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The 18 A-S states correlated to the lowest dissociation limit of SiTe were calculated by using a high-level multirefer-
ence configuration interaction (MRCI) method, including scalar relativistic and spin—orbit coupling effects. Based on the
calculated potential energy curves, the spectroscopic constants of bound states were determined, which are well consistent
with previous experimental results. The spin—orbit matrix elements between the A—S states were computed, which lead to
an in-depth understanding of perturbations on the electronic state a>IT. Finally, the transition dipole moments of allowed
transitions ATI-X!2F, EIxt-XIx+t, a3T1-d3A, a3[1-a”Tt, a3T1-e32~, and the radiative lifetimes of ATI, E'X ", and

a’TI were evaluated.
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1. Introduction

Silicon chalcogenides, which play important roles in a
variety of research fields and they have received consider-
able attention for a long time. Among these molecules, the
spectroscopic properties of Si0/SiS!' have been extensively
studied because of their importance in circumstellar chem-
istry. In contrast to the lighter species SiO/SiS, fewer inves-
tigations have been performed on heavier species SiTe. For
SiTe, the ultraviolet A'TI-X'X* absorption band system was
in the range of 3200-
3900 A1 Subsequently, a series of spectroscopic studies have

initially recorded by Barrow et al.

been carried out to study the excited states of SiTe. The sin-
glet excited states A'TT and E'S* have been measured by
quite a few groups during the past few decades. The ultra-
violet A'TI-X!X"band system was observed by different ex-
perimental techniques,”~'% and the spectroscopic constants
of A'TT and X!'X* were derived. Another E-X'E* transi-
tion of SiTel”! was observed in the ultraviolet region at high
temperature (800—1000 °C), whereas the study incorrectly as-
signed the E state to >L* symmetry. Later, Lakshminarayana
et al. demonstrated that the E state is of '+ symmetry, and
they also corrected the previous vibrational constants of the
E!X*. For the ground state X' X+, the dissociation energy was
determined to be 4.64 eV!!'1:1?] through the thermodynamic
method. Recently, the spectroscopic parameters of bound
states were obtained by employing configuration interaction
calculations!!3 and an effective isotopic error compensation
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(IEC) approach.['4]

In recent years, with the rapid development of high-
resolution spectroscopic techniques and computational meth-
ods, some deep insights into the electronic structures for the
molecules that contain heavier atoms have been achieved.
New band system and more accurate spectroscopic constants
of the heavy-element molecules have been continually re-

5,161 However, there is still lack of

ported in the literatures.
a complete quantitative picture of the perturbations between
low-lying excited states of SiTe, which have obvious influ-
ence on the spectroscopic and dynamic characters of electronic
states. Particularly, the evident spin—orbit coupling (SOC) of
heavy element Te leads to complicated interactions of elec-
tronic states for SiTe.

In this work, we performed the relativistic configuration
interaction study on the excited states of SiTe. The potential
energy curves (PECs) of all 18 A-S states correlated to the
lowest dissociation limit (SiCP)+Te(PP)) were computed. The
SOC of these A-S states and the spin-allowed transition dipole
moments (TDMs) were also obtained utilizing high-level ab
initio calculation approaches. On the basis of the calculated
PECs, the spectroscopic constants for the bound states of SiTe
were deduced by the solution of nuclear Schrodinger equa-
tion. Finally, the radiative lifetimes of the low-lying vibra-

tional states of A’'X 1, ATI, and a3 were obtained.
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2. Methods and computational details

