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a b s t r a c t 

The spin-forbidden transitions of MgO are very important to the photodissociation dynamics and chemi- 

cal reaction dynamics, which are frequently occurred in the interstellar space. In this work, the internally 

contracted multireference configuration interaction (icMRCI) method with the Davidson correction is used 

to compute the adiabatic potential energy curves (PECs) of eight �-S electronic states of MgO. Through 

considering the spin-orbit coupling (SOC) effect, the PECs of six splitting electronic states and the spin- 

forbidden transition dipole moments (TDMs) between the six lowest lying � states are also calculated. 

Using the calculated PECs and TDMs, the adiabatic transition parameters, including the Franck-Condon 

factors (FCFs) and radiative lifetimes for spin-forbidden transitions ( a 3 �0 + , 1 −X 

1 �+ 
0 + and A 

1 �1 −a 3 �0 + , 1 ), 

are determined. As for the a 3 �0 + , 1 −X 

1 �+ 
0 + transition, the radiative lifetimes are shorter, which means the 

stronger emission could occur. The FCFs for the A 

1 �1 −a 3 �0 + , 1 transition are highly diagonal and the val- 

ues are greater than 0.94, but with large vibrational radiative lifetimes. The results obtained in this work 

are consistent with experimental ones and can be used to further investigate the mechanism of chemical 

reaction dynamics. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Magnesium oxide (MgO) is a major constituent of chondritic

eteorites in the interstellar dust [1 , 2] , and it has been detected

n the lunar exosphere and Mercury in recent years [3] . Therefore,

he determination of its spectral lines might help to yield the tem-

erature and abundances in circumstellar environments. 

MgO is also important for the application of target detection.

or example, magnesium-based fuel scramjet has widely used all

ver the world because of the high energy density and "green ̋

roperty of combustion products [4 , 5] . Especially, in the wake of

he hypersonic vehicle, MgO exists in the high-temperature ex-

aust plume and is sprayed as an intermediate product of oxi-

ation process. The spectrum of MgO can be analyzed to obtain

he operational parameters of hypersonic vehicles. Therefore, it has

een well recognized that the spectrum of MgO was a subject of

any astrophysical observations and targets detection. 

Given its contribution to astrophysics and target detection, pre-

ious works have established a series of experimental and the-

retical studies to acquire the spectral transitions of MgO. For

he experimental studies, a lot of spectrum bands were mea-
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ured to improve the accuracy of molecular constants, such as,

 

1 �+ -X 

1 �+ system, B 

1 �+ -A 

1 � system, X 

1 �+ -A 

1 � system, D 

1 �-

 

1 � system, d 

3 �-a 3 � system, and so on [6–11] . Theoretically, a

omprehensive calculation of MgO was carried out by Maatouk

t al., who reported the potential energy curves, spectroscopic con-

tants and spin-orbit couplings for the nine singlet and ten triplet

owest electronic states using the MRCI/cc-pV5Z method [12] . As

 complement, the spin-allowed transition dipole moments and

adiative lifetimes between the low-lying states were computed

y Bauschlicher and Schwenke using SA-CASCF/MRCI/aug-cc-pV5Z 

ethod [13] . Meanwhile, the rovibration transitions within the low

ying electronic states and other isotopologues were also investi-

ated recently [14] . 

The rapid development of high-sensitivity spectrum-research

echniques has provided more accurate information on the struc-

ures and spin-forbidden transitions between the low-lying states

f MgO. For example, Mürtz et al. had observed the A 

1 �- X 

1 �+ 

ands and the much weaker a 3 �-X 

1 �+ intercombination bands by

araday laser magnetic resonance spectrometer[15, 16]. The spin-

orbidden transitions between the other low-lying states of MgO,

uch as B 

1 �+ -a 3 � system, D 

1 �-a 3 � system and d 

3 �-A 

1 � sys-

em, had also been detected in previous measurements[8, 17].

he A 

1 � state and a 3 � state as the two lowest excited states

ave drawn the attention of public because of spin–orbit and

rbit–rotation interactions [18] . Especially, Kagi and Kawaguchi had
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Fig. 1. The potential energy of eight �-S electronic states of MgO calculated at the 

icMRCI/aug-cc- pCV5Z-DK level of theory. 

