4 for the reference energy and correlation energy, respec-
tively. The extrapolation results are denoted as “56” for convenience.

Core-valence correction was considered with the cc-pCV5Z
basis set [56] at the icMRCI level of theory. The method used here
was described in detail in a previous publication of Peterson and
Dunning [59]. According to this method, two electrons in the 1s
inner orbital of a Si* cation were frozen when we performed the
core-valence correlation calculation. When we performed the
frozen-core calculation, ten electrons in the 1s2s2p inner orbitals
of a Si* cation and two electrons in the 1s inner orbital of an O atom
were frozen. The difference of the energies obtained by these two
calculations is the contribution to the total energy by the core-
valence correction. Such contribution is denoted as “CV” for
convenience.

Scalar relativistic correction was also taken into account with
the cc-pV5Z-DK basis set [60] at the icMRCI level of theory. Based
on the approach presented by Jong et al. [60], the potential energy
of a certain electronic state was calculated, respectively, using
third-order Douglas-Kroll-Hess Hamiltonian approximation
[61,62] with the cc-pV5Z-DK basis set [60] and using only the cc-
pV5Z basis set. The difference between these two energies is the
contribution to the total energy by the scalar relativistic correction
and is represented as “DK”. So the final potential energies are
obtained at the icMRCI + Q/56 + CV + DK level of theory. Similar
treatments have been used in our previous publications [63-65]
and by many other theoretical groups [66-68]. The SOC integrals
between low-lying electronic states of SiO* are evaluated using
the Breit-Pauli Hamiltonian [69] at the CASSCF/MRCI/AV6Z level
of theory.

Calculations were carried out in Cy, point group. Nine electrons
were put into 9 outermost orbitals, which constituted the active
space: five a; orbitals, two b, orbitals, two b, orbitals (noted as
5,2,2,0), corresponding to the Si 3s3p and O 2p shells. The remain-
ing electrons in the Si 1s2s2p and O 1s shells were put into the
closed space: four a; orbitals, one b, orbital, one b, orbital.

The nuclear motion problem was then solved based on the PECs
to determine the spectroscopic parameters. The PECs and TDM
curves were used with the LEVEL program of Le Roy [70] to obtain
the transition probabilities, including FCFs gy, Einstein A coeffi-

cients Ay, and absorption band oscillator strengths fﬁf’j,,, which
can be calculated by

g 2
Gy = ( / lpn,(r)wu,/(r)dr> 5
_ 2 — o N<A" ()2
A = 2,026 x10°%0}, 20 () @)
abs _6 2 — So AN [
Fih = 310376 x 10"%g, =50 (R) )

where V/,, and ,, are the vibrational wave functions, respectively,
corresponding to the vibrational level of the upper electronic state
v’ and the vibrational level of the lower state v”, r is the internuclear
distance, o, is the wavenumber, A’ and A" are the projections of
electronic orbital angular momentums on the internuclear axis for

w\2 .
the upper and lower electronic levels, respectively. (Rg v ) is the
square of the electronic-vibrational transition moment, given by

(R) = [ ORI 1 2 (6)

where R.(r) is the TDM function. The radiative lifetimes t,, can be
computed by

1

Ty =—
v =y
v"=0 1"

(7)
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where v, is the maximum vibrational quantum number consid-

ered in the lower electronic state.

3. Results and discussions
3.1. Electronic structure

In this work, the icMRCI + Q/56 + CV + DK method is used to cal-
culate the potential energies of the electronic states of SiO* from 1
to 12 A. we consider seventeen low-lying electronic states of Si0*,
which are shown in Fig. 1. For better clarity, we present the PECs of
doublet and quartet electronic states in Fig. 2(a) and (b), respec-
tively, from 1 to 4 A. The PECs of these electronic states from 1
to 12 A are given in the supplemental material. The dissociation
relationships of these seventeen electronic states are presented
in Table 1. The twelve electronic states that converge to the O
[(2s22p*) 3P| + Si*[(3s?3p) ?P,] dissociation limit are all consid-
ered. The B°Z" and 22A electronic states correspond to the O
[(2s22p?) 'Dg] + Si*[(3s*3p) 2P,] dissociation limit. Moreover, we
identify three new bound electronic states (24X*, 3*I1, and 22A),
which correlate to the O[(2s?2p*) 3P,] + Si*[(3s3p?) *P,] dissocia-
tion limit and have not been available in previous publications.
The energy separations between different dissociation limits are
obtained by the energy differences between the energies of the
electronic states dissociated the corresponding limits at a large
internuclear distance of 12 A. As shown in Table 1, our computed
energy separations between different dissociation limits agree well
with the experimental values [71]. As for the experimental values,
we have made a weighted average between energies of the O(°P,),
O(®P;) and O(®Py) states and then obtained an equivalent value

9 rﬂ i w :
i OCP,)+Si"('P,)

Potential energy/10%cm’!

