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Electronic Spectrum of Silicon Monosulfide: Configuration Interaction Study
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Ab initio based configuration interaction calculations using relativistic effective core potentials and compatible
basis sets have been performed to study the electronic spectrum of the silicon monosulfide molecule. Potential
energy curves of low-lying states of SiS have been computed. Spectroscopic properties of many observed
states such asX", &=, d®A, b°I1, C'=-, €=, DA, A1, and EZ* up to 42 000 cm?® of energy have

been calculated and compared. The ground state of SiS is represented mainty Ky4%) and .z37*

(12%) configurations withe = 1.957 A (3.7ag) andwe = 733 cnt?, which compare well with the observed
values. The dissociation energies of the ground and excited states have been estimated\-Slisi&es
correlating with the lowest asymptote have been allowed to mix through the egit coupling. Effects of
spin—orbit interactions on the potential energy curves and spectroscopic properties of the low-lying states of
SiS are studied. Dipole-allowed transitions such asXxeand A—X are found to be strong. Several spin-
forbidden weak transitions are also noted. The radiative lifetimes of many upper states are estimated. The
E'SS, and AI, states are predicted to be short-lived with radiative lifetimes of about 10.2 and 103 ns,
respectively.

I. Introduction The shorter-wavelength band withy = 41 744 cn! has been
proved to be due to thé=T—1Z* transition. It has been
suggested that the E state is an excit®darising from the
..13%%r* configuration analogous to the B, state of B.

Over the past few decadés'® there has been a significant
increase in the amount of experimental and theoretical data on

the spectroscopy of diatomic molecules of group 1V/VI atoms. 11 o . ‘
The compounds of germanium and silicon are known to be good Meyer et al*! have measured the lifetimes of the spin-forbidden

semiconducting materials. Barrow and co-workethave made ~ Cameron bands B —X'X") of GeO, GeS, SnO, and SnS in
pioneering research on these molecules. The red-degradednert-gas matrices and §FThese authors have also predicted
emission bands in the electric discharge through argon and thelifetimes of the same Cameron bands for CO, CS, SiO, and
vapor of SiS have been observed by Barrow and Jevdns.  SiS. For the SiS molecule in argon at 20 K, the predicted lifetime
has been concluded that these bands in the-36200 A region ~ ©of the °IT state is about 29 ms.

appear from a transition between two electronic states of the Bredohl et al? have reobserved thelEF—X1=* transition

SiS radical. However, the nature of these states could not befor SiS withvgo = 41 915.7 cmi! using high-resolution spectra.
established at that time. Later on, Lagerqvist ef hlave A spin-forbidden &IT,—X=* transition of SiS is also observed
tentatively assigned the upper state involved in this transition in emission by Bredohl et &8 This transition is analogous to

as the EX* state of SiS. Two electronic transitions for the SiS  those observed in the isovalent SiO and SiSe molecules. For
molecule involving singlets, namely,'D—X*=* and EX*—X SiS, a vibrational progression of five bands has been reported
X" are also observed by many authéfsThe D-X band in this system. Lintof has investigated the spectra of SiS
system has been known in the near-ultraviolet region for each molecules produced in the flame of the chemiluminescent
of SiX (X =S, Se, Te) molecules, and it appears readily in reaction of atomic silicon with OCS. Two new band systems
emission in positive-column discharg&sThe D—X system has in the region 356-400 and 385600 nm have been assigned
been photographed in absorption as well. Vago and B&rrow as BIT,—XI=+ and &S+—XIS+, respectively based on band
have observed a new ultraviolet band system for SiS, SiSe, gy ,cture, spirorbit splitting, molecular constants, and com-
and SiTe molecules in absorption at the temperature range 800 parison with chemiluminescent spectra of isovalent molecules.

tlhOOO °C. l‘l’heIV|brat|onatI_ CO?S(;TIS otth, D, e;nd Ehste;es 3f DThe vibrational assignments of these bands are made with the
€se molecules are estimated from Ihe spectra. The A an help of isotope effect. The spitorbit separations for the

states are assigned 8" andI1 symmetries, respectively. In components ofll at v’ = 0 are found to b3l — 96
a subsequent studythe rotational analysis of thelDl—X1Z* cm‘lpand3H e —U61 el These studies 1reve§| that the
band of SiS in the near-ultraviolet region has been performed. 31,31 ol : idlv with The 311
Spectroscopic constants ofX" and DI states are estimated ! 0 separation Increases rapidly wi €l com-
from the rotational analysis. The equilibrium bond lengths of pon.ent. IS found to be more intense than expected..Th&sfpln
the ground and HI states are reported to be 1.929 and 2.059 orbit rr;lxmgl] b+etween AH aqd b"r£ states borrows.the |nter)s_|ty
A, respectively. The rotational analysis of twenty bands of the © the [I—*=" transition. Lintort" has observed irregularities
in the relative intensities of the sptiorbit components and their