In the present work, the ab initio calculations were per-
formed by using MOLPRO 2010!'7! program. The symmetry
point group of SiTe is C.,. However, owing to the limitation
of the MOLPRO program, all the calculations were carried
out in the C,, subgroup of C., point group. The relation-
ships between the irreducible representations of Cy, and Ce,
groupsare Xt =A|,II =B +B;, A=A +A;,and X~ = A;.
In the subsequent calculations, we used the relativistic con-
tracted atomic natural orbital basis sets (ANO-RCC)!8! to de-
scribe the Si and Te atoms. At a series of given bond lengths
between 2.0 and 5.0 A, the 18 lowest A-S states of SiTe
were computed with state-averaged complete active space self-
consistent field (CASSCF) method!!??% using the Hartree—
Fock molecular orbitals (MOs) as the starting orbitals. In the
CASSCEF calculations, the active space of SiTe includes Si 3p
and Te 5s5p6s6p,6p, orbitals. Furthermore, by employing the
CASSCEF energies as reference values, the energies of the 18
A-S states were calculated by the internally contracted mul-
tireference configuration interaction approach?!??! with the
Davison correction (MRCI+Q).[23! For MRCI+Q calculations,
the 3s23p? electrons of Si and the 5s?5p* electrons of Te were
correlated, while the remaining inner electrons were frozen
and not correlated.

In the above calculations, the scalar relativistic correc-
tion was taken into account via the third-order Douglas—Kroll
(DK3)[?+21 approximation with ANO-RCC basis sets. The
SOC effect was evaluated with state-interacting method using
the Breit—Pauli operator.'?®! In the SOC calculations, the spin—
orbit integrals between the low-lying A-S states of SiTe were
obtained from MRCI wave functions.

Based on the calculated PECs, the spectroscopic con-
stants, including adiabatic transition energies (7;), harmonic
vibrational frequencies (@), anharmonic constants (®exXc),
rotational constants (B.), and equilibrium bond lengths
(R.), were evaluated by the numerical solution of nuclear
Schrodinger equations using Le Roy’s LEVEL procedure. [*7!

3. Results and discussion

3.1. PECs and spectroscopic parameters of the low-lying
A-S states

The 18 A-S states correlated to the lowest dissociation
limit Si(*P)+Te(*P) for SiTe were computed at the ANO-
RCC/MRCI+Q level of theory. The corresponding PECs are
plotted in Fig. 1. These PECs are positioned in energy rela-
tive to the minimum energy point of the ground state X' X+ of
SiTe. Each PEC is constructed with 38 discrete energy points
at a series of given bond lengths from 2.0 A to 5.0 A. The 18
A-S states have three sets of spin multiplicity, 6 singlet A—S
states (X'ZF, 1'27, 1A, A'TL, E'Z7, and 2'T1), 6 triplet A-S

states, (a*XF, d*A, €27, aT1, 2°T1, and 2°L "), and 6 quintet
states (152, I°T1, 252+, 2°T1, 1°Z~, and 1°A). As illustrated
in Fig. 1, apart from three high-lying excited states, 2'TI, 2°TT,
and 2°XF, the other singlet/triplet electronic states are essen-
tially bound states and hold deep potential wells. For quintet
states, except for the weakly bounded states (1°X* and 1°11),
all the other four quintet A-S states are typically repulsive.
The fitted spectroscopic constants of bound A-S states are
listed in Table 1. In order to illuminate the influence resulting
from scalar relativistic effect, the spectroscopic constants ob-
tained from PECs excluding the scalar relativistic effect with
the entirely uncontracted ANO-RCC basis set are also given in
Table 1 for comparison. The leading electronic configuration
of the low-lying A-S states at R = 2.3 and 3.0 A are given in
Table 2.