R/IA

Fig. 1. Potential energy curves of the electronic states of SiO" at the icMRCI + Q/
56 + CV + DK level of theory. These states are given in energy relative to the
minimum energy of the ground state of SiO*.

served as the energy of O(’P,) state. Similarly, we have made a
weighted average of the energies of the Si*(*P;;;) and Si*(*Ps,)
states and then obtained an equivalent value acted as the energy
of the Si*(P,) state. We have also made a weighted average of
the energies of the Si*(*Py ), Si*(*P3j2) and Si*(*Ps,) states and then
obtained an equivalent value regarded as the energy of the Si*(“P,)
state.

Based on the PECs, we determine the spectroscopic parameters
of the bound electronic states considered here, including adiabatic
excitation energy T,, equilibrium internuclear distance R, vibra-
tional constant w, and Y., rotational constant B, and ro-
vibrational coupling constant o,. The results are listed in Table 2,
together with previous experimental and theoretical ones. Experi-
ments only identified the X?Z*, A%Il, and B2X* electronic states of
SiO*. Before comparing with the experimental results of the spec-
troscopic parameters, we should note that our results are similar
to those reported by Cai and Francois [27], Chattopadhyaya et al.
[25], Shi et al. [24] and Li et al. [23]. However, different levels of
theory and basis sets still have a slight effect on the PECs near equi-
librium for the states studied here, which indeed affects the tran-
sition properties and radiative lifetimes reported below. Detailed
comparisons and analysis show that our calculated spectroscopic
parameters are closer to those computed by Shi et al. [24]. Com-
pared with the experimental spectroscopic parameters for the
X2x*, A1, and B2Z" electronic states, our results and the calcula-
tions of Shi et al. [24] are closer to the experimental ones than
other theoretical results [23,25-27]. By comparing these theoreti-
cal papers, we found that both our work and the work of Shi
et al. [24] considered the CV correction, while others did not con-
sider such correction. So we suspect that CV correction is very
important in describing the potential energy of electronic states.

At the icMRCI + Q/56 + CV + DK level of theory, the equilibrium
internuclear distance R, of the ground state is calculated to be
1.5158 A, which differs by 0.0004 A from the experimental value
given by Rosner et al. [22]. Our calculated w, is larger than the
experimental value of Rosner et al. by about 6 cm™!. The D, value
is computed to be 39552.59 cm™!, which is closer to the experi-
mental value of 40166.39 cm~! measured by Colbourn et al. [17]
than previous theoretical value of 38230.66 cm™! [27]. For other
spectroscopic parameters, a good agreement with the experiment
ones is also observed. For the A%II electronic state, our calculated
. of 949.9 cm™' is larger than the theoretical values of
933.2cm™!,923 cm~! and 929 cm~! computed by Cai and Francois
[27], Chattopadhyaya et al. [25] and Li et al. [23], respectively, but
closer to the recent experimental value of 946.28 cm™! [22]. Simi-
lar results are also found by comparing other spectroscopic param-
eters except for T,. Our icMRCI + Q/56 + CV + DK method does not
reproduce the T, value well. Instead, the T, value calculated by Shi
et al. [24], which likewise considered the CV correlation, is in bet-
ter agreement with the experimental value measured by Rosner
et al. [22]. We employ the experimental T, value of the A% state
in the subsequent investigation of the A%[1-X?T* and B*Z*-A%I1
transition properties. For the B2Z* electronic state, the calculated
T., w., and R, are 25987.01 cm~', 1148.90 cm~', and 1.5221 A,
respectively, which well reproduce the experiment with a devia-
tion of 42 cm™! for T,, 12 cm~! for w,, and 0.0049 A for R..

The PECs of the 2%X*, 3%II, and 2?A electronic states are
reported for the first time. By using the MRCI/aug-cc-PV6Z
method, we calculate the electronic configurations of these
three electronic states. The wavefunctions of the 2*X* electronic
state are dominated by (core)56%6¢'2n37523n!(52%) and
(core)5626022n%75'31%(29%) near its equilibrium internuclear
distance. The 3*I1 electronic state is described by the
electronic configurations of (core)50%65%2n°7c'8c! (53%) and
(core)56260'2n*75'31!(36%) near its equilibrium internuclear dis-
tance. For the 22A electronic state, its wavefunction is represented
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Fig. 2. Potential energy curves of (a) the doublet electronic states and (b) the quartet states of SiO*.

Table 1

Dissociation relationships of 17 low-lying electronic states of SiO* resulting from three dissociation limits.

Dissociation limit Electronic state

Relative energy (cm™!)

This work® Exp. [71].
0[(2s%2p*) 3Pg] + Si*[(3s%3p) 2P,] 142%, 1427, 2427, 1410, 2410, 144, XP°2*, 1227, 222 A%, 2°10, 1A 0 124.565°
0[(2522p*) 'Dg] + Si*[(35%3p) 2Py] B2Z*, 22A 15,629 15939.672¢
0[(2s22p*) *Pg] + Si*[(353p?) *Pu] 243, 3410, 2%A 42,238 43007.695¢

4 Obtained by the icMRCI + Q/56 + CV + DK calculations.

P Obtained by summing over the weighted average energy of the O(°P,), O(*P;) and O(*Py) states and that of the Si*(*Pyj2) and Si*(*P3)2) states.
¢ Obtained by summing over the energy of the O('D,) state and the weighted average energy of the Si*(zP”z) and Si*(2P3/2) states.
4 Obtained by summing over the weighted average energy of the O(*P,), O(*P;) and O(®P,) states and that of the Si*(*Py),), Si*(*P3/2) and Si*(“Ps/2) states.

by (core)56%60'2n37523n! (60%), (core)50%65'2n°3n!8c! (17%)
and (core)5026622m%75'31%(15%).