E—X system of SiS has been carried out by Barrow €tal. e el >
splitting in the BIT-X1=" system. These are explained by the
*Author for correspondences. E-mail: kalyankd@hotmail.com; INteractions with the nearby states such &'ED'A, and dA.
das_kalyank@yahoo.com. It has been found that after adding active nitrogen in the
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chemiluminescent flame, the intensity of the X transition is of 0.90a,2 optimized from the ClI calculations of tAB excited
enhanced largely as compared with that of thearansition. atomic state has been included in the basis set of the sulfur
A detailed rotational analysis of bands of théIR-X1>+ atom?® The resulting basis set of the sulfur atom in the present
system of8SiS andf°SiS isotopes has been carried out by Harris calculations is (4s4p2d1f), which is sufficient to describe 3s
et al15 These studies reveal identification and determination of and 3p orbitals of the atom. The basis sets of both silicon and
vibrational numbering of perturbing states such & ed®A, sulfur atoms are, therefore, compatible with their RECP.
C'¥~, and DA. Two alternative consecutive vibrational num-  Self-consistent field (SCF) calculations have been carried out
bers for DA are suggested. The electronic interaction constants for the ..z47*2 35— state of SiS at each internuclear distance
are derived for the interactions betweel Band the perturbing by employing the basis sets and RECP mentioned above. The
states. It may be mentioned that some of the excited states ofcalculations generate 69 symmetry-adapted SCF-MOs, which
SiS are relabeled to conform to the nomenclature used for SiO. are taken as one-electron basis functions for the CI calculations.
Krishnamurty et at® have made similar rotational analysis of ~ Ten valence electrons are allowed to excite in the Cl steps. The

thirteen bands of the AI—X'=* system lying in the region  molecule has been kept along thaxis. We have performed
2600-3000 A The molecular constants of thé[Astate have the entire Computations in tl"(éz, Subgroup of the actuﬁwy

been evaluated from the high-resolution studies. Perturbationsgroup in which the molecule belongs. The MRDCI codes of
in the bands of ATI-X'=* have been attributed to the same Buenker and co-worket&35 are used throughout the calcula-

four excited states as observed by Harris é @he band origins  tjons. The open-shell configurations are taken into consideration
involving o/ = 2, 6, and 7 have been found to be shifted from py the table-Cl algorithm. In the first step, theS states are

the expected positions due to such perturbations. The infraredca|culated including all relativistic effects but the spiorbit
spectra of many isovalent matrix-isolated germanium, tin, and coupling through RECP. A set of reference configurations has
lead chalcogenides have been carried out by Marino &t al. peen chosen for the low-lying states of a given spatial and spin
Although many experimental studies are available for SiS, symmetry. In the present calculations, we have computed eight
theoretical calculations are seldom attempted. Relativistic con- |gwest roots for eaclh-S symmetry of singlet and triplet spin
figuration interaction calculations of heavy molecules and mytiplicities, whereas for quintets only four roots are consid-
clusters have been reviewed by BalasubramatfiéhRobbe  ered. These reference configurations describe the low-lying
et al?® have performed ab initio based configuration interaction gycited states throughout the potential energy curve. Single and

(Cl) calculations for the wave functions, energies, and spec- goyple excitations are allowed from each of these reference
troscopic parameters of low-lying ele_ctromc states_of SiS. These configurations. As a result, a large number of configurations,
authors have also calculated theoretical perturbation parameterg, 1 six million, is generated for a given irreducible representa-

involving the A1 state. Recentl§; 2° ab initio based CI'  {jon, However, the configuration-selection and extrapolation
calculations on the low-lying excited states of isovalent mol- technique are used to reduce the size of the secular equation.
ecules such as GeS, GeSe, and GeTe have been performedne higher-order excitations with respect to the reference
These studies have also revealed spectroscopic features angdynfigurations are taken into consideration by using the David-
potential energy curves of excited states of these molecules. ¢, correctioff to the MRDCl-estimated extrapolated energies
The present paper deals with the computations of potential for each root. The configuration-selection threshold has been
energy curves and electronic spectrum of low-lying states of kept at 5uhartree throughout the calculations so that the largest
SiS by employing multireference singles and doubles config- dimension of the selected CI space does not exceed 50 000.
uration interaction (MRDCI) method, which includes relativistic The sum of the squares of coefficients of the reference
effective core potentials (RECP). Spinrbit interactions, which configurations for each root remains always above 0.90. The
allow the spin-forbidden transitions to occur, are studied | \wave functions and estimated full-Cl energies of theS

extensively. The present calculations will take care of the gtates are used for the computation of spectroscopic constants
estimation of transition probabilities of dipole-allowed and spin- o transition properties of the SiS molecule.

forbidden transitions with a special reference to experimental
findings. Radiative lifetimes of many low-lying excited states
of SiS are also reported.

In the next step, the spirorbit coupling is introduced into
the calculations by employing the spinrbit operatorg* which
are compatible with RECP of Si and S. After the sparbit
interaction, theQ states are classified into1AA,, and B
representations of th@%u group. The B irreducible represen-

The RECP of both Si and S are taken from Pacios and tation is degenerate with;Bhence states belonging te Bre
Christianseff to describe the inner electrons of the atoms. In not computed. The\-S ClI wave functions are taken as basis
other words, the 38p? electrons of Si and 338p* electrons of for the spin-orbit CI calculations. The estimated full-Cl energies
S have been kept in the valence space, whereas the remainingn the A-S calculations are placed in the diagonals of the
inner electrons are substituted with the effective potentials, Hamiltonian matrix, while the off-diagonal elements are cal-
which reduce the number of active electrons to 10. The (4s4p) culated from the RECP-based spiorbit operators ané-S Cl
primitive Gaussian basis sétof Si are augmented with a set wave functions. All 18A-S states, which correlate with the
of d polarization functior® with an exponent of 0.38,°2 A SiCPy) + SEPy limit, are included in the spinorbit CI

