J. Phys. Chem. R005,109, 72077215 7207

Electronic States of SnS and SnS A Configuration Interaction Study

Dipankar Giri and Kalyan Kumar Das*
Physical Chemistry Section, Department of Chemistry, JadaUniversity, Kolkata 700032, India
Receied: March 12, 2005; In Final Form: May 27, 2005

Ab initio based multireference configuration interaction calculations are carried out for SnS and its monopositive
ion using effective core potentials. Potential energy curves and spectroscopic constants of the low-lying states
of SnS and SnSare computed. The ground-state dissociation energies of the neutral and ionic species are
about 4.71 and 2.86 eV, respectively which compare well with the available thermochemical data. The effect
of d-electron correlation on the spectroscopic constants of a few low-lying states has been studied.-The spin
orbit interaction has also been included to investigate its effect on the spectroscopic properties of both SnS
and SnS. Dipole moment and transition moment curves are also constructed as a function of the bond length.
Transition probabilities of some dipole-allowed and spin-forbidden transitions are studied. Radiative lifetimes
of a few low-lying states are estimated. Th&E-XZ" transition of SnS is predicted to be the strongest
one. The components of the?&f,—X?I1y,, transition with parallel and perpendicular polarization are
separately analyzed. The vertical ionization energies of the ground-state SnS to the ground and low-lying
excited states of the monopositive ion are calculated.

I. Introduction fluorescence which is attributed to the spin-forbiddéhl-a
X1 transition. The reported transition energy of tRH atate

Thg oxides and sulfides of.group IV"are often used N of SnS is 18300 cri. The infrared spectra of some matrix-
chemical lasers. The electronic structure and spectroscopic.

properties of these molecules are the subject of many experi-'SOIated %erma”'”mv tln,_and Iezi(; (P:(ha_lll_ﬁonuljes are repﬂ@ng;d
mental and theoretical research for several years in thé Fast. a;gso nSan hmt;o.gen ”.‘ta‘(;"?es ﬁt i - hee ectror;]lc S?e d tu?r]]
The spectra of these molecules are comparable with those o charr;céevyizle(:tio:qs gfx tcvlvg |C;\rllv-(|:yiiglel;(r2iltr;?jsgtearlg§’SuaCSI’BEﬂ-O €
CO which is well-known in the literature. In the mid-1930s of (35+) with To = 18143.9 crmi* and ACHCIT) with Te = 22021.3

the 20th Century, several investigatibrnsof the absorption 1 Th N tended : tational | fth e turb d.b d
and emission spectra of the diatomic tin sulfide molecule had cm - he extended rolational analyses of the periurued bands

been carried out. Doudlas etsstudied high-resolution absorn- observed in the absorption spectrum enable the assignments of
: o 9 "9 . P* the Q0" and Q1 components of=~, andQ1 of °IT for SnS.
tion and emission spectra of SnS using tA&n isotope. A

; The observed’, values of CO(®Z~) and C1(3Z") are 22380
simplelTI-1=* band system was found between 4000 and 3300 b ) . .
A. The rotational and vibrational constants of the ground state and 224801 oY, respectively, while that dBQ1(I) is about .
. 23320 cnml. The observed spectrum has been found to be quite
of SnS are determined from these bands. Moreover, a band

system, which lies between 3300 and 2500 A, has been shownComplex n charaqer. AS a result, the assignments of many

to be alSt—IS* system. Barrow et &.have studied the observed progressions into the electronlg band systems have
. ' - . been made with difficulties and uncertainties.

absorption spectrum of SnS vapor in the ultraviolet and

Schumann region. The spectroscopically determined dissociation, In general, thg(_)retlcal stud|e_s .Of. tin chalconl_des_ are I|m_|ted
energy D%) of SnS is 111 6 kcal mol L. A much lower value in number. Ab initio based relativistic configuration interaction

D%(SNS)< 68.5 kcal mot has been predicted on the basis of (CI) calculations of the low-lying electrqnic states of SnO and
a supposed predissociatiort in the AMT—XIZ+ system. A SnS are performed by Balasubramanian and co-wotkéfs.