3.2. Transition properties and radiative lifetimes

The TDMs for dipole allowed transitions of SiO* are shown in
Figs. 3-5. An example of the Einstein A coefficients, Franck-
Condon factors and absorption band oscillator strengths is listed
in Tables 3-5 for the A’2[I-X?Z*, B’Z*-X?Z* and B*Z"-A’I1 elec-
tronic transition systems, respectively. These transition quantities
for other electronic systems are given in the supplemental mate-
rial. Table 6 presents the radiative lifetimes of four lowest vibra-
tional levels for the BZZ* electronic state of SiO*. Its radiative
lifetimes are dominantly determined by decay to the X*=* elec-
tronic state, which is not too surprising as the TDM of the B2x*-
X2x* system is much larger than that of the B>X*-A%I1 electronic
transition system in the Franck-Condon region. A slight slow
decrease in the radiative lifetime with the increasing v’ is observed.
Although this is inconsistent with the experiment [21] and other
theoretical calculations [23,25,27], which exhibit a slight slow
increase in radiative lifetime with increasing v/, the difference
between our radiative lifetimes and those given by experiments
and calculations is still small and theoretically reasonable. More
importantly, the radiative lifetime of 67.8 ns for v’ = 0 is in better
agreement with the recent experimental measurement of
66 + 2 ns [28] than other theoretical results [23,25,27]. Such a bet-
ter agreement is probably due mainly to higher level of theory in
calculating the PECs in this work.

The A2I1 electronic state was identified experimentally by the
B2X*-A2Il transition. The A%II-X2X* transition spectrum has not

been measured in the laboratory, which is mainly because of rela-
tively weak spectral intensity for the A2[I-X?=* transition. The Ein-
stein A coefficients are calculated to be 8.38 x 103 9.97 x 103
477 x 10° 9.34 x 10° 1.13 x 10* s7! for the (3,0), (4,0), (4,1),
(5,0), and (5,1) bands, respectively. These bands are strong enough
that can be hopefully observed by an appropriate spectroscopy.
However, the bands corresponding to A%IT (v'<2)-X>=* have rela-
tively weak transition probabilities, resulting in large radiative life-
times for v'<2 of the A%II electronic state (as shown in Table 6).
In addition to the B°Z" and A?II electronic states, we also eval-
uate the radiative lifetimes of the 12A, 12X, 2257, 22A, 2457 24A,
and 211 electronic states, shown in Tables 7 and 8. The small TDMs
in the Franck-Condon region and the large R, difference between
the 1°I1 electronic state and the 1*X*, 1*A, and 1*X~ electronic
states lead to very small transition probabilities. Hence, the transi-
tion properties for the 14T1-14XZ*, 14A-1%I1, and 14Z~-1*II elec-
tronic transition systems are not discussed here. The radiative
lifetimes for the 12A and 12X~ electronic states are very similar,
which are determined by decay to the A%II electronic state. For
the 12A and 12X~ electronic states, 65% of the wave function is
described by the configuration (core)5¢6265%2n%7c!3n!, and 20%
of the wave function is described by the configuration (core) 552-
6012137023 n!. That is, the 12A-A%IT and 12X -A’II electronic
transition systems correspond to 3w — 70 transition and
31 — 60 transition, respectively. Of course, the energy separations
of these two transitions are different, leading to the difference in
the radiative lifetimes of the 1A and 12X~ states, but they are of
the same order of magnitude. A similar phenomenon can also be
found by comparing the 22X7-A%I1 system with the 22A-A%[1
system.
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Table 2
Spectroscopic parameters of the bound electronic states for SiO" considered in this work.

State De/cm™! T,/cm™! R./A we/cm™! We)elcm™! Be/cm™! 10%0,/cm ™!

X2zt This work 39,553 0.00 1.5158 1168 9.84 0.7206 4.84
Exp. [17] 40166.39 0.00 1.512 1120
Exp. [18] 0.00 1164 0.71762
Exp. [20] 0.00 1161.97 6.8718 0.72055 5.8872
Exp. [22] 0.00 1.5162 1162.18 6.9698 0.72062 5.87114
Cal. [27] 38,231 0.00 1.5295 1167 8.15 0.70785
Cal. [25] 0.00 1.538 1125
Cal. [24] 0.00 1.5173 1158 6.99 0.71948 5.86
Cal. [23] 39,198 0.00 1.5228 1148 6.5 0.7143

AT This work 37,906 1625 1.6319 951 6.33 0.6220 4.99
Exp. [17] 39279.18 1.645 1030
Exp. [20] 2133.01 944.1 5.0 0.6189 4.0
Exp. [22] 2242.25 1.636 946.28 7.005 0.61859 4.71
Cal. [27] 36,376 1879 1.6643 933 5.93 0.61282 2.86
Cal. [25] 790 1.656 923
Cal. [24] 2183 1.6342 947 6.54 0.62009 4.86
Cal. [23] 2201 1.6430 929 5.0 0.6137