Il. Details of the Computations

second set of semidiffuse d-type Gaussian functfowith an treatment. The sizes of three secular blocksAy, and B are
exponent of 0.0, 2 is also added in the basis set of Si. An 51, 50, and 51, respectively. In the two-step procedure for the
additional set of semidiffuse p functiofg® (&, = 0.027a,72) inclusion of the spirorbit interaction, the resulting wave

is included for the better description of 3p orbitals of Si. Thus, functions ofQ2 states can be easily analyzed in terms of different
the final basis set for Si becomes (4s5p2d). For the sulfur atom, A-S eigenfunctions. Spectroscopic constants of heth as well

the basis set of Pacios and Christiaféénextended by adding  asQ states are estimated by fitting the potential energy curves
two-member d polarization functions of the exponents 0.66 and of all bound low-lying states of SiS. Using the fitted potentials,
0.18 ap~2, which are optimized by Lingott et &?.for the 3P nuclear Schidinger equations are solved numerically to obtain
state of S at the Cl level. A set of f functions with an exponent vibrational energies and wave functions. Subsequently, transition
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dipole moments for the pair of vibrational functions involved a 80000
in a particular transition are computed. The spontaneous ]
emission coefficients and transition probabilities are calculated 70000 -
in the following way. ]
The Einstein spontaneous emission coefficiéts (in s™1) 60000 -

between vibrational levelg/() of the upper state and vibrational
levels ¢'") of the lower electronic state are written as

50000 -
SiC'P)+SCP,)

_ 0 3 ]
A = Geel2.1419x 10(AE)’S, ] 400001
5

where & 30000

Sy = |@u"(r)Re’é’(r)XU’(r)m2 20000
and AE is the transition energy value in a.8,, is obtained 10000 4
from a polynomial fit to the set of data for the electronic
transition momenRee and vibrational wave functiong,(r) 0
generated for the respective pairs of electronic stité8.The X'’
term gee is the degeneracy factor. The radiative lifetime of a 2 3 4 5 6 7 8 9 10 1 12
given vibrational level {') of the upper electronic state is r/a

obtained from (IZ,/A, ).

b 80000

lll. Potential Energy Curves and Spectroscopic Constants
of A-S States 700004

Parts a-c of Figure 1 show the computed potential energy
curves of the low-lying singlet, triplet, and quintAtS states
of the SiS molecule from the MRDCI treatment using the spin-
independent Hamiltonian. The lowest dissociation limit
Si(3p%%Py) + S(3p,3Py) of SiS correlates with eighteef-S
states of singlet, triplet, and quintet spin multiplicities. The
interaction of the excited Si(38Dg) atom with the ground-
state S atom generates only nine triplet states. The experimental :
relative energy (averaged over j) of tHa, state of Si is about 10
6125 cnt! as compared with the value of 8081 chealculated 200004
at the A-S level. The dissociation correlations between the :
atomic andA-S states of SiS are shown in Table 1. In the present 10000
computations, we are mainly concerned with thds& states
that correlate with the lowest dissociation limit of the molecule. 0
However, some other high-lying states are also reported. i -
Spectroscopic constants,(we, andTe) of severalA-S states 2 3 4 5 6 7 8 9 10 11 12
up to 8 eV are given in Table 2. The ground statéXX of
SiS has the shortest equilibrium bond lengtfe 1.957 A (3.7 € 50000
ap)] of all A-S states computed here. The calculated ground-
state bond length is larger than the value estimated from the
rotational analysis of the II—X!=" band system by about
0.028 A. A discrepancy of a similar magnitude has been noted
for the ground state of the isovalent GeS molecule calculated
at the same level The vibrational frequency of the ground
state at. is calculated to be 733 cmh, which agrees well with
the observed value of 749.64 ci Earlier calculations using
the same MRDCI method suggest that the discrepancy is within
the accuracy of the CI treatment under the effective core
potential approximation. The limited SEFI calculations of 30000 4
Robbe et af° have estimated the. value of 795 cm? for the ]
ground state of SiS. The ground staterats not represented 20000
by a single configuration. The dominant closed-shell configu- ]
ration ..0%0*20'2n%(c2 = 0.74) is mixed with a singly excited 10000
(@ — *) configuration such as a?0*2%0'2737* having ¢ = ;
0.12. Analyzing the SCF-MOs at the ground-state geometry of 0 i
the molecule, it is found that and ¢* are strongly bonding A L s S s S
and antibonding MOs, comprising s(pi) and s, gS) atomic r/a,
orbitals, respectively. Third-orbital, which is denoted here as  Figyre 1. (a) Potential energy curves of low-lying singl&tS states
o', is bonding with respect to prbitals of Si and S atoms,  of SiS. (b) Potential energy curves of low-lying triplatS states of
while 7 ands* MOs are, respectively bonding and antibonding  SiS. (c) Potential energy curves of low-lying quintetS states of SiS.
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TABLE 1: Correlation between the Atomic and A-S States
of SIS

atomic states ~ "€lative energy/cmt

A-S states (Si+9) expt calc
131(2), =7, T1(2), 1A, BP)®Py + (3p)%P; O 0
331(2), %27, *T1(2), °A,

52*(2), 527, ST1(2), °A
32, 857(2), °I1(3), °A(2), (3P)'Dg + (3p*°Py 6125 8081

3P
aReference 41.