Table 1 

Dissociation relationships of eight �-S states of MgO. 

Atomic states �-S Electronic state Relative energy/cm 

−1 

This work Exp. [39] 

Mg ( 1 S g ) + O ( 3 P g ) a 3 � 0.00 0.00 

Mg ( 1 S g ) + O ( 1 D g ) X 1 �+ , A 1 �, D 

1 � 15830.881 15867.862 

Mg ( 3 P u ) + O ( 3 P g ) B 1 �+ , d 3 �, b 3 �+ , 
c 3 �+ 

21057.998 21850.405 
discovered the pure rotational transitions in the a 3 �� state in

the 210-400 GHz region [19] . Nevertheless, the theoretical stud-

ies on spin-forbidden transition are still blank, only a few works

focused on the TDMs for the a 3 �0 + −X 

1 �+ 
0 + transition and B 

1 �+ 

- a 3 � transition had been done [20 , 21] . Although the transition

probabilities for the a 3 �1 −X 

1 �+ 
0 + , a 

3 �0 + −X 

1 �+ 
0 + , A 

1 �1 −a 3 �0 + and

A 

1 �1 -a 3 �1 transitions had been calculated in previous work, a

one-particle basis was used to describe the wavefunctions and

core-valence correlation and relativistic effect were still excluded

[22] . This would lead to an inaccuracy result. Thus, it is urgent to

obtain a more accurate and comprehensive theoretical investiga-

tion on a manifold of spin-forbidden transitions in the low-lying

states of MgO. 

In this work, the state-of-the-art ab initio methodology is ap-

plied to investigate the adiabatic spin-forbidden transitions of

MgO. Firstly, the PECs of eight �-S states without SOC effect are

calculated to obtain accurate spectroscopic parameters. Then, con-

sidering the SOC effect, the PECs and permanent dipole moments

(PDMs) of the six lowest lying � states are calculated. Finally,

the forbidden transition properties between six � states, including

TDMs, FCFs and radiative lifetimes, are proposed in this work. 

2. Computational details 

Potential energy curves (PECs) of eight electronic states of MgO

are carried out with MOLPRO procedure (version 2015) [23] . They

are computed by the complete active space self-consistent field

(CASSCF) method followed by the valence internally contracted

MRCI approach with the Davidson correction (icMRCI + Q) [24–28] .

To take into account of the the relativistic effect, the augmented

correlation-consistent polarized core-valence quintuple-zeta basis

set, aug-cc-pCV5Z-DK, coupled with the third-order Douglas–Kroll–

Hess Hamiltonian is used in the computations [29–34] . Firstly, the

PECs of eight �-S states are calculated without the spin-orbit cou-

pling (SOC) effects. Next, to investigate the influence of SOC ef-

fects on the spin-forbidden transition, the state interaction method

with Breit-Pauli Hamiltonian is used [35] . In the SOC calculations,

the off-diagonal SO matrix elements are acquired from MRCI wave

functions, where the diagonal elements are obtained from MRCI + Q

calculations. 

All the calculations in this work are carried out in C 2v group.

Meanwhile, the electrons in the 1s and 2s2p shell of Mg and 1s

and 2s shell of O are put into six closed-shell orbitals with four

a 1 orbitals, one b 1 orbital and one b 2 orbital. The rest of electrons

in the 3s shell of Mg and 2p shell of O are put into the active

space. To improve the accuracy, two active spaces are considered

in the calculations: active space 1 including nine molecular orbitals

(MOs) and six outer electrons; active space 2 where one MO is

added to active space 1. 