. ; ” ;
mass-spectrometric investigation of the vapor in equilibrium N_alr et a_l. have c_:alculated th_e potential énergy curves and
with solid SnS and PbS. and a mixture of SnS and PbS hasdlssomatlon energies of the oxides and sulfides of group IVA
been made by Collin an’d DrowdrtA value of D%(SnS)= elements for which sufficient spectroscopic data are available.

110 + 3.0 kcal moft has been reported and compared with Recently!®> a MRDCI study has been made on the electronic
the spectroscopically determined vafue spectrum of tin oxide. Dipole moments of the sulfides of Pb,

Yamdagni and Joshhave reinvestigated the visible absorp- Sb, and Sn have E%en calculated from the St_ark. effect measure-
tion spectrum of SnS. Two systems such asXBand C—X ments. Hoeft et al® havze reported the electric Q|pole moment
have been recognized. The absorption and fluorescence spectr8f the ground-staté’Si¥“S as 3.18&k 0.10 D, while the value

of SnS and SnO have been studied in the 1400 ct obtained by Narasimha and Clrlis about 3.38+ 0.07 D.
region in inert gas matrixést 20 K. It showed one clear and Nonrelativistic and relativistic high level correlated calculations

sharp absorption due to the¢I— XS+ system consisting of a have been carried out receriflyfor the determination of the

progression of vibrational bands. The transition energy of the dipole momer:)ts of the oxides and sulfide_s of lead and t_in.
DUIT state of SnS has been reported to be 28360%cihe Lafebvre et af% have calculated the electronic structures of tin

monochalconides (SnX; X O, S, Se, and Te) using density
functional pseudo-potential and tight binding theories.

* Corresponding author. E-mail: das_kalyank@yahoo.com or kkdas@ ~_Although the spectroscopy of the neutral oxides and sulfides
chemistry.jdvu.ac.in. of group IVA elements is well studied, the corresponding
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excitation of the D state for SnO and SnS has resulted a strong
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monopositive ions are less known. The photoelectron spectra(z#7r*2)3Z~ state of SnS and those of thex!)2=" state of SnS

of the isovalent CO molecule are, however, well-known in the are used as one-electron basis orbitals for the generation of
literature. A few decades ago, the vacuum UV photoelectron configurations in the CI calculations. It has been noted earlier

spectra of silicon and germanium monoxides have been recordedhat the3Z~ and2=" states of the isovalent SnO and SnO

in the gas phas®:2% The He | photoelectron spectra of the respectively are suitable choices for the SCF-MO calculations

ground state of the SnO molecule have been studied by Dykeas these will treat the, andsr, components in equal footing.

et al2* These spectra are found to be very similar to those of The eigenvalues and eigenfunctions in theaBd B representa-

CO. Two low-lying states such &+ and 21 of SnO" are tions are retained in their perfect symmetries so that there are
characterized, and two bands are observed in the ionizationno symmetry breaking solutions throughout the calculations. In
energy range 9:511.0 eV because of heating SnOThe the CI steps, the 48electrons of Sn are found to be localized