TABLE 2: Spectroscopic Constants of theA-S States of SiS

TJem™t rodA wdem !
state calc expt calc expt calc expt
X=t 0 0 1.957 1.929 733  749.64°

795

&zt 23518 24 589 2.195 504 5038
(24 160¥ (580¥

d*A 26502 27 2338 2220 2.169° 480 487.3
(27 460y 27 268 (525F 477.82

b1 27378 27 314%  2.026 604 6197
(29 100y 27 407.9 (530y 624.3

Cx~ 28235 29072 2.254 2197 467 463
(29 360y 28972.8 (480F 465.8

ex- 28420 29162 2242 2192 462 464.4
(29 540y 29112 (490F 463.03

DA 28532 28 919 2262 2.19% 445 470.%
(29 7405 28906 (470F 462.4P

ATl 35385 35026.84 2.112 2.059 485 513.17
(38070y 35026.69 (510F 506.04

EZ*t 41383 419158 2.286 2.259 418 405.8
(48 000¥ (330F

ST 44 870 2.342 283

52t 45225 2.904 168

3=t 53328 2.805 282

41>t 64288 1.973 686

aReference 6° Reference 12 Reference 18 Reference 14¢ Ref-
erence 15 Value is for the componentd;. ¢ Reference 16" Value
is for the3[1y component! Value is for the®I1; component.

combinations of py)(Si) and py)(S) atomic orbitals. It MO,
the contribution of Ry (S) is large, while the atomic orbital
Pxy)(Si) dominates in ther* MO. The computed transition
energy of the first excited state3&) is 23 518 cm?, which
is underestimated by about 1000 cmAfter examining the
spectra of the chemiluminescent flame consisting of e a
XIZ* band system, Lintort has observed the®a" state at
24 582.1+ 1.3 with we = 503.8+ 1.0 cntl. The calculated
we Of the &=* state matches almost exactly with the observed
value. On the other hand, the small-scale SCIF calculations
of Robbe et af° show a better agreement @f of the &="

Chattopadhyaya et al.

which is denoted as’d\, is lying 26 502 cm* above the ground
state. The spectroscopic studies of Harris éf aind Krishna-
murty et al'® suggest that the transition energy éAds in the
range 27 23327 268 cnl. The T, value computed here is also
smaller than the small-scale CI result of Robbe éf &n the
other hand, the MRDCI-estimatesk value of the dA state is
in excellent agreement with the observed value, whereas the
small-scale ClI of Robbe et & has reported a somewhat larger
we value. The computeds of the BA state is 2.22 A (4.2y)
as compared with the observed vafuef 2.169 A for the 8A;
component. The discrepancies figvalues are more or less
consistent throughout the calculations. The next triplet state of
the 3=~ symmetry is designated a3, which has the same
dominating ..o%0*20'%n37* (c? = 0.86) configuration as those
in =" and3A states. Potential energy curve and molecular
constants of the3&~ state are also known experimentaifin
Figure 1b, we have plotted the calculated potential energies of
the &~ state along with other low-lying triplets of SiS. The
computed transition energy of¥ is 28 420 cm!, which is
smaller than the observed data by about7080 cntl. It is
noted that the agreement between the observed and calculated
we values for the & state is reasonably good. The calculated
re of €=~ is found to be larger than the value estimated from
the perturbations in the AI-X1=" system by interactions with
low-lying states including &~.

Three singlets originating from the a%o*%¢'2737* config-
uration are denoted as'E", D'A, and EX*. The C=~ and
DA states are more strongly bound thaixE Both C'=~ and
DA states are represented predominantly bythe 7* excited
configuration withc? ~ 0.86, while the EX* state has only
36% contribution of the o20*20’%737* configuration. A closed-
shell configuration .z* (c? = 0.26) and a doubly excited
configuration such as z?7*? (c? = 0.11) also contribute
strongly in the representation of the>E state even at the
equilibrium bond length. Of these three singlets, onhEE
undergoes a strong transition to the ground state. There are
numerous experimental studies of theXband system. Figure
la shows a very smooth potential energy curve for the*E
state, which dissociates into the lowest asymptote. The state is
found to be comparatively weakly bound. The computed
transition energy of this state is 41 383 thas compared with
the observed value of 41 915.8 cin The MRDCI-estimated
we of EIZ* agrees very well with the observed value of 405.6
cm™L. As seen in Table 2, the small-scale CI calculations of
Robbe et af® have reported considerably large and small
we for the EZ* state. The calculated equilibrium bond length
of this state is 2.286 A (4.34,), which is about 0.027 A longer
than the experimental value reported by Harris ét @he CX~

state, while its vibrational frequency is overestimated by about and D'A states are found to be nearly degenerate, and their

76 cnTl. The &=" state of SiS is analogous t¢®E"of the

potential energy curves look alike (Figure 1a). Spectroscopic

isovalent CO molecule. There seems to be no experimental dateconstants of C and D states are also very similar in magnitude.

for re of the =" state to verify the MRDCl-estimated value of
2.195 A (4.15a0). However, we expect the observedwould
be lower than the calculated value by 0-@B05 A. The binding
energy of the molecule in the’&" state obtained from the
MRDCI treatment is found to be 2.94 eV. The-S8 bond in

Transitions from both &~ and D'A states to the ground state
are not allowed. However, with the inclusion of the sporbit
coupling, the BA;— X1y, transition would show some inten-
sity.

The BI1 state of SiS is found to be reasonably strongly bound

the &= state is found to be weaker than the ground-state bond. (binding energy~ 2.48 eV) withr, = 2.026 A (3.83ag) and

The compositions of Cl wave functions show that tPE'astate
is predominantly characterized by a singly excited—¢ 7*)
configuration.