The PECs, PDMs and TDMs are calculated over the internuclear

range from 1.2 Å to 5.0 Å. According the results of PECs, rota-

tional and centrifugal distortion constants for the vibrational levels

of the low-lying electronic states of MgO are obtained via numeri-

cally solving the one-dimensional Schrödinger equation of nuclear

motion with the LEVEL 8.0 program package [36] . The vibrational

constant ( ω e and ω e χ e ) and rotational constant ( B e and αe ) are

determined by the calculated vibrational level energy ( G v ) and in-

ertial rotational constant ( B v ) at each vibrational quantum number

v , and they can be expanded as 

G v = 

n ∑ 

l=1 

Y l, 0 

(
ν + 

1 

2 

)
= ω e 

(
ν + 

1 

2 

)
− ω e χe 

(
ν + 

1 

2 

)2 

+ · · · (1)

B v = 

n ∑ 

l=1 

Y l, 1 

(
ν + 

1 

2 

)l 

= B e − αe 

(
ν + 

1 

2 

)
+ · · · . (2)

where Y l,0 and Y l,1 are Dunham coefficients. 
Based on the PECs and TDMs, the Franck-Condon factors and

adiative lifetimes for the transitions at different vibrational levels

re also determined via solving the nuclear Schrödinger equation.

 concrete solution method can refer to previous publications in

ur group [37 , 38] . 

. Results and discussions 

.1. Potential energy curves and spectroscopic parameters 

In the present work, eight �-S electronic states, including

 

1 �+ , A 

1 �, D 

1 �, B 

1 �+ , a 3 �, b 3 �+ , c 3 �+ and d 

3 �, are char-

cterized theoretically. The PECs versus the internuclear distances

re shown in Fig. 1 . The states correlate to the first three dissoci-

tion limits and the relative energies for these dissociation limits

re listed in Table 1 . Comparing with the experimental values, the

nergy separations between the first, second and third dissociation

imits are in good agreement [37] . As shown in Fig. 1 , the X 

1 �+ 

tate is crossed by the a 3 � state and A 

1 � state at around 2.0 and

.1 Å, respectively. Meanwhile, the D 

1 �, d 

3 � and c 3 �+ states are

lso strongly mixed for energies above 270 0 0 cm 

−1 . It is beneficial

o the interactions between these states through spin-orbit and ro-

ational and vibrionic couplings. 

According to our PECs, the spectroscopic parameters of eight �-

 states, including adiabatic excitation energy ( T e ), equilibrium in-

ernuclear distance ( R e ), vibrational constant ( ω e and ω e χ e ) and

otational constant ( B e and αe ), are calculated by solving the

chrödinger equation of nuclear motion and shown in Table 2 . The

ain electron configurations of eight states near the correspond-

ng equilibrium internuclear distances are also calculated and de-

cripted in Table 3 to investigate the transition properties. Com-

aring with the previous experiments, except the b 3 �+ state, all

he others have been detected. The corresponding spectroscopic

arameters are consistent with the earlier experimental and the-

retical results. For the singlet states, the results using the active
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Table 2 

Spectroscopic parameters of eight electronic states of MgO obtained by the icMRCI + Q/aug-cc-pCV5Z-DK method. 