vibrational structure of the first band provides spectroscopic and they do not participate in the formation of low-lying
constants of the ¥1 state of SnO. Recently?® four ionization electronic states of both SnS and SnSherefore, only 10
energies of tin monoxide have been determined from the valence electrons for SnS and 9 for Sre8e allowed to excite
absorption spectrum in the range 26@D0 A. However, the for the construction of the configuration state functions. The
photoelectron spectrum of the ground-state SnS molecule is notMRDCI method of Buenker and co-workéts®” has been used
yet known. Theoretical calculations of Sh&re also lacking. throughout the calculations. The perturbative corrections and
Ab initio based MRDCI calculations of the low-lying states of energy extrapolation techniques are employed here. For each
the isovalent Sn® have been carried out recerfflyusing spatial and spin symmetry, a set of reference configurations is
relativistic effective core potentials. The potential energy curves chosen representing a particular low-lying state. The number
and spectroscopic parameters of the lowest few states areof reference configurations varies depending upon the spatial
reported. Transition probabilities of different components of the and spin symmetry. Singlet, triplet, and quintet states of SnS
A—X transition in the presence of the spiorbit coupling are and doublet and quartet states of Sn&e studied here. A
analyzed. maximum of eight roots in each symmetry is optimized. Within
In this work we have performed ab initio based MRDCI a chosen set of 166200 reference configurations, the number
calculations to study the structural and spectroscopic aspectsof generated configurations arising out of all single and double
of low-lying electronic states of SnS and Sh$cluding excitations becomes as large as 10 million. However, with the
relativistic effects and the spirorbit coupling. Some of the  choice of a configuration-selection threshdld= 3.0 uEy, the
important transitions are investigated. The nature of the dipole number of selected configurations reduces below 50000 for both
moment and transition dipole moment functions for both neutral the neutral and ionic species. The sums of the squares of the
and ionic species is also the subject of the present study. Thecoefficients of reference configurations for the lowest few roots
vertical ionization energies of the ground-state SnS are com-do not go below 0.90. Using the energy extrapolation method,
puted. The radiative lifetimes of some of the excited states areone gets an estimate of energy Tat= 0. The higher order

estimated. excitations are taken into account by the multireference analogue
of the Davidson correctioff The full-Cl energies of thé\—S
Il. Method of Computation states are thus estimated.

R . ) The effect of the spirorbit coupling has been determined
The relativistic effective core potentials (RECP) of both Sn fom 4 separate two-step variational calculations. In the spin-
and S atoms are used in the present calculations. For the heavief,cjuded Hamiltonian matrix. the diagonals are the full-Cl

Sn atom, the RECP of LaJohn ef&have been substituted for energies of theA—S ClI calculations, while the off-diagonals

the core electrons, while 4‘2552592 electrons_ remain in the 4 computed from the RECP based sponbit operators and
valence space. The RECP of Pacios and Christidfiseaused | wave functions. The Wigner-Eckart theorem is employed to
for the sulfur atom with the 33p* electrons in the valence space. compute the spirorbit matrix elements. The low-lying-states
The total numbers of active electrons to be treated in the CI belong to A, A,, and B representations for SnS, and to the

calculations are 20 for SnS, and 19 for SnShe starting degenerate £and E representations for Sf$n the Cy, double
primitive Gaussian basis functictiof Sn are (3s3p4d) without 4155 The spectroscopic constants are estimated from the
any contraction. These are compatible with the semicore RECP stential curves. The radiative lifetime of a given vibrational

mentioned above. These basis functions of Sn are augmenteqgye| can then be computed from the Einstein spontaneous
with d and f polarization functio8 (&4 = 0.08a,72 and s = emission coefficients.
0.20a,7?). A set of diffuse s functiongs = 0.015a,72) and p
functions ¢, = 0.012a,?) is added to make the final basis set
of the type (4s4p5d1f) for the Sn atom. The (4s4p) Gaussian
basis sets of the sulfur atom, taken from Pacios and Chris- A. SnS.The ground states of both Sn and S atoms belong to
tianser?® have been extended by adding two-member d- theS3P,state. The interaction between these two states generates
polarization functions of exponents 0.66 and 0a}8? which as many as 18 states of singlet, triplet, and quintet spin
are optimized by Lingott et &P for the 3P state of the sulfur  multiplicities. On the other hand, the first excited staf@y of
atom at the CI level. A set of f functions with exponent 0.9 Sn combines with the ground state of S to correlate with nine
a, 2, optimized by these authors from the CI calculations of triplets. Table 1 shows the difference between the relative
the 1D excited state of S, has also been included in the basis.energies of the lowest two dissociation limits of SnS. The
Therefore, the final basis set of S is of the type (4s4p2d1f). agreement between the computed data and the observed one
The molecule and its ion are kept along the axis with Sn from the atomic spectral stuéfyis found to be good. The
at the origin. The computations are carried out in g discrepancy is only within 100 cmd. Potential energy curves
symmetry. Using the above-mentioned ECP and basis sets, theof all 18 A—S states dissociating into the lowest asymptote Sn-
self-consistent field (SCF) calculations are carried out for a (°Py) + SCGPy) are shown in Figure 1.
particular low-lying state to generate optimized symmetry  Spectroscopic constants of 13 statesAofS symmetries
adapted molecular orbitals (MO). The SCF-MOs of the within 7 eV of energy are tabulated in Table 2. The ground