Besides &, five other A-S states such a&~, SA, 1=t
13-, and!A are generated due to the— a* excitation. All
six states dissociate into the lowest asymptotéPgi(+ SCPy).
As seen from Table 2, the lowest state of fide symmetry,

we = 604 cnTl. No experimental, is available for comparison.
We may expect the observed- bond in the H1 state to be
shorter by 0.03-0.05 A. The computed transition enerly=

27 378 cm! for the PII state agrees well with the observed
values. The spin-forbidderPH—X1=" system has been identi-
fied by Linton* in the chemilumiscent emission from the
reaction of silicon atoms with carbon oxysulfide. Transition
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energies of HIo+ and BII; components are reported to be TABLE 3: Dissociation Relation betweenQ States and
27 314.5+ 2.2 and 27 407.9t 1.1 cnT?, respectively. The  Atomic States of Si3

assignment of the observed ultraviolefb-X=" band has Q states atomic states  expt energy/ém
made some doubt because the extrapolated position oftbe 0 0. 1,2 3P, + P, 0
band 811, Q@ = 1) reported by Bredohl et &f.is 29 865 cnl. 0%, 0(2), 1(3), 2(2), 3 P, + 3P, 77
The MRDCl-estimated vibrational frequency of th# bstate 0%(3),0(2),1(4), 2(3), 3(2),4 3P, + 3P, 223
is also in good agreement with the observed data of Likton. K 3Py + 3P, 397
The BPII state arises mainly due to the — z* excitation. 8:(2)’ 0. 1(2), 2 zg1+zgl g;i
However, two doubly excited configurations such as 0(2), 1(3), 2(2), 3 3P2 i 3Pi 520
..0%0* 0'%37*2 (2 = 0.12) and .¢%0* %0’ 737*2 (¢ = 0.06) are o1 3P, + 3P, 651

also important for the description of thélb state. It is noted 0*: 1,2 3P, + 3P 797
that theo’ MO is strongly bonding combinations of s(Si),
pASi), and p(S) atomic orbitals. The’ — x* transition makes

the Si-S bond in the #IT state weaker than the ground-state TABLE 4: Spectroscopic Constants of@Q States of SiS

bond. Transition probabiliies of both3H;—X%;. and state TJem rdA wdemt
b3o+—X1Z,. are also the subject of the present study. The
b3IT—X1=* transition may be compared with the spin-forbidden

aReference 41.

X1z3 0 1.957 730

¥
Cameron bands of the isovalent CO. a32}r ;2 32‘21 2'132 ggi
The same’ — 7r* excitation generates the singlet counterpart ZZiO* 26 308 2'220 482
of 3I1. The state is designated as3IAin accordance with the r '
: P . ®A, 26 430 2.221 478
observed ultraviolet band of the!H—X!=* system of SiS.
- . . d®*A; 26 553 2.219 485
Originally, this band has been assigned by Barrow and co- b3
A i . o+ 27 180 2.027 590
worker$ 6 as DHI—-XXt, and later on it has been renamed as b, 27 205 2030 594
the A—X system. The rotational structure of the-X system b31‘1(1) 27304 2'030 588
shows perturbations of thelN state by several other states b1, 27 407 2:027 591

such as’>~, 13, 3A, and!A. The computed transition energy cix, 28 195 2 254 460
of the AT state Te = 35 385 cnT?) is in excellent agreement

) n 28 400 2.242 462
with the observed A X band around 35 026 cm. The small- 9321
. 5 . e, 28 407 2.244 457
scale ClI calculations of Robbe et%lhave overestimated, Din 28 563 2 262 446
by 3000 cnTt. The A—X transition is expected to be quite strong P :
: 1 Al 35333 2.114 484
as observed. The MRDCI-estimatecandw, of AT are 2.112 ot
A (3.99 d 1 . : . Eisg, 41 359 2.284 418
(3.994p) and 485 cm?, respectively. The rotational analysis 511 44671 2 935 o
of the A—X band estimates. = 2.059 A for the AII state. 5H3 44,764 2341 281
The we value is underestimated in the present calculations by 5H2 44 897 2'342 276
28 cnTl, Figure 1la shows a smooth potential energy curve of 51‘[1+ 44939 2'345 276
the AT state, which dissociates into the lowest asymptote. SHE— 44 949 2'3 43 276

Potential energy curves of the high-lying singlets such as S[1, 45 075 2362 257
3=+, 413F, 213~ and 2A are shown in Figure l1a. A broad
minimum around 5.3@g in the potential curve of the!X" state
has appeared due to an avoided crossing. This is confirmed b
analyzing compositions of Cl wave functions 0fE and 3=*

states at different bond distances. It has been noted thatite E . . .
state at a longer bond length (say> 6.0 a) is represented minimum has appeared in the potential energy curve of e 3

mainly by ..z27*2, which is the dominant configuration of the state around 4.%. An avoided crossing in the same curve is
313+ state at a shorter bond length. The compositionsiare ~ @lso noted around 5.&.