State T e /cm 

−1 R e / ̊A ω e /cm 

−1 ω e x e /cm 

−1 B e /cm 

−1 10 3 αe /cm 

−1 

X 1 �+ This work a 0 1.763 781.7 9.44 0.5670 6.90 

This work b 0 1.763 772.32 6.44 0.5650 5.14 

Cal. [12] 0 1.766 769.0 4.45 0.5314 5.13 

Cal. [40] 0 1.751 781.80 

Exp. [41] 0 1.749 785.06 5.18 0.5743 5.00 

Exp. [11] 0 785.22 5.13 0.5748 5.32 

Exp. [19] 0 785.26 5.12 0.5748 5.33 

a 3 � This work b 2376.8 1.885 641.7 8.20 0.4960 7.73 

Cal. [12] 1645.4 1.885 644.8 5.3 0.494 4.24 

Cal. [40] 2480.9 1.872 646.0 

Exp. [41] 2400 1.870 650.2 4.2 0.502 5.34 

Exp. [19] 2618.95 650.18 4.2 0.5027 4.67 

Exp. [17] 2620.6 1.869 650.2 4.2 0.503 5.34 

A 1 � This work a 3074.0 1.902 662.0 14.19 0.4903 1.51 

This work b 3216.1 1.882 662.29 15.68 0.4954 1.71 

Cal. [12] 3078.5 1.879 654.3 4.03 0.498 4.24 

Cal. [13] 2811 1.879 660.0 

Exp. [19] 3558.5 664.44 3.93 0.5054 4.66 

Exp. [17] 3560.1 1.863 664.3 3.8 0.505 4.69 

b 3 �+ This work b 8026.6 1.811 670.1 7.90 0.5330 5.41 

Cal. [1] 7726.6 1.807 673.7 4.37 0.5378 5.33 

Cal. [42] 8414 1.863 616 0.505 

B 1 �+ This work a 19683.3 1.749 810.0 8.93 0.5764 8.80 

This work b 19549.9 1.752 804.2 4.06 0.5724 4.72 

Cal. [12] 19332.7 1.753 808.2 3.75 0.571 4.81 

Exp. [41] 19984.0 1.737 824.08 4.76 0.582 4.50 

c 3 �+ This work b 27786.0 1.868 660.5 4.07 0.5042 4.87 

Cal. [12] 27703.0 1.880 642.4 4.60 0.4968 4.95 

Exp. [41] 28300 

d 3 � This work b 28527.0 1.872 653.6 3.73 0.5023 5.26 

Cal. [12] 28930.5 1.875 653.5 4.34 0.499 4.78 

Exp. [8] 29466.2 1.871 655.2 4.9 0.507 5.34 

Exp. [41] 29300 1.870 650 0.50 

D 

1 � This work a 29033.6 1.877 642.7 7.13 0.4955 5.88 

This work b 28911.5 1.872 657.94 3.11 0.5013 6.34 

Cal. [12] 29228.2 1.886 625.1 4.27 0.494 5.46 

Exp. [8] 29835.5 1.861 631.6 5.2 0.501 5.45 

Exp. [41] 29851.6 1.872 632.5 5.3 0.501 4.8 

a calculated by the active space 1 including nine molecular orbitals and six outer electrons with five a 1 orbitals, two 

b 1 orbitals and two b 2 orbitals. 
b calculated by the active space 2 where one MO is added to active space 1. 

Table 3 

Main electron configurations near the corresponding equilibrium internuclear dis- 

tances. 

State Main electron configuration State Main electron configuration 

X 1 �+ 6 σ 2 7 σ 0 2 π 4 3 π 0 (0.33) a 3 � 6 σ 2 7 σ 1 2 π 3 3 π 0 (0.66) 

6 σ 1 7 σ 1 2 π 4 3 π 0 (0.27) 

A 1 � 6 σ 2 7 σ 1 2 π 3 3 π 0 (0.62) b 3 �+ 6 σ 1 7 σ 1 2 π 4 3 π 0 (0.68) 

6 σ 1 8 σ 1 2 π 4 3 π 0 (0.15) 6 σ 2 8 σ 1 2 π 3 3 π 0 (0.14) 

B 1 �+ 6 σ 2 7 σ 0 2 π 3 3 π 1 (0.30) c 3 �+ 6 σ 2 7 σ 0 2 π 3 3 π 1 (0.79) 

6 σ 1 7 σ 1 2 π 4 3 π 0 (0.28) 

6 σ 2 7 σ 0 2 π 4 3 π 0 (0.17) 

D 

1 � 6 σ 2 7 σ 0 2 π 3 3 π 1 (0.74) d 3 � 6 σ 2 7 σ 0 2 π 3 3 π 1 (0.87) 

s  

M  

t  

t

 

a  
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r  
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s  

a  

s  

t  
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t  

(  

b  

c  

s  

a

3  

A

 

A  

f  
pace 1 are more close to the experimental values than those from

aatouk et al. [12] . It is attributed to the scalar relativistic correc-

ion and diffuse functions for description of weak interactions in

he calculations. 