The ground state X'~ Tis mainly derived from the closed-
shell electronic configuration 166217627 x*. In comparison to
recent experimental results, 23! with inclusion of the scalar rel-
ativistic effect, the spectroscopic constants ®e, WeXe, Be, and
R. of XL state are improved by 2.84, 0.8716, 0.0016 cm™!,
and 0.0132 A, and our best calculated @,, ®.xe, and B, values
of the state are only 3.88, 0.1084, and 0.0025 cm~! smaller,
whereas the R, value is only 0.0203 A larger. The dissocia-
tion energy is calculated to be 4.67 eV, which are in excellent
agreement with previous experimental data of 4.64 eV.[!1:12]

As shown in Fig. 1 and Table 1, the low-lying excited
states (1'X7, 1'A, 2’T1, a*XF, d3A, and 3L ™) exhibit a high
density in the energy range of 16500-22000 cm~!. Due to the
large state density, spin—orbit and rotational couplings of these
electronic states are expected to occur. Numerous interactions
between these electronic states lead to the avoided crossings,
which could make the band system of corresponding elec-
tronic states hard to be observed in experiments. The per-
turbations between these electronic states will be separately
discussed in the next section. The 1'Z-, 11A, Byt d3A,
and e3X~ originate from the open-shell electronic configura-
tion 166217627x*8x!, while a*II comes from the open-shell
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Fig. 1. Calculated MRCI+Q potential energy curves of the ground and
low-lying excited states of SiTe molecule.
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Table 1. Computed and experimental spectroscopic constants of SiTe.

State To/em™! wo/em™! Wex/em ™! Be/em™! Ro/A
X'zt This work? 0 476.83 1.2717 0.1396 2.2939
This work?) 0 473.99 0.4001 0.1380 2.3071
Expt.®) 0 481.2 1.30
Expt.9) 0 481.04(9) 1.288(20) 0.14190(2)
Expt.®) 0 480.656(15) 1.3428(18) 0.141661(4)
Expt.” 0 480.71(51) 1.3801(20) 0.142062548(3) 2.273593049(22)
a*I1 This work?) 21723 386.56 1.3516 0.1307 2.3700
aPrt This work?) 16961 342.09 0.9399 0.1158 2.5187
A This work? 19558 333.80 1.1270 0.1138 2.5400
e3x This work?) 21503 318.72 1.1586 0.1114 2.5684
A'll This work?) 27374 344.30 1.7306 0.1245 2.4293
This work?) 27222 339.30 1.2300 0.1231 2.4422
Expt.9) 28661.8 338.6 1.70
Expt.9) 28660.46(5) 338.31(3) 1.668 (7) 0.12491(2)
Expt.®) 28660.76(8) 337.673(51) 1.5917(118) 0.124810(27)
1z~ This work? 21264 317.34 1.1848 0.1113 2.5694
1'A This work? 21771 310.19 1.2053 0.1101 2.5834
1°11 This work?) 34654 226.70 3.5650 0.1049 2.6454
E'st This work?) 32130 264.67 1.7196 0.1039 2.6593
This work?) 32128 273.81 2.1336 0.1035 2.6594
Expt.9) 33991 242
Expt.2) 34000.31 229.86 1.190
2’1 This work?) 38139 184.31 4.8895 0.0834 2.9673
1t This work? 34213 171.59 1.8049 0.0855 2.9299

Note: For the experimental values, the inaccuracy of measurement is given in the bracket.
%) This work, with the scalar relativistic effect, ) this work, without the scalar relativistic effect, ©) Ref. [29], 9 Ref. [8], ®) Ref. [10], ) Ref. [28],

&) Ref. [9].

Table 2. Leading electronic configuration of low-lying states of SiTe
forR=2.3 Aand 3.0 A.

State R=23A R=30A
Xzt 1662176%71* (80%) 16621706271* (44%)
1662176277387 (37%)
2’1l 166217677487 (81%) 166217677487 (64%)
166217677487 (11%)
aPrt 1662176271387 (91%) 1662176277387 (82%)
A'TI 1662176 77*87! (90%) 1662176 7787 (55%)
1662176773872 (19%)
A 1662176271387 (92%) 1662176271387 (86%)
e3r- 1662176271387 (91%) 1662176277387 (85%)
1z 1602176277387 (91%) 1662176277387 (82%)
1'A 1662176277387 (90%) 1662176277387 (82%)
Elzt 166%176%7n387" (58%) 166217671872 (39%)

1662176186 7n* (13%)  16062176'180' 71 (17%)

166%176%77387! (15%)

electronic configuration 166217¢'77*8x!. The equilibrium
distance (R.) of a3I1 is calculated to be 2.3700 A, which is
obviously shorter than those of 1z, llA, a’32+, d3A, and
e3X~ states (2.52-2.58 A), indicating that 77 molecular or-
bital (MO) is somewhat more bonding than the 170 MO in
the SiTe.