[ll. Spectroscopic Properties of Low-Lying A—S States
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TABLE 1: Molecular States of SnS and Their Correlation
with Atomic Limits
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TABLE 2: Spectroscopic Constants of Low-LyingA—S
States of SnS

relative energy/crmt state Tdem™ rdA wdcmt
atomic state Xzt 0 2.25(2.24 482 (483}
molecular state Sn+S expth calcd 2.209 487.26
15+(2), 15, T1(2), °A 3P, + P, 0 0 232 449
i Yo Al e G A 9T g Eong 18080 (16360) 2.53 (2.48) 305 (312}
2 (2. 27 @), A 21864 2,55 356
R CAE R O 18143.9 '
3
35+ 95-(2),°T(3),°A(2), @ D, + P, 5764 5848 A oloo(esa;p  2aslesy 3@
a Reference 39. 3 21190 2.52 322
25685 2.6Z 307
70000 A 21310 (20940) 2.53 (2.53) 318 (306}
= 21445 2.53 319
bI1 23120 (22160 2.35(2.37) 361 (345}
28658 2.4Z 37F
0008 DI 27720 (26780) 2.43 (2.46) 316 (341}
28336.8 2.3569 331.3%
3270F 2.48 371°
Elst 32450 (31930) 2.59 (2.50% 287 (342}
33037.0 294.2%
$0000 + 41238 2.6 336
2°11 37560 2.76 240
211 40130 2.80 238
31 50900 2.42 388
40000 - 31=F 56220 2.26 311
E @Numbers in parentheses refer to the 20-electron CI calculations.
= b Reference 9¢Reference 13¢ Energy refers to the observed state,
=] aQ1EzhH).u1
& 30000
=
"‘ electrons of Sn in the 4d orbital produce a lower transition
energy of 16360 cm'. The computed equilibrium bond length
20000 - and vibrational frequency of thé&" state are 2.53 A and 305
cm~1, respectively. The d-correlation is shown to reduce the
bond length of this state to 2.48 A, while thg value does not
change much. The present spectroscopic parameters of this state
10000 ~ are found to be improved over those of earlier calculatidns.
Like the oxide, the & state of SnS is characterized mainly
by a singly excitedr — 7* configuration. The state is strongly
bound with a binding energy of about 2.47 eV as calculated
i T T T T T from the MRDCI energies.
3 4 5 6 7 8 9

Figure 1. Potential energy curves of low-lying—S states of SnS.

state of SnS is X" comprising a dominant closed shell
configuration,o?7*. The MRDCI estimated bond length of the

Five other states, namelA, 1=, 1A, 32—, and EZ*, which
are dominated by the samér* configuration as that in%& ™,
are also bound. The calculations suggest that¥he!=", and
1A states are nearly degenerate. The computed transition energies
(Te) of these states lie in the range 213@1500 cnl. The
3A state is lying somewhat lower than these three states with a

ground state is 2.25 A, which is longer than the experimental transition energy of 20030 cri. The d-electron correlation
one by about 0.04 A. However, the present value is an improved reduces the transition energies of these states by about 350

one over the earlier calculated data. The inclusion of alf 4d

750 cntt. The computed bond lengths of these states except

electrons in the Cl calculations reduces the bond length by 0.01EX=* fall in the range 2.5%2.53 A. Although®A, 1=, 1A, and
A. The computed ground-state vibrational frequency of 482 ¢33~ states are not so important for transitions to the ground
cm~1 agrees very well with the experimentally determined value state, some of the spin components suclfas C3= ¢+, and
of 487.26 cm™. The d-correlation does not change the frequency C'3X~; may undergo weak spin-forbidden transitions to the

much. Thermochemicatlissociation energy of the ground-state

ground-state component {X*o+). Specifically, the3Z~g+1—

SnS is reported to be about 4.77 eV, which also compares well X1=*y+ transitions are expected to take place in the region
with the calculated value of 4.71 eV without considering the 21000-22000 cntl. The EX* state is, however, less strongly

spin—orbit coupling. However, the previous relativistic calcula-
tions!3 show a somewhat small@, value of 4.2 eV.