As we have aforementioned, the X 

1 �+ , A 

1 � and a 3 � states

re of interest. For the ground state, the calculated equilibrium

ond distance R e is 1.763 Å and the corresponding difference is

.014 Å with respect to the experiment value. Meanwhile, the ω e 

s extremely close to the experimental value of 785.06 cm 

−1 and

he theoretical value of 781.8 cm 

−1 calculated by RCCSD(T)/aug-cc-

CV5Z method [40] . Moreover, the value of B e = 0.5670 cm 

−1 is

lso in good agreement with the experiment data of 0.5743 cm 

−1 .

or the a 3 � state, T e = 2376.84 cm 

−1 is close to the value of Huber

t al. [41] , but smaller than that of Kagi et al. [19] and Ip et al. [17] .

dditionally, the calculated ω e and R e are 641.7 cm 

−1 and 1.885 Å,
espectively, which well reproduce the experimental results with a

eviation of 8.5 cm 

−1 and 0.015 Å. For the A 

1 � state, the values

btained by using active space 2 are much closer to the experi-

ental data. The corresponding deviations of ω e and R e are only

 cm 

−1 and 0.019 Å, respectively. 

The three lowest lying electronic states (X 

1 �+ , a 3 � and A 

1 �)

re strongly mixed by rotational or spin-orbit couplings, which

lays an important role in investigating the energy splitting and

pin-forbidden transition. After considering the SOC effect, there

re six low-lying � states generated from the above three �-S

tates, and the corresponding PECs are shown in Fig. 2 . Based on

he PECs, the spectroscopic parameters of the six � states could be

alculated, as shown in Table 4 . However, only the a 3 �2 state have

een measured via the experimental study by Bellert et al., where

he rotational ( B e = 0.496 cm 

−1 , αe = 0.005 cm 

−1 ) and vibrational

 ω e = 649.1 cm 

−1 , ω e x e = 4.0 cm 

−1 ) spectroscopic constants have

een observed [43] . Comparing with the experimental results, the

alculated ω e = 642.39 cm 

−1 is smaller but B e = 0.494 cm 

−1 is

imilar to the experimental value. It implies our calculated results

re available and could be used for the further calculation. 

.2. Spin-forbidden transition properties between the X 

1 �+ , a 3 � and

 

1 � states 

The spin-forbidden transitions between the X 

1 �+ , a 3 � and

 

1 � states would happen after the consideration of the SOC ef-

ect. Firstly, the permanent dipole moments (PDMs) of the X 

1 �+ 
0 + ,
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Table 4 

Spectroscopic parameters of the six lowest � states of the MgO molecule. 

State T e /cm 

−1 R e / ̊A ω e /cm 

−1 ω e x e /cm 

−1 B e /cm 

−1 10 3 αe /cm 

−1 

X 1 �+ 
0 + This work 0 1.751 778.62 4.89 0.5677 7.39 

a 3 �2 This work 2346.59 1.885 642.39 5.21 0.4941 3.64 

Exp. [43] 649.1 4.0 0.496 5.0 

a 3 �1 This work 2404.73 1.884 650.55 15.70 0.4937 2.05 

a 3 �0 − This work 2471.84 1.884 644.43 12.60 0.4935 2.26 

a 3 �0 + This work 2476.17 1.884 647.01 15.15 0.4955 6.71 

A 1 �1 This work 3243.19 1.881 639.92 3.29 0.4941 4.21 

2 3 4 5
0

2

4

6

8

1.8 1.9 2.0

0.3

0.4

/
ygrenelaitn etoP

×1
04

mc
-1

R /Å

X1Σ+
0+

A1Π 1

a3Π 0+

a3Π 0-

a3Π 1

a3Π 2

Fig. 2. PECs of the six lowest � states of the MgO molecule. 