The excited state A'TT is mainly characterized by open-
shell electronic configuration 1602170 77x*87!, which is the

same as that of a3IL. According to the calculation results,
the scalar relativistic effect gives corrections of 152, 5, and
0.5006 cm™! on the 7., ®., and w.x. values of A'TI When
taking into account the scalar relativistic effect, the T, @,
exe, and B, values of A'TT are calculated to be 27374, 344.30,
1.7306, and 0.1245 cm™!, respectively, which match excel-
lently well with the latest experimental values of 28660.76,
337.673, 1.5917, and 0.124810 cm™'. Our calculations pre-
dict the R. of A'TI to be 2.4293 A.

Above the A'TI state, E!X" state is mainly described by
open-shell electronic configuration 166217627x38n! Com-
paring with the previous experimental results, with including
the scalar relativistic effect, the Tz, @, and ®.x. of E'T1 are
improved by 2, 9.14, and 0.4140 cm~ !, and our best com-
puted Tz, @, and @ex, values of E!'>t differ by less than 1870,
34.81, and 0.5296 cm™!, respectively. Nevertheless, the rela-
tively large deviation for the calculated 7, of E!X" is found,
which may be caused by the omitting of core-valence correla-
tion effect for 4d1° electrons of Te atom. The B, and R. values
of E'X* have not been determined in previous experimental
studies, which are predicted to be 0.1039 cm~! and 2.6593 A
in our work.

The dipole moments of the 18 A-S states were computed
at the MRCI level of theory. The dipole moment curves of
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those A-S states are shown in Fig. 2. At equilibrium bond
length of SiTe, the dipole moment of the ground state X'ZF
is —0.23 a.u., indicating the Si™Te™ polarity for the molecule.
As shown in Fig. 2, the dipole moments of quintet states are
positive over the internuclear distance, while the changes of
polarity exist in that of singlet and triplet states. At the large
separation, the dipole moment values of these states are all
close to zero, reflecting that the dissociation products are neu-
tral atoms.

1.5

-
o

0.5¢

Dipole moments/a.u.

|
o
o

Fig. 2. Dipole moment functions for the 18 A-S states of SiTe.

3.2. Analysis of spin—orbit perturbations in a>IT and A'TI
states

As indicated in Fig. 1 and Table 1, there is a high state
density of SiTe molecule in the energy region of 16500-
27400 cm™~!, which can give rise to complicated interactions
among these electronic states. For clarity, an amplified view
of PECs of the states in the crossing region is displayed in
Fig. 3, together with the vibrational levels v/ = 14 of A'TI
state and V' = 05 of the a°II state. As shown in Fig. 3, the
AT crosses with 1'27, e3X~, and 1'A states at R = 2.15 A,
and a311 crosses with a®Xt, d3A, 1127, 32, and 1'A states
at bond length between 2.2-2.5 A. Due to all the seven bound
states correlated to the lowest dissociation limit, the interac-
tions between the states could only lead to the perturbations
rather than predissociation. When the SOC effect is taken into
consideration, avoided crossings occur at the crossing points
of these states with the same  component, and have great
influence on the line intensity, position, and shape of the spec-
trum. The A'TT state crosses with 1'2~, €32, and 1'A states
at R=2.15 A, around the v/ = 14 vibrational level of the A'TT
state. Our calculated results demonstrate that v/ = 0-13 vi-
brational levels of A'TT are unperturbed by the adjacent states,
which has been verified in previous experimental study!” by
Lakshminarayana et al. They have only observed the v/ = 0—
12 vibrational levels of the A'TT state. The a>II crosses with
aBrt, d’A, 1'£7, €27, and 1A states at R=2.19, 2.31, 2.44,
2.46, and 2.48 A, near v/ =5, 0, 0, 0, 1 vibrational levels of
the a3IT state. Hence, the v/ = 0-5 vibrational states of a3IT