and 3=*, therefore, interchange at longer bond distances of  Dissociation energies of many silicon compounds have been
the potential energy curves. The potential curve of the*4 derived from long extrapolations of the vibrational levels. The
state has shown an avoided crossing_ aroun%l._ét the bond ground-state dissociation energyJf 285i82S obtained from
Ielng+th of 1.973 A (3.73x), thlere exists a minimum for the 5 short extrapolation of the vibrational levels of the E state
42" state withwe = 686 cn* and Te = 64288 cmi™. This — qqming its dissociation inf®, + 3P is reported to be 6.42
state may have some Rydberg character. The SPECIroscopit,,, 58,40 The dissociation energyDg) estimated in the present

; N . :
properties of the ¥ state as estimated in the present . Cl calculations is about 5.85 eV, which is an underestimation
calculations may not be considered very accurate, as the basis

sets do not include Rydberg functions adequately. The potential of the experimentally derived value. It may be noted that similar
curves of 25~ and 2A states are almost repulsive in nature discrepancies have been noted in all previous calculations using
Both 5IT and5=" states correlating with the lowest asymptote the present methodology. In a recent calculdfioon the

are very weakly bound (binding energy0.22 eV). TheoIl state @sovalelrt Gﬁ S thIecgle’ thz co:npukt)ed ground-smwhalue
is represented by a doubly excited configuration such as 'S SM& er than the observed value y G'J‘BBSA' ev. TheD.
.0'm3*2 (2 = 0.80), while the lower-lyingSs* state is values of the AIT and EX" states of SiS estimated from the

characterized by another dominant configuratianz2r*2 (c2 extrapolation of the vibrational levels have yielded 2.3 and 1.2
= 0.77). Transition energies of these two quintets are estimatedeV, respectively. The MRDCl-estimated dissociation energies
to be around 45 000 cm. The equilibrium bond length of SiS  of these two states are substantially low (1.45 and 0.72 eV,
in the °IT state is calculated to be 2.342 A (4.49, whereas respectively). Such a discrepancy is probably due to the use of
for the®S+ statere = 2.904 A (5.4%u). All other quintet states,  the effective core potential approximation and inadequate basis

namely,5=~, 255, A, and 211, correlating with the S#Pg) +
yS@Pg) limit are repulsive (see Figure 1c). There is an avoided
crossing between the curves &~ and 25X~ near 4.5a,. A
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Figure 2. (a) Potential energy curves of low-lying Gtates of SiS. (b) Potential energy curves of low-lyingsates of SiS. (c) Potential energy
curves of low-lying 1 and 3 states of SiS (curves with dashed lines ar@ fer3). (d) Potential energy curves of low-lying 2 states of SiS.

sets. However, for confirmation, one needs to carry out all

2a—d. The estimated spectroscopic constants of22tates

electron calculations, which are beyond the scope of the presenwithin 45 000 cn!are displayed in Table 4. The ground-state

work.

IV. Spectroscopic Properties and Potential Energy
Curves of Q States

The spin-orbit interaction is introduced in the second step
of calculations through the spirorbit operators for both Si and
S as derived from RECP by Pacios and Christiarféexil 18
A-S states, which correlate with the lowest dissociation limit
(SiCPy) + SEPy)), are allowed to interact through the spin
orbit coupling. Table 3 displays the correlation@fstates with
the atomic states at the dissociation limit along with their
observed relative energies. There are(hb8tates of 0, 07, 1,

2, 3, and 4 symmetries, which split into closely spaced nine
asymptotes within 800 cm only. The computed potential
energy curves of some of theSk states are drawn in Figure

component (XZOJZ) is not perturbed by the spirorbit cou-
pling. Figure 2a reveals that there are no nearbg@mponents

in the Franck-Condon region for interactions with the ground
state. As shown in Table 3, there are @ = 0" states
correlating with seven dissociation limits. We have shown only
five low-lying curves of 0 states in Figure 2a. Other @urves
are mostly repulsive in nature. Two components, () of the
a’>t state are separated only by 18 ©m The present
calculations suggest that thé&%a component is lower thar®a
S, It may be mentioned here that th&Sa component is
important from the experimental point of view as th&a—
X1=*+ band has been observed in the region-3660 nm from
the chemiluminescent flame spectra of the SiS molecule. The
a3ZI—XlZSZ transition is supposed to take place with some
intensity. Three components of théAd state split in the
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increasing order of energ$As < A, < SA;. Spectroscopic
properties of these components remain almost unchanged.
However, théA, component interacts with\, to a small extent.
Four components of the?d state split in a regular order, and
the largest splitting among the components of this state is
computed to be 227 crd only. We have fitted the diabatic
curves of each component for the estimation of spectroscopic
parameters. Experimentally, théIh—X=" band has been
observed in the chemiluminescent flame spectra. The observed
transition energies of ¥lp+ and I¥II; components for their
transitions to X5, are 27 314.5+ 2.2 and 27 407.9+ 1.1
cm1, respectively, in good agreement with the values computed
here (see Table 4). Transition properties of batHp—X1Z;,
and BIT;—X13y, transitions are discussed in the next section.
In general, potential energy curves in Figure 2a-d show
several sharp avoided crossings with the curves of nearby
components of the same symmetry. ThéSC and DA,
components are not much perturbed due to the -spihit
coupling. The spir-orbit splitting between the components of
€32 is calculated to be negligibly small. Both curves éEg
and 6%, components undergo avoided crossings mear4.2
ao. Although the spir-orbit coupling is very weak, both the
components of &~ should undergo allowed-transitions to the
ground state around 28 400 ck The computed transition
energy of the AIT; component at the equilibrium bond length
is 35333 cml. The Alﬂl—XlZg+ band system has been
experimentally studied by several authors, and the transition is
expected to be very strong. In the Franckondon region of
the A1, curve, there is no mixing with any other component
of the same symmetry. The potential energy curve and
spectroscopic constants of th@é component do not change
significantly due to the spinorbit interaction (see Figure 2a
and Table 4). We have also estimated the spectroscopic
properties of six components I, which has a very shallow
potential well. The components split in the inverted energetic
order such as 3, 2, 1,007, 1. The largest spinorbit splitting
is found to be only 400 cnt. None of these components is
strongly bound, and transitions from any of these components
of 51 are, therefore, difficult to observe.