Fig. 3. Dipole moments of the low-lying six � states. 
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c  

A  
A 

1 �1 , a 
3 �0 + , a 

3 �0 − ,a 3 �1 and a 3 �2 states are calculated, which are

a function of the internuclear distance and displayed in Fig. 3 . The

PDMs of all electronic states tend to zero in the large internu-

clear distance, indicating that their dissociation products are neu-

tral atoms, which is consistent with the theoretical derivation of

the dissociation limit. The calculated dipole moment of X 

1 �+ 
0 + is

2.35 a.u. for the vibrational level υ = 0, which is close to the

experimental value of μv = 0 = 2.44 a.u. μv = 0 = 2. a.u. [44] . The

main electron configurations of X 

1 �+ 
0 + are 6 σ 2 7 σ 0 2 π4 3 π0 and

6 σ 1 7 σ 1 2 π4 3 π0 near the equilibrium internuclear distance. It in-

dicates the ground state is strong polar and the electrons in 3s

shell of Mg are transferred into 2p shell of O in the process of

molecular formation. Obviously, as shown in Fig. 3 , the PDMs of
he a 3 �i (I = 0 + , 0 −,1,2) state and A 

1 �1 state are close near the

quilibrium internuclear distances, and they are also lower than

hose of the X 

1 �+ 
0 + state. It is due to the similar electron configu-

ations (6 σ 2 7 σ 1 2 π3 3 π0 and 6 σ 2 8 σ 1 2 π3 3 π0 ) and weaker polarity

f the a 3 � state and A 

1 � state. 

According to the transition selection rule,

he a 3 �1 −X 

1 �+ 
0 + , a 

3 �0 + −X 

1 �+ 
0 + , A 

1 �1 −a 3 �0 + , A 

1 �1 -a 3 �1 , A 

1 �1 -

 

3 �2 and A 

1 �1 −a 3 �0 − transitions are allowed, the corresponding

diabatic transition dipole moments (TDMs) are also calculated.

owever, TDMs for A 

1 �1 -a 3 �2 and A 

1 �1 −a 3 �0 − transitions are

oo small near the equilibrium internuclear distances (1.5–3 Å).

hus, for the sake of visual clarity, only the other four spin-

orbidden transitions are plotted in Fig. 4 . Comparing with the

revious works, the calculated TDMs for a 3 �0 + −X 

1 �+ 
0 + are larger

han the results proposed by Thümmel et al. [42] . For example, the

DMs are calculated by Thümmel et al. to 0.0 076, 0.0 051, 0.0 039,

.0 030, 0.0 024 a.u. at the different internuclear distances R = 1.6,

.7, 1.8, 1.9, 2.0 Å, respectively. It is attributed to a one-particle

asis used by Thümmel et al. to describe the wavefunctions, which

lso neglect the relativistic effect. In theory, the state-of-the-art

b initio methodology and basis set are used in our work, which

s conductive to get a more reliable result. Nevertheless, it still

eeds further experimental study to verify the results obtained

n this work. Besides, when we calculated the spin-orbit TDMs,

e considered the contribution from quasidegenerate space, not

ncluding outside the quasidegenerate space, which can be solved

y referring to the procedure proposed by DeVivie et al. [45] and

n application by Yarkony [22] . 

For the a 3 �1 − X 

1 �+ 
0 + transition, the curve shows a linear ap-

roximation and drops gradually to zero. In contrast, the TDMs

f A 

1 �1 -a 3 �1 transition exhibits an opposite tendency, which in-

reases from zero to 0.0289 a.u. As for the a 3 �0 + −X 

1 �+ 
0 + and

 

1 � −a 3 � + transitions, the spikes appear and the peak values
1 0 
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Fig. 5. Franck-Condon factors for the a 3 �1 −X 1 �+ 
0 + , a 

3 �0 + −X 1 �+ 
0 + , A 

1 �1 −a 3 �0 + and A 1 �1 -a 3 �1 transitions. 
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X  

Table 5 

Radiative lifetimes (s) of the a 3 �1 −X 1 �+ 
0 + , a 

3 �0 + −X 1 �+ 
0 + , A 

1 �1 −a 3 �0 + and 

A 1 �1 -a 3 �1 transitions. 