B2z* This work 29,195 25,987 1.5221 1149 6.76 0.7150 5.63
Exp. [17] 1.545 1180
Exp. [18] 26016.58 1138 0.71076
Exp. [20] 26016.27 1136.60 6.9202 0.71302
Exp. [22] 26029.01 1.527 1136.58 6.9215 0.71304 5.81
Cal. [27] 28,552 25,722 1.5391 1125 7.22 0.69945 2.99
Cal. [25] 25,484 1.546 1107
Cal. [24] 25,998 1.5195 1137 14.6 0.71757 4.68
Cal. [23] 25,577 1.5329 1122 6.7 0.7048

14zt This work 6658 32,899 1.6941 721 15.7 0.5750 7.61
Cal. [27] 6210 31,984 1.7100 712 154 0.56581 2.89
Cal. [25] 30,493 1.727 673
Cal. [24] 34,038 1.6990 714 135 0.57446 11.8
Cal. [23] 32,228 1.7032 760 22.2 0.5717

1411 This work 4625 34,861 2.3265 274 7.25 0.3071 6.70
Cal. [27] 4275 33,959 2.3841 302 5.71 0.29078 2.02
Cal. [25] 30,650 2454 284
Cal. [24] 35,292 2.3204 271 3.51 0.30762 491
Cal. [23] 34,618 2.3373 264 3.9 0.3032

1A This work 3482 36,098 1.7216 640 36.7 0.5701 22.31
Cal. [27] 2823 35,391 1.7451 573 12.8 0.54337 2.92
Cal. [25] 33,957 1.768 547
Cal. [24] 35,784 1.7207 630 174 0.55927 1.23
Cal. [23] 35,319 1.7294 620 26.3 0.5550

14%- This work 1479 38,085 1.7590 493 35.7 0.5387 32.1
Cal. [27] 968 37,277 1.7893 460 221 0.51788 2.86
Cal. [25] 35,574 1.823 439
Cal. [24] 37,656 1.7508 544 24.0 0.53934 143
Cal. [23] 37,185 1.7580 431 23.0 0.5367

12A This work 988 40,553 1.7030 703 47.4 0.5709 36.3
Cal. [27] 40,785 1.7319 561 0.53933 3.04
Cal. [25] 39,530 1.764 538
Cal. [23] 40,030 1.7107 666 54.2 0.5809

12 This work 1008 40,597 1.7090 710 70.6 0.5746 39.8
Cal. [27] 40,760 1.7280 508 0.53112 3.16
Cal. [25] 39,611 1.776 522
Cal. [23] 40,177 1.7184 645 52.5 0.5719

2211 This work 3405 44,966 1.5686 993 3.46 0.6718 3.33
Cal. [27] 44,680 1.5768 913 151 0.66698 3.86
Cal. [25] 44,371 1.604 917
Cal. [24] 44,469 1.5750 985 8.12 0.66773 0.66
Cal. [23] 43,907 1.5817 979 14.5 0.6624

State Defcm ™! T./em™! Re/A we/cm ™! Weyelcm™! Be/cm™! 10%0/cm !

22A This work 6730 48,467 1.8764 681 13.5 0.4682 0.60
Cal. [27] 6049 48,229 1.8810 578 7.13 0.46820 2.36
Cal. [25] 47,198 1.881 615
Cal. [23] 47,819 1.8759 651 15.9 0.4702

223~ This work 3450 49,803 1.8967 635 15.7 0.4614 3.90
Cal. [27] 49,275 1.8989 644 11.1 0.45935 2.34
Cal. [25] 48,234 1.924 728
Cal. [23] 47,859 1.8764 692 17.6 0.4703

(continued on next page)



Table 2 (continued)

Z. Qin et al./Journal of Molecular Spectroscopy 370 (2020) 111298

State De/cm™! To/em™! Re/A wefcm ™! Weyelcm™! BeJcm™! 10%0/cm !
24 This work 19,743 61,977 1.9332 631 414 0.4433 2.64
3411 This work 17,396 64,322 1.7247 1293 46.7 0.5597 5.94
24A This work 14,369 67,421 1.8848 673 0.52 0.4685 4.19
1.0 - - - - - 1.0 : : : :
.
> Y —— B X2y -
08l - — AMIXET 08 F DTN 1
r - -__ IIBZZAZ:;?‘;IH ......... ljn_ 1 :Z‘r
0.6} I5-ATT . |
-=1"2-17T1
....... 225 AT

Transition dipole moment/a.u.

2.0 2.5 3.0 35 4.0

Fig. 3. The TDM curves for the transitions used to compute the radiative lifetimes of
the BZZ*, A%, 12A, 1227, 2257, and 22A electronic states. The 12A-A%IT and 22A-
ATT moments are the Cartesian moment (I, \y\Axy>, where

<n iy A> = V2(TL|y|Ay ).