state may be perturbed by interactions with the corresponding
vibrational states of other closing electronic states.

4.0

-1

g 3.5
o
kS
=
> 3.0
o0
—
[}
[=]
M 25

2.0

R/A

Fig. 3. An amplified view of the crossing region of the potential energy
curves for the electronic states a>IT and A'TI together with identify of
vibrational levels of those states around the crossing point.

In order to further illuminate the perturbations in A'TT and
a1l states, the spin—orbit matrix elements of AT and 311
with the other states were computed in our work. Figure 4
displays the absolute values of spin—orbit matrix elements in-
cluding A'TT and a®IT states as a function of the bond length.
The definitions of the schematic terms of spin—orbit elements
appeared in Fig. 4 are given in Table 3. The spin—orbit ma-
trix elements between a3IT and a”X T, d3A, €32, 11Aor 1'Z~
exhibit similar behavior, which first gradually increase as the

—
[\
T
—
o
N

=
o
T

|Hgo|/10* cm™
I

|Hso|/10* cm ™

(e'="—A'm)

O 1 1
2.5 3.0 3.5
R/A

Fig. 4. Evolution of the absolute values of spin—orbit matrix elements
including the a>IT and A'IT states along the bond length.
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Table 3. Spin—orbit matrix elements between two inter-
acting electronic states in the curves crossing region.

Spin—orbit matrix elements
(T, my = 1|L;S,[a’T1,, m, = 1) = @°TT-2%10)
((3EF, my = 0|L,Sy|a’TLy, my = 1) = ((1)3EF-a’I1)
(1A, mg = O|LySy |3 TL,, my = 1) = ((1)A-a’IT)
((D'Ay, mg = O|LyS, |23 TL,, my = 1) = ((1)! A=a’IT)
(D', my = 0|L,S, 2L, ms = 1) = (1)'Z7=a’IT)
(23T, my = O|LSy| (1327, my = 1) = (@3TI-(1)°Z7)
(E'S*, my = O|L,S, |23 TL,, my = 1) = (E'Z+-a’T)
( A'TL,, my = O|L,S, |23y, my = 0) = (A'TI-a3I1)
(AL, mg = 0L, S, |(1)°ZF, my = 1) = (A'TI-(1)°ZH)
i(ATI, my = O|L.S,|(1)PZ™, my = 1) = (ATI-(1)’27)
(AT, my = O|LySy| (1A, my = 1) = (ATI=(1)°A)

Note: The right-hand parts are the schematic terms in
Fig. 4, and the symbol i in the front of angular brackets
indicates the imaginary part of spin—orbit matrix elements.

Si—Te bond length increases and then decrease sharply at large
bond length region. However, the other spin—orbit matrix ele-
ments (a’TT-a’IT), (a’TI-A’'£*), and (A'TI-a’IT) have obvi-
ously different variation trends. This phenomenon could come
down to the same electronic configuration of the a’ 3yt A,
e3X~, 1A, and 1'S states, which is mainly characterized by
16062176*7738x" at both R =2.3 A and R = 3.0 A. In addi-
tion, the A'TT and a’IT states mainly originate from the same
electronic configuration 1662176 7n*8x! at both R = 2.3 and
3.0 A. Hence, the changing trends of the spin—orbit matrix
curves including the A'TI state are similar to those includ-
ing the a’IT state, despite that the maximum of the elements
are at different R values. At the crossing points, the absolute
values of spin—orbit integral of a’IT-a*X+, a’TI-d>A, a’T1-
e3X™, a’TI-1'A, and a’TI-1'X~ are 668, 629, 640, 599, and
592 cm™~!, respectively, which are large enough to perturb the
v/ = 0-5 vibrational states of a’IL. It is therefore hard to ob-
serve the a>TI-X'Z* band-system in experiment.