V. Transition Dipole Moments and Radiative Lifetimes

At the A-S level, AI1, EIX*, 3=, and 4= states undergo
symmetry-allowed transitions to the ground state. Of these, the
high-lying 3'=* and 4=" states are not considered to be very
accurate. Therefore, we have focused on transition dipole
moments of AII-X!Z* and BEXt—XIZ* transitions using
MRDCI energies and wave functions. Transition probabilities
of some other singletsinglet transitions, such astA—C1>-,
AI-D!A, and EZ"—AI, and triplet-triplet transitions, such
as BII—a%=", e~ —b3l1, and BI1—d®A, are computed in the
present study. Transition dipole moments of these transitions
as a function of the bond distance are plotted in Figure 3a. It is
noted that transition moments of the—K transition are
comparatively much larger in magnitude than those of other
transitions. As for example, in the Franc€ondon region,
transition-moment values of-EX are at least 4 times larger
than those of the AX transition. The transition-moment curve
of the E-X transition shows a maximum in the FrareEondon
region, while for the A-X transition, the curve is monotonically
decreasing with the bond length. For other transitions, the
calculated transition moments are found to be considerably

Transition Dipole Moment / a.u.

Transition Dipole Moment / a.u.

Transition Dipole Moment / a.u.
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Figure 3. (a) Transition-moment functions of eight transitions involv-
ing A-S states. (b) Transition-moment functions of five transitions

small. Therefore, H1—-aX", X" —b°I], and 6H—d§A transi-  jnyolving spin components of singlet states. (c) Transition-moment
tions are expected to be weak. The estimated radiative lifetime functions of spin-forbidden transitions involving spin components of

of the 3=~ state atv' = 0 is only 0.65 s, while for the 31 triplets and singlets.
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TABLE 5: Radiative Lifetime(s) of Low-Lying A-S States of TABLE 6: Radiative Lifetimes(s) of Low-Lying Spin —Orbit

SiS at the Lowest Three Vibrational Level§ States of SiS at the Lowest Three Vibrational Leveks
lifetime of the upper state  {qta] lifetime of the lifetime of the upper state total lifetime
transition v'=0 V' = ' =2 upperstateat' =0 transition V=0 ) =1 v =2 aty’' =0

E112+—X112: 1.01(8) 1.25(8) 1.32(8) T(E112+) = 1.01 8) ElZ&—XQ& 1.02(-8) 1.25(8) 1.33(-8) T(E12g+) =1.0268)

AUI-XISt 1.04(7) 1.04(7) 1.0567) z(AYI) =1.04 (-7) . st 1037) L03T) 10567

€ b 6.46 (1) 5.63(2) 151(2) 7(e3x)=646(1)  ATh—XZ 1.03(7) 1.03¢7) 1.05¢7)

PII-a8St  1.45(3) 7.60 4) 5.39 (-4) AIl;—-C13, 7.65(=5) 7.28(-5) 6.65(-5)

PII-dPA  1.97 6.01¢2) 1.25(2) t(b’ll)=1.45(-3) AUL,—D'A, 1.07(-4) 9.96(4) 9.15(5) 7(Ally) = 1.03(-7)
avalues in parentheses are the powers to base 10. &5, X%, 9.52(-4) 6.94C4) 8.04C4) ¢(e%%,) = 9.52(-4)

e —X13;. 8.78(=3) 8.33(-3) 4.17(3) (e’%;) =8.78(-3)
state, the value is 1.45 ms. The radiative lifetimes of the excited b*[lo+—X13;. 6.77(-4) 7.73(4) 9.54(-4)
AMI and BX" states at the lowest three vibrational levels are bIlg+—a="1 2.63(-3) 1.49¢3) 1.19¢3) t(b’[lo+) = 5.38(-4)
shown in Table 5. The £X transition is found to be at least  bIL,—X!=;, 7.08(-4) 9.11¢-4) 8.86(-4) t(b’I1,) = 7.08(-4)
10 times stronger than the-AX transition. The EX* state is A —X1Z), 1.28(-3) 2.35¢3) 1.15¢3) 7(d*A;) =1.28(-3)
found to be short-lived withr = 10.1 ns at’ = 0, while the @xh—Xiy, 7.19¢(-3) 8.25¢-3) 7.34(3) r(af%)) =7.19(-3)
lifetime of A1 at the lowest vibrational level is about 100 ns.