Recent interest in SiO* is motivated by its properties that can be
exploited for direct laser cooling and magneto-optical trapping. In
2011, Nguyen and Odom [72] discussed Doppler cooling of three-
electronic-level molecules and determined that Doppler cooling
of SiO" can be achieved without optically repumping from the
intermediate state. Then, they performed experimental investiga-

06 T T T T T
5 04r
=
g
[}
g 02F
=}
g
2
& 00f
el =%
g |
2 o2l — 2M1-AMI
g : - — X
s y B
= e — - —271-B%2*
04F 7 c--- 2MI-1PA A
’ === 21172
'
_06 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 35 4.0

R/A

Fig. 4. The TDM curves for transitions used to compute the radiative lifetimes of the
2211 electronic state. The 2°I1-12A moment are the Cartesian moment (IL,|y|A,,),
where (TT[2/A) = V2(ITlylAy).

Transition dipole moment/a.u.

3.0 3.5 4.0

R/A

Fig. 5. The TDM curves for transitions used to compute the radiative lifetimes of the
1%11, 1A, 142, 2%%*, and 2%A electronic states. The 1*A-1I1 moment are the
Cartesian moment (IL,|y|A,, ), Where <H‘%¥’A> = \/§<Hx|y|Axy>.

tions of spectroscopy of SiO and SiO* to observe the electronic
states above the B2X* state, thus achieving Doppler cooling of
SiO*. Some research findings were achieved in the subsequent
few years. For example, Stollenwerk et al. [28] measured the elec-
tronic spectroscopy of SiO* for laser cooling of a trapped sample of
SiO*. In their work, the radiative branching ratio of Si0* was firstly
measured using laser induced fluorescence (LIF). they also
recorded the 1 + 1 resonance-enhanced multiphoton ionization
(1 + 1 REMPI) spectrum of SiO in the 210-220 nm range for SiO*
ion trap loading [73]. Good candidates for direct laser cooling in
a closed-loop cycle need two particular criteria: highly diagonal
FCFs and a short radiative lifetime. Based on the MRCI/aug-cc-
pwCV5Z-DK calculations, Li et al. [23] provided a laser cooling
scheme for SiO* molecule using the B>X*-X2X<* transition. We do
not provide a new laser cooling scheme but provide the transition
properties for supporting laser cooling studies. The spectroscopic
parameters and transition properties calculated above can provide
theoretical reference for observing the electronic states above the
B2 state and seeking for possible laser cooling schemes. For ease
of use, the branching ratio b, is predicted by

A
vy —
S Aver

v

b (8)

Table 9 compares our Franck-Condon factors and branching
ratios with those measured by Stollenwerk et al. [28] and Cameron
et al. [19] and calculated by Li et al. [23].

3.3. Spin-orbit couplings

Fig. 6 displays the spin-orbit coupling terms between low-lying
electronic states of interest for SiO*, calculated by the CASSCF/
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Einstein A coefficients (first row), Franck-Condon factors (second row) and absorption band oscillator strengths (third row) for the A%2[I-X>Z"* electronic transition system.

v

v 0 1 2 3 4

0 1.67 x 10? 2.45 x 10!
1.15 x 107! 2.77 x 107" 2.97 x 107! 1.89 x 107! 7.90 x 1072
8.86 x 10°° 820 x 10°° -4.10 x 10°° —9.92 x 10°° —-6.77 x 10°°

1 1.64 x 10° 3.01 x 10? 3.01 x 1072 -3.21 x 1072 —7.08 x 10!
217 x 107! 1.49 x 107! 0.00 x 10° 117 x 107! 2.31 x 107"
295 x 1074 1.28 x 1074 5.78 x 1078 —4.56 x 1076 ~9.68 x 10°°

2 496 x 10° 7.36 x 10’ 2.90 x 10? 3.73 x 10! 0.00 x 10°
229 x 107" 8.01 x 1073 1.09 x 107! 9.72 x 1072 1.01 x 1073
448 x 107 1.18 x 1072 1.02 x 1074 4.69 x 107> 7.49 x 1078

3 8.38 x 10° 6.40 x 10? 1.15 x 10° 8.49 x 10° 7.70 x 10
1.78 x 107! 2.71 x 1072 1.09 x 107! 3.01 x 1073 121 x 107!
458 x 1074 538 x 107° 1.65 x 107* 2.50 x 1076 6.80 x 10

4 9.97 x 10° 477 x 10° 5.62 x 10? 9.91 x 10? 1.54 x 10%
1.15 x 107! 9.51 x 1072 2.10 x 1072 8.28 x 1072 3.41 x 1072
3.67 x 104 248 x 1074 4.40 x 1074 1.28 x 104 3.84 x 10°°

Table 4

Einstein A coefficients (first row), Franck-Condon factors (second row) and absorption band oscillator strengths (third row) for the B2Z*-X2X* electronic transition system.