The first excited state of SnS is of théXa symmetry. In
the chemiluminescence of SnS, an excited st&d,(& ") with
Te = 18143.9 cm! has been reported by Greenwood et'al.
As seen in Table 2, the computed transition energy of he a
state without spirrorbit coupling is about 18080 cmh, which
compares well with the observed value. TH&?a state has
been detected only in the matrix spectra of tAEQ—X1= g+
system in fluorescenceThe ClI calculations involving all 10

bound with a MRDCI estimated binding energy of about 1.30
eV. This state is the second root of tHE" symmetry. The
computedT, of the state is close to 32450 cfnas compared
with the observedTyy of 33037 cml.’® The vibrational
frequency computed here agrees well with the experimentally
determinedwe value. The potential minimum of the state is
expected to be around 2.59 A, which is 0.34 A longer than that
of the ground state. However, the 20-electron CI calculations
reducer, of the EE=* state by 0.09 A. The potential energy
curve shows that there is a small barrier near the bond length
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TABLE 3: Molecular States of SnS" and Their Correlation 40000
with Atomic Limits

relative energy/cmt

atomic state

molecular state Snt+ S exptk calcd
23+, 237(2), 201(2), 2A, 2P, + 3P, 0 0
Azt 437(2),4T1(2), *A 30000

z54(2), 257, A1(3),2A(2),2d 2P, + D,  9106.7 10257

a Reference 39. T

of 3.45 A (~6.5a,). As a result of the avoided crossing with
the higher repulsive X" state, the E=* state dissociates into
the lowest limit S{Py) + SEPy). In the Franck-Condon region,
the z3z* configuration interacts predominantly with a closed
shellz* and a couple of excited configurations suchrds*2
andoo* 7.4 The EXT—X1Z* transition is expected to have a
stronger intensity.

The BT state of SnS is located just above the set of nearly 10000 +
degenerat&~ andA states. The computed transition energy of
the BPI1 state at equilibrium is around 23120 chwith re =
2.35 A andwe = 361 cntl. The BII-X=* spin-forbidden -
band is very similar to the Cameron band of CO. In fact,
Greenwood et all have investigated several bands from the

-

20000

Energy / cm

rotational analysis of the SnS molecule. The assignments of the 0
B1EII)—X=t and Ally*—X1=+ systems have been made TR D 0n ]
around 23320 and 22021 cf respectively. The Cl wave ria,

functions of the BII state are characterized mainly by*z*,
and in the Franck Condon region, it contributes more than 80%.
As a result of thes — 7* excitation, the Sr-S bond in the TABLE 4: Spectroscopic Constants of Low-Lying A—S
b3II state is weaker than that in the ground state. In earlier States of Sn$ 2

calculations? the spectroscopic parameters of this state are state Tdemt rdA wdem
overestimated as compared in Table 2.

Figure 2. Potential energy curves of low-lying—S states of SnS

. . . . . . . X211 0 2.41 (2.41) 375 (386)
The same singly excited conﬁgyrgnon QOmlnates inthe singlet  p2s+ 3880 (3335) 2.25 (2.26) 432 (423)
counterpart of the 311 state, and it is designated here a4ID 41 16060 2.96 191
The compositions of these two states are quite similar. The 2201 18830 3.10 178
D1-X!E* absorption system of SnS has been reported in the =" 20130 (19591) 2.63(2.69) 175 (169)
inert matrices withToo = 28923 cn1!. The same types of bands A 21480 291 s
- . . 311 27235 3.06 167
are known for other isovalent molecules such as GeO, SiO, SiS, B2+ 27770 244 195