υ ’ a 3 �1 −X 1 �+ 
0 + a 3 �0 + −X 1 �+ 

0 + A 1 �1 −a 3 �0 + A 1 �1 -a 3 �1 

0 0.3485 0.0163 0.1165 790.5293 

1 0.2199 0.0050 0.0474 228.6149 

2 0.1171 0.0039 0.0939 166.1805 

3 0.0972 0.0117 0.3109 719.3597 

4 0.0790 0.0078 0.1516 1399.6330 

5 0.0796 0.0141 0.6459 1013.1626 

6 0.1180 0.0629 0.0954 1213.2933 

7 0.0933 0.0658 0.4712 272.0002 

8 0.0803 0.1958 0.0531 382.3523 

9 0.0673 0.2207 0.2400 109.8559 

u  

w  

t  

a

t  

A  
t about 2.0 Å are 0.3554 a.u. and 0.2010 a.u., respectively. It

s attributed to the non-adiabatic couplings and the invalidation

f Born-Oppenheimer approximation, when they are close in en-

rgy. However, the non-adiabatic effect is not considered in present

ork. In the near future, we will compute non-adiabatic couplings

etween these electronic states. 

Based on the standard second-order perturbation theory includ-

ng spin-orbit, orbit-rotation and Zeeman interactions, the pertur-

ative contribution to the above transitions has been investigated

10 , 15 , 16 , 20] . For the perturbation of between the a 3 � state and

 

1 �+ state, the higher lying levels such as υ = 2, 3, 4 of the

 

3 �1 state are equally perturbed and those of the a 3 �0 state are

ore strongly perturbed, which is consistent with our calculated

esult that TDMs for the a 3 �0 -X 

1 �+ transition is greater. Besides,

ith the contribution of the spin-spin interaction in the a 3 � state,

he other higher lying electronic states (b 3 �+ , B 

1 �+ ) also show

he direct influence [15 , 16] . As for the A 

1 � state and a 3 � state,

he spectroscopic constants are similar, and the eigenvectors of the

 

3 � state show that the strongest perturbation comes from each

evel of the A 

1 � state [20] . 

To further describe the transition probabilities between the

 

1 �+ , a 3 � and A 

1 � states, FCFs and radiative lifetimes can be
sed. FCFs are determined by the degree of overlap for vibrational

ave functions. Based on the PECs and TDMs, FCFs and radia-

ive lifetimes are calculated of different vibrational levels for the

 

3 �1 −X 

1 �+ 
0 + , a 

3 �0 + −X 

1 �+ 
0 + , A 

1 �1 −a 3 �0 + andA 

1 �1 -a 3 �1 transi- 

ions, which are displayed in Fig. 5 and Table 5 , respectively.

s shown in Fig. 5 , the distributions of FCFs of a 3 �i −X 

1 �+ 
0 + and
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A 

1 �1 -a 3 �i transitions are very similar. It is ascribed to the similar

PECs of a 3 �0 + and a 3 �1 states. 

For the a 3 �0 + −X 

1 �+ 
0 + and a 3 �1 −X 

1 �+ 
0 + transitions, the maxi-

mum values of FCFs are similar and occur at the (0, 1) vibrational

band, which are 0.3967 and 0.3973, respectively. It indicates the

high line intensity would be observed. As Mürtz et al. measured

the a 3 �0,1 - X 

1 �+ transition with the CO laser in the 1640-1970

cm 

−1 , they could not detect transitions involving higher levels with

υ ’ > 1 of the a 3 � state [16] . As shown in Fig. 4 , the TDMs for the

a 3 �0 + −X 

1 �+ 
0 + transition are relatively larger, which would lead to

the smaller radiative lifetimes and stronger emission. For example,

the radiative lifetimes for the a 3 �0 + −X 

1 �+ 
0 + transition are calcu-

lated to 0.0163, 0.0 050, 0.0 039, 0.0117 and 0.0 078 s at the vibra-

tional levels υ ’ = 0, 1, 2, 3, 4, respectively. The results are con-

sistent with the experiments from Mürtz et al. and calculations

from Thümmel et al., which indicate the higher lying levels such

as υ ’ = 2, 3, 4 of a 3 �0 + state are more strongly perturbed than

those of a 3 �1 state [16 , 22 ]. All evidence is that our results give a

reliable description for the a 3 �i - X 

1 �+ transition. 