v

v 0 1 2 3 4
0 1.48 x 107 3.41 x 10* 6.80 x 10? 5.87 x 10° 7.27 x 107!
9.77 x 107! 7.01 x 103 7.03 x 1077 8.76 x 1078 1.15 x 1077
3.25 x 1072 8.39 x 107 1.88 x 10°¢ 1.83 x 1078 2.58 x 107°
1 4.09 x 10° 1.44 x 107 7.10 x 10° 2.50 x 10° 425 x 10!
7.01 x 1073 9.62 x 107! 1.51 x 1072 468 x 1077 1.02 x 1076
7.92 x 104 3.09 x 1072 1.70 x 107° 6.72 x 1076 1.28 x 106
2 6.17 x 10° 8.47 x 107 1.40 x 107 1.23 x 10* 5.8 x 10°
8.67 x 10 1.40 x 1072 9.46 x 107" 2.40 x 1072 493 x 107°
1.06 x 10°° 1.61 x 1073 2.94 x 1072 2.89 x 10°° 1.52 x 107°
3 1.08 x 10? 2.19 x 10* 1.32 x 10° 1.35 x 107 1.74 x 10*
2.56 x 1076 3.14 x 1074 2.30 x 1072 9.28 x 107" 3.30 x 1072
1.67 x 1077 3.72 x 107° 247 x 1073 2.79 x 1072 399 x 10°°
4 1.67 x 10 7.26 x 10? 5.17 x 10* 1.81 x 108 1.30 x 107
423 x 1077 1.62 x 107> 1.00 x 1073 3.10 x 102 9.10 x 107!
233 x 1078 1.11 x 10°¢ 8.65 x 10~° 3.32 x 103 2.63 x 102
Table 5

Einstein A coefficients (first row), Franck-Condon factors (second row) and absorption band oscillator strengths (third row) for the B>X*-AII electronic transition system.

N

v 0 1 2 3 4

0 1.90 x 10° 2.04 x 10° 1.28 x 10° 6.24 x 10? 2.66 x 10?
1.15 x 107! 277 x 107! 297 x 107" 1.89 x 107! 7.90 x 1072
2.38 x 1076 2.88 x 1076 2.05 x 1076 1.14 x 107 5.57 x 1077

1 6.60 x 10° 1.41 x 10° 462 x 10° 4.18 x 10? 5.66 x 10?
217 x 107! 1.49 x 107! 0.00 x 10° 117 x 107! 2.31 x 107"
7.20 x 107 172 x 10°° 6.35 x 10°° 6.48 x 1077 9.96 x 1077

2 1.03 x 10* 2.83 x 10? 2.18 x 10° 7.10 x 10? 3.04 x 10°
229 x 107! 8.00 x 1073 1.09 x 107! 9.70 x 1072 1.00 x 1072
9.89 x 107 3.03 x 1077 2.60 x 1076 9.50 x 1077 4.58 x 107°

3 9.34 x 10° 7.09 x 103 1.21 x 103 5.73 x 10? 1.16 x 103
1.78 x 107! 2.70 x 1072 1.09 x 107! 3.00 x 1073 121 x 107!
8.03 x 107 6.74 x 1076 127 x 1078 6.70 x 1077 152 x 10°¢

4 5.47 x 10° 1.56 x 10* 1.43 x 10° 3.30 x 10° 3.62 x 10!
1.15 x 107! 9.50 x 1072 2.10 x 1072 8.20 x 1072 3.40 x 1072
4.23 x 10°¢ 132 x 10°° 1.34 x 10°° 3.41 x 107 415 x 1078
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Table 6
Radiative lifetimes (ns) of the lowest four vibrational levels for the B2Z* electronic state of SiO*.
Vibrational level v’ This work Exp. [21] Exp. [28] Cal. [27] Cal. [25] Cal. [23]
Total® B2Z'-X2x* B2Z*-A2I1
0 67.8 67.8 1.59 x 10° 69.5 + 0.6 66 + 2 774 59.9 72.0
1 67.6 67.6 1.01 x 10° 724 £05 80.2 61.8 72.5
2 67.4 67.5 6.8 x 10* 75205 829 64.0 72.7
3 67.2 67.3 4.8 x 10* 78 £ 0.8 72.9

3 Total is the lifetime of the B2Z* electronic state, the B>~*-X?>Z* and B2Z*-AI1 are the lifetimes computed assuming only the B>Z*-X2%* and B2Z*-A%I1 emission occurs.

Table 7
Radiative lifetimes for the A%II, 12A, 122, 225", 22A, 2*Z* and 2*A electronic states of SiO*.
Vibrational level v/ A%1/ms 12A/us 12X Jus 2257 /ns 22A/ns 24%*Ins 24A/ns
0 5.218 8.010 1.202 41.83 85.20 122.5 30.65
1 0.516 2.698 0.860 35.49 71.58 113.2 30.15
2 0.186 31.25 62.50 105.9 30.34
3 0.097 27.76 55.85 100.5 29.90
4 0.061 25.55 50.32 94.97 28.61
Table 8
Radiative lifetimes for the 22I1 electronic state of SiO".
Vibrational level v/ 2211
Total® 2211-X22*/ns 22[1-AMT /s 2211-B*Z*us 2211-12A/ps 2211-12Z Jus
0 51.01 52.33 2.117 50.13 8324 625.1
1 50.44 51.65 2.291 48.86 2573 2124
2 50.06 51.28 2.293 48.14 113.6 89.96
3 49.60 53.03 0.797 50.16 90.68 56.56

3 Total is the lifetime of the 2211 state, the 22[1-X?X*, 2211-AI1, 22I1-B?X*, 22I1-12A and 2211-12X " are the lifetimes computed assuming only the 22I1-X?*, 22I1-AI1, 2211-

B2x*, 22I1-12A and 2%I1-12X~ emission occurs.