3.3. Radiative lifetimes of low-lying electronic states

The radiative lifetime of vibrational state Vv’ for an elec-
tronic state is defined as

T= (;AM)*‘. (1)
V

The Einstein coefficient A,,» for spontaneous emission
between vibrational levels v/ and v” is obtained as

Ayryr = 2.026 x 107453 TDM?g,,, )

where D is the transition energy in unit of cm~!, TDM is the
averaged electronic transition dipole moment in atomic unit,
g, is the Franck—Condon factor (FCF) between vibrational
levels v/ and v”, and 7 is in unit of second.

The transition dipole moments (TDMs) of spin-allowed
transition A'TI-X!Z+, E!Zt-X!2t, 23 TI-dA, 2’T1-a"%*,
and a’T1-e3X~ were calculated from MRCI wave functions.

The evolution of absolute values for the TDMs along the bond
length is plotted in Fig. 5. The TDM of E'2*—X!X* transi-
tion is evidently larger than that of the remaining four transi-
tions. It could also be found from Fig. 5 that the TDMs of
ATI-X!ZH, ElEt-X!2F, a’T1-d?A, and 2’T1-e?L~ decrease
gradually with the increase in bound length, while the TDM
of a’TT-a*£+ decrease smoothly in bond length range of 2.1—
2.65 A and increase gradually when R > 2.65 A. On the basis
of our calculated TDMs, PECs, FCFs, and vibrational energy
levels, the radiative lifetimes of the three lowest vibrational
states of ATT, E!X T, and a3IT were evaluated, which are listed
in Table 4. The evaluated radiative lifetimes are in the order of
10 ns and 100 ns for singlet states A'TT and E'Z*, while being
in the order of 100 s for triplet state a’IT.

—_
N

[en] =
(o] o

Transition dipole moments/a.u.
o
o

R/A

Fig. 5. Absolute values of the spin-allowed transition dipole moments
as a function of bond length for SiTe.

Table 4. Radiative lifetimes (in ns) of the low-lying vibrational states
of E'T*, AT, and 2’I1.

, Radiative lifetimes

\%

TE-X TA-X Ta—a Ta—d
0 28 854 7.27 % 10° 3.91 x 10°
1 28 866 5.90 x 10° 3.17 % 10°
2 28 879 4.98 x 10° 2.67%10°
3 29 891 4.33x10° 2.33 % 10°

Note: E, A, a, a’, and d represent E'=*, A!TI, 211, £+, and d>A
states, respectively.

4. Conclusions

In this work, we carried out MRCI+Q investigation on
the 18 A-S states associated with the lowest dissociation limit
(SiCP)+Te(®*P)) of SiTe. The scalar relativistic effect was
treated by the third-order Douglas—Kroll (DK3) approxima-
tion. The spin—orbit coupling effect of the A—S states was
taken into account via state-interacting method with the full
Breit—Pauli operator. Based on the PECs of the A-S states, the
spectroscopic constants of the bound states were determined
and in good accord with previous experimental studies. With
the aid of the spin—orbit matrix elements involving a’Il, the
perturbations on the vibrational states of a’IT are interpreted
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in detail. The TDM:s of spin-allowed transitions A'TI-X'XF,
ElZt X2, 23T1-d3A, a’T1-aL ", and a’T1-e3L~ were eval-
uated with the MRCI wave functions. Finally, the radiative
lifetimes of the three lowest vibrational states of A'TT, E!X ™,

and a3IT were obtained.
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