For the A 

1 �1 -a 3 �i transition, the equilibrium position of the

A 

1 � and a 3 � states are so similar that the calculated FCFs are

highly diagonal and greater than 0.9488 ( υ ’ = 0–9). However, the

radiative lifetimes for the A 

1 �1 -a 3 �1 transition are too long be-

cause of small TDMs near equilibrium position, which are cal-

culated and displayed in Table 5 . For the A 

1 �1 −a 3 �0 + transi-

tion at different vibrational levels, the radiative lifetimes are much

smaller, implying a stronger emission of the A 

1 �1 −a 3 �0 + transi-

tion compared with the A 

1 �1 -a 3 �1 transition. Up to now, there

have been no experiments for the A 

1 �1 -a 3 �i transition, only the

perturbation between A 

1 � state and a 3 � state has been investi-

gated in the previous literatures [10 , 12 , 16 ]. To have a better knowl-

edge of the transition properties, the experiments using high-

sensitivity spectrum-research techniques are required. 

In order to further study the transition mechanism, the process

of electron transition is also analyzed. As shown in Table 3 , the

calculated electron configurations of the ground state (X 

1 �+ ) near

the equilibrium internucler distance are 6 σ 2 7 σ 0 2 π4 3 π0 (0.33)

and 6 σ 1 7 σ 1 2 π4 3 π0 (0.27). Moreover, the a 3 � state is mainly

characterized by 6 σ 2 7 σ 1 2 π3 3 π0 (0.66). Hence, it is formed by

the 2 π→ 7 σ /6 σ electron excitation. For the A 

1 �1 -a 3 �i transition,

the A 

1 � and a 3 � states have the same electron configurations

(6 σ 2 7 σ 1 2 π3 3 π0 and 6 σ 2 8 σ 1 2 π3 3 π0 ) near their equilibrium in-

ternucler distance, which indicates that there exist many transi-

tions in this system. 

4. Conclusion 

In this work, the state-of-the-art ab initio methodology at the

icMRCI /aug-cc-pCV5Z-DK level of theroy is used to investigate adi-

abatic spin-forbidden transition prosperties for the low-lying elec-

tronic states of MgO. Firstly, the PECs of eight �-S states without

SOC effect and six lowest lying � states with SOC effect are cal-

culated. Next, according to the PECs of eight �-S states, the calcu-

lated spectroscopic parameters ( R e , ω e , ω e x e , B e and T e ) are in good

agreement with the available theoretical and experimental values.

But as for the splitting states, only a 3 �2 state has the experimental

parameters, which are also close to our calculated ones. 

Subsequently, the spin-forbidden transition properties between

six lowest lying � states ( X 

1 �+ 
0 + ,A 

1 �1 , a 3 �0 + , a 
3 �0 − ,a 3 �1 ,a 

3 �2 )

are invesitigated. At the first step, the PDMs and TDMs versus

the internuclear distances are obtained. Based on the PECs and

TDMs, the FCFs and radiative lifetimes of the different vibrational

levels are calculated by the LEVEL 8.0 program package for the

a 3 �1 −X 

1 �+ 
0 + , a 

3 �0 + −X 

1 �+ 
0 + , A 

1 �1 −a 3 �0 + and A 

1 �1 -a 3 �1 tran-

sitions. For the a 3 �i −X 

1 �+ 
0 + transition, the maximum value of

FCFs occurs at the (0 - 1) vibrational band, which indicates the
igh line intensity would be observed. Due to larger TMDs for the

 

3 �0 + −X 

1 �+ 
0 + transition, the radiative lifetimes are smaller, which

re consistent with the other experiments and calculations. The

alculated FCFs of the A 

1 �1 -a 3 �i (i = 0 + , 1) transition are highly

iagonal and greater than 0.9488 because of the similar equilib-

ium position of the A 

1 � state and a 3 � state. However, the radia-

ive lifetimes are too long due to the small TDMs near the equilib-

ium position. So far, no experiments for the A 

1 �1 -a 3 �i transition

ave been done and further experimental study to verify the re-

ults obtained in this work is required. Additionally, the results in

his paper are based on Born-Oppenheimer approximation, lead-

ng to inaccurate calculations when the states are close in energy.

n the near future, we will compute diabatization calculation that

ncludes spin-orbit coupling. 
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