Table 9
Comparison of the Franck-Condon factors and branching ratios with previous experimental and theoretical results for the B>Z*(v'=0) — X2Z* (v”) and B®Z*(v'=0) — AIT (v")
transitions.
BZZ*(v/=0) — X2=* B2Z*(v/=0) — AZII
V=0 v’=1 v'=2 v'=3 V=0 v'=1 v'=2
FCFs® 0.977 0.007 7.03E-07 8.76E-08 0.115 0.277 0.297
FCFs” 0.027
FCFs® 0.988 0.011 0.000 0.000 0.143 0.285 0.280
FCFs! 0.988 0.011 0.002 0.011 0.099 0.263 0.306
by (%) 99.7 0.23 4.58E-02 3.96E-05
by (%)° 99.6 0.1 <0.1 <0.1 <0.1 <0.1 <0.1
by (%)° 97.0 + 0.7-2.5 3.0 +0.7-0.7 <1.2 <1.2 <1.2 <0.7 <1
By o(%)° 97.6 2.3

@ FCFs: Franck-Condon factors.
Calculated values from Li et al. [23].

b
¢ Predicted Franck-Condon factors from experimental spectra obtained by Stollenwerk et al. [28].
4 Predicted Franck-Condon factors from experimental spectra obtained by Cameron et al. [19].

e

Calculated branching ratio by Stollenwerk et al. [28].

MRCI/AV6Z method as implemented in MOLPRO. In this figure, the
following notation is used: A-B denotes the (A|H°|B) integral. For
example, the A%l — B2X* term refers to the ( A>TI|H°| B2Z") inte-
gral. In the following, the variation of spin-orbit coupling integral
versus the internuclear distance will be discussed.

As shown in Fig. 6, the values of spin-orbit coupling integral
relating to the 221, 22X, 1*II and 2*II electronic states change
suddenly near a certain internuclear distance. For instance, the
value of X?2*-2211 integral varies abruptly near R = 1.7 A. These
abrupt changes coincide with the change of the nature of the cor-
responding electronic wavefunctions.

Recently, Li et al. [23] had investigated the spin-orbit coupling
integrals relating to the X><* and B?>X* electronic states for SiO*.

As shown in Fig. 2(a), the PECs of the X" and AZII states cross
around R = 1.62 A. The absolute value of X?~*—AII integral for
R =1.62 A is 27 cm™', which is very close to the calculated one
by Li et al. [23]. The X>X*—AII integrals for our considered inter-
nuclear distances are large enough to allow spin-orbit conversion.
For the B2=* electronic state, its PEC is crossed by those of the 14X*,
19A, 1427, 1910, 122, 12A, 2210, 2*=-, 2% and 223" electronic
states. But the B*Z*—14%*, B°X"—1%A and B?X"—1°A spin-orbit
conversions are not allowed. According to the possible spin-orbit
conversions, the following successive transitions are expected:
B’ 5142 - 111

Except for the X>X* and B2X* electronic states, spin-orbit cou-
pling integrals relating to the AI1, 14=*, 1A and 1*X electronic
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Fig. 6. Spin-orbit coupling integrals between low-lying electronic states of SiO".

states are also calculated in this work, just as shown in Fig. 6(b),
(d), (e) and (f). For most spin-orbit couplings, their integrals are
not zero at their crossings and spin-orbit conversions can occur.
Such non-zero integrals along the internuclear distance mean that
they are very important for accurate calculations of spectra for

With the consideration of the spin-orbit couplings, the 17 A-S
states are split into 36 Q states. Here we do not consider high-
lying states. Fig. 7 shows the potential energy curves of 13 Q states.
Nine bound states are fitted to spectroscopic constants, which are
presented in Table 10 and are in good agreement with available
experimental and theoretical ones. By spin-orbit interactions, both
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Fig. 7. Potential energy curves of low-lying Q states of SiO*. (a) Q = 1/2, (b) Q = 3/2 and 5/2.