As mentioned before, spin-forbidden transitions such®Bs-b

XTx" and &7 —X'Z" have been observed in chemiluminiscent e a150 calculated in this study. The radiative lifetimes of these
flame spectra of the SiS molecule. We have computed transitionp,n4s are in the 566700 us range. There are other weak

probabilities of these transitions as well as several other transitions from the spin components of thdlbstate. The
transitions involving the singlet-state components. Figure 3b partial lifetime of the Bllo+—aX, transition is computed to be
shows the transition dipole moment curves of some of the 2.6 ms. The @\, component undergoes weak spin-forbidden

trzmsﬂ;gns mv;ai\r/]lng the fsprs%ré)lt c?mpo_?ents_of S'anIEt States,  yansition to the ground-state component. The radiative lifetime
whrle those of the spin-torbidden transitions INvolving COMpo- ¢ g component at’ = 0 is estimated to be 1.28 ms. The

Etle;s of triplet a:ld smgle(; states are sl,r:own.;.n Flgtur$h3c:|. The c_o_mputed _transition prqbability dat_a of th&%—leot tran-
o+ COMPONEN maylun ergasevera ransitions 1o the IoWer gjio predict the transition to be fairly weak, and the radiative

cgr’rjponents such as X‘; .6132 , Ay, b3H°+’+b3H1’ ef’Zm, lifetime of &% is only 7.19 ms.

eX;, and AII;. The transition moments of'Ej, —X'Z;, are

compqted to.b.e very large cgmpared with those of other VI. Conclusion

transitions originating from £&.. Although, the Franck

Condon overlap factor between the curves of E and X is small  Relativistic MRDCI calculations employing effective core

due to the shifted equilibrium bond lengths of these two states, potentials have predicted a large number of electronic states of

the i3, —X 137, transition has been found to be the strongest the silicon monosulfide molecule within 45 000 chof energy.

of all. Transition probabilities of other transitions fromg,, The computed spectroscopic properties of the ground state

especially to those involving triplet-state components are (X'Z*) and many low-lying excited states agree well with the

negligibly small. However, the computed transition moments Observed data. The calculated bond length of SiS in the ground

are comparatively large but a small energy gap and Franck Stateis 0.028 A longer than the experimental value of 1.929 A.

Condon overlap term make thé¥, —AIl; transition weak. Transition energies ofa*, A, C'37, e32‘,land_E2+ states
The estimated total lifetime of ;. at »' = 0 is computed to are underestimated by about 6aD00 cm*, while those of

o b%I1, DA, and AII are more agreeable with the observed
1 ’ ’
be 10.2 ns. Tran.sm.ons from E§++through other (.:ha.r?nels do values. The MRDCl-estimated equilibrium bond lengths of the
not change the lifetime of thelE;, component significantly.

The abrupt rise in the t it tatl bond lenath low-lying states of SiS are more or less consistently longer than
€ abruptrise in the transition moment at longer bond 1ENgINS v, o 5y 5jjaple experimental values by about 0.05 A. The largest
(r > 5.54ap) in curve | of Figure 3c is because of the increase

in th tributi FE in th i £ H1 discrepancy irre has been noted with the'R state. For the
In the contribution o In the composition of tio*. experimentally well-known E* state, the agreement between

~ The partial and total lifetimes of the "N, component  the computed and observed spectroscopic constants is reasonably
involving three transitions are reported in Table 6. THEIA- good. In general, the computed vibrational frequencies of all
X134, transition is reasonably strong, whiléA;~C'S, and the observed states are in excellent agreement with the
AL, —D'A; transitions are weak. However, there are other experimental values. The ground state is not purely represented
channels for decaying thelH; state through transitions to the by closed-shell configuration (z%), but a singly excited
lower components such as¥,, Az, bt o 12 and configuration (.z37*) contributes to a small extent. The overall
e32;0+. Our calculations show that transition dipole moments effects of the spirorbit coupling are not significantly large,

of all these spin-forbidden transitions are negligibly small. and hence the spectroscopic constants do not change much.
Therefore, these weak transitions do not change the overallPotential energy curves of sever@d states show avoided
lifetime of the AITT; component. At the lowest vibrational level,  crossings. The present calculations predict that b&fH EX1Z+

the total lifetime of A1, is estimated to be 10.3 ns. Both the and ATI—-X!Z* transitions are reasonably strong. The computed
components of & undergo spin-forbidden transitions to the transition probability data show that the former transition is at
ground-state component. The present calculations predict theleast 10 times stronger than the latter. The estimated radiative
e’3,,—X1Z, transition to be stronger thaf% —X1Z;,. The lifetimes of EX* and AT are about 10 and 104 ns, respectively.
partial lifetimes of &%, and é=; components are found to be ~ After the inclusion of the spirorbit coupling, the EZj,—

0.95 and 8.78 ms, respectively. Transition probabilities of the xlz; transition remains the strongest one. The spin-forbidden
analogous Cameron band, which corresponds to the spin-transitions such as®blo-—XZg, and BIT;—X13;, are found
forbidden transitions such a§Iﬂio+—X12§+ and t?Hl—XlZot, to be similar with the Cameron band of the isovalent CO. These

aValues in parentheses are the powers to the base 10.
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two transitions are also expected to be strong. The radiative

lifetimes of BPIly+ and BI1; at' = 0 are 0.677 and 0.708 ms,

J. Phys. Chem. A, Vol. 106, No. 5, 200241

(20) Robbe, J. M.; Lefebvre-Brion, H.; Gottscho, R.JAMol. Spectrosc.
1981, 85, 215.
(21) Dutta, A.; Chattopadhyaya, S.; Das, K. K.Phys. Chem2001,

respectively. Of several other spin-forbidden transitions, AL05 3232.

€3, X3, 3 —X135, PBA—X1Z,, and &% X,
should have notable intensities. The lifetimes of the upper
components of these systems are in the millisecond order.
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