Table 10
Comparison of spectroscopic constants for 9 bound Q states of SiO" with available experimental and theoretical values.
State T,/em™! RJA we/cm™! We)elcm™! BoJcm™!
X1 This work 0.00 1.515 1165 7.34 0.7214
Exp. [17] 1.512 1120
Exp. [18] 1164 0.71762
Exp. [15] 0.7325
Exp. [19] 1.516 1162 6.9 0.72055
Cal. [25] 1.543 1120
Cal. [23] 0.00 1.523 1147 13.2 0.7155
ATl This work 1864 1.648 935 0.04 0.6185
Cal. [25] 810 1.655 922
Cal. [23] 2422 1.630 915 32 0.6198
A3, This work 1746 1.629 960 139 0.6256
Exp. [17] 887 1030
Exp. [19] 2242 944 5.0 0.6189
Cal. [25] 781 921
Cal. [23] 2132 929 5.0 0.6137
B’Xip This work 26,024 1.522 1148 7.31 0.7141
Exp. [17] 25,740 1.545 1180
Exp. [18] 26,017 1138 0.71076
Exp. [19] 26,016 1137 6.9 0.71302
Cal. [23] 25,575 1.533 1126 7.4 0.7048
191 This work 33,175 1.709 921 6.65 0.5298
Cal. [23] 32,203 1.717 984 6.0 0.5696
1A This work 36,233 1.726 586 10.8 0.5581
Cal. [23] 35,318 1.730 741 0.1 0.5503
1) This work 38,259 1.768 475 31.0 0.5306
153, This work 33,104 1.693 739 19.1 0.5780
Cal. [23] 32,221 1.703 743 19.9 0.5717
1%Asp This work 36,236 1.725 618 24.8 0.5714
Cal. [23] 35,315 1.730 615 23.2 0.5550

the X2=* and B2X" electronic states have one component noted as
X?Z12 and B*X}p,. For the ground X?X}); state, the differences of
spectroscopic constants Aw,, AR, and AB, produced by spin-orbit
interactions are 3 cm™!, 0.0008 A and 0.0008 cm !, respectively.
For the BZZ{/z state, the differences of Aw,, AR., AB, and AT, caused
by spin-orbit interactions are 1 cm~!, 0.0001 A, 0.0009 cm~! and
37 cm™ !, respectively. The effect of spin-orbit couplings on the spec-
troscopic parameters for the other electronic states is also not too
large. The AZII electronic state is split into two components of
ATl and A’Tl3;, due to spin-orbit interactions. As shown in
Fig. 7, an avoided crossing point is formed at about R = 1.65 A

between the X*%7), and A’Il,, states because they have the same
Q component of 1/2. Overall, spin-orbit couplings slightly affect
the spectroscopic constants of A-S states around their equilibrium
internuclear distances, but the shapes of the splitting states with
the same Q component may change as R is larger than that corre-
sponds to the crossing point, just as the XZZT/Z and AZHUZ states.
Then we investigate the transition properties between the
X?T1j5, A%y, A%Tl3p; and B2} ), states and determine the radiative
lifetimes of the AT, A*I15/; and B2Xj; states, which are shown in
Table 11. The results show that spin-orbit couplings do not have
much effects on the radiative lifetimes of the BZZQ'/Z component.
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Table 11

Radiative lifetimes (ns) of the lowest four vibrational levels for the A%I1;j5, A’Il3); and B?X}); states of SiO".

Vibrational level v/ Total® B22¥/2— XZZ;/Z BZZ{/Z— A2H1/2 BZZ;/z— A2H3/2 A2H1/2- XZZY/Z A2H3/2— XZZ;/Z

0 67.6 67.7 1.58 x 10° 1.62 x 10° 4.73 x 10° 6.10 x 10°
60.1° 3.83 x 10% 3.97 x 10%°

1 67.4 67.5 1.02 x 10° 1.03 x 10° 533 x 10° 521 x 10°
62.6" 4.08 x 10*° 418 x 10%°

2 67.4 67.4 6.96 x 10* 7.04 x 10* 1.90 x 10° 1.94 x 10°
64.1° 418 x 10% 437 x 10%

3 67.3 67.3 5.03 x 10* 5.00 x 10* 1.00 x 10° 9.49 x 10*

3 Total is the lifetime of the B2X}); state, the B2X {2~ X*Z 1), B2X} /- A1, and B?Z1),-A%I13); are the lifetimes computed assuming only the B*Z{j,- X 2212, B*Z{)o- A%y 2

and B*X}),-A’TI5), emission occurs.
b Values from Ref. [25].

Our results are in good agreement with those calculated by
Chattopadhyaya et al [25].

4. Conclusions

In this work, the PECs of seventeen low-lying electronic states,
including the newly identified 2*=*, 2411 and 2“A, are calculated
by the icMRCI + Q/56 + CV + DK method. The fitted spectroscopic
parameters are in good agreement with available experimental
and theoretical ones. The TDMs for dipole allowed transitions are
evaluated by the icMRCI/AV6Z approach. The PECs and TDMs are
utilized to compute the Einstein A coefficients, Franck-Condon fac-
tors and absorption band oscillator strengths for dipole-allowed
transitions, thus obtaining the radiative lifetimes of some excited
states. Our calculations show that the radiative lifetime of
67.8 ns for BZ* (v = 0) is in better agreement with the recent
experimental measurement of 66 + 2 ns than other theoretical
results. The spin-orbit coupling integrals are evaluated using the
Breit-Pauli Hamiltonian and those relating the AZIl, 1=, 14A
and 14X~ are given for the first time. The effects of spin-orbit cou-
plings on the electronic potential energies and transition proper-
ties of SiO™ are also presented. The results show that spin-orbit
couplings do not have much effects on the radiative lifetimes of
the B*X}); component.
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