SnO, etc. The computed transition enerdy) f the DT state
of SnS is smaller than the observed value by about 600t.cm
The equilibrium bond length of this state is calculated to be dissociation limit. Spectroscopic constants of sexerS states
longer than the experimentally determined value by 0.07 A, of SnS' are reported in Table 4. The ground-state symmetry of
while we is smaller only by 15 cm'. Spectroscopically, the  SnS- is X2[1. The computed. andwe values of XIT are 2.41
DT-X!Z* transition is expected to be strong. The estimation A and 375 cm?, respectively. These constants do not change
of the radiative lifetime for such transition shows the quantitative much when calculated with 19 electrons in the CI step. The
feature which is discussed in the later section. A few more ground-state bond of SHSs about 0.35 A longer than that of
excited states of SnS are also reported in Table 2. The potentialSnOf. The first excited state, &+ is located only 3880 crt

a2 Numbers in parentheses refer to 19-electron Cl calculations.

curves of higher states such as®® and 2IT are shallow. above the ground state. However, 19-electron ClI calculations
The third root of the'=" symmetry undergoes an avoided reduce the gap by 545 crth The equilibrium bond length of
crossing with a repulsive higher root near= 2.5 A. A very SnS in the A2S* state is shorter by 0.15 A, while the vibrational
sharp minimum in the’X" curve is located in the energy region  frequency at equilibrium is larger by about 60 ¢has compared

of 56220 cn with a shorter bond length of 2.26 A. to the ground-state parameters. The experimental photoelectron

B. SnS". The monopositive tin and neutral sulfur both in  spectrum of SnS is not clearly known. The?XX—X2I1
their ground states correlate with the lowest dissociation limit transition is expected to carry sufficient intensity. The quantita-
of the SnS ion. As shown in Table 3, there are six doublets tive aspect of this transition is discussed later on. The ground
and six quartets of£™, =7(2), I1(2), and A symmetries state of Sn$ is dominated by thes?73 configuration, while
correlating with the Sh(?P,) + SCPy) limit. Another set of nine the o — & transition generates the?A" state. Three weakly
excited doublet states of ShScorrelates with the second bound quartets such &H, “>*, and*A are low-lying (see Figure
dissociation limit SA(?P) + S(Dg). The computed energy  2). The computed transition energy“4l is about 16060 cmt
separation between the lowest two dissociation limits is larger atre = 2.96 A. The potential energy curve tf is very shallow
than the value obtained from the atomic spectral energy #vels with we = 75 cnt! only. However, none of these quartets is
by about 1000 cmt. Figure 2 shows the potential energy curves spectroscopically significant. The second root of thesym-
of all 12 electronic states, which correlate with the lowest metry has a very broad potential minimum around 18830%cm
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TABLE 5: Spectroscopic Constants ofQ States of SnS

state

composition ate

TJem™ rdA wdem? (% contribution)
X1Z g 0 2.25 481 X3+ (99)
PO 17710 253 306 &+ (90), €= (9)
(18143.9) (337.7%
aistye 17920 253 310 &+ (95), 13 (5)
A, 19350 252 316  3A(73),1A (27)
SA1 19380 2.53 315 A (99)
As 21000 253 309  3A(99)
1o 21410 252 321  13(94), &% (5)
C=+ 21485 2,53 319  33(98), BII (1)
(22380}
C3, 21900 253 319 33 (89), &' (10)
(22480}
Al 22268 235 360 B (57), 6= (41)
(22021.3)
1A, 22270 254 315 A (73),%A (27)
o-(ly 22730 242 413 B (57), 15 (41)
B1 23370 242 422 1 (83), €= (12)
(23320¥
T, 24420 2.40 427 1 (93)
DT, 28023 242 319 ET1 (96), BII (4)
(28360}
ElSte 32610 259 288 B+ (98)

aReference 11° Reference 9.

The computed equilibrium bond length o2 is 3.10 A with
we = 178 cnTl. The potential energy curve of theB" state
undergoes an avoided crossing. The fittedndwe of this state
are 2.44 A and 195 cr, respectively. The estimated transition
energy at equilibrium is about 27770 tin

The dissociation energie®§) of X1 and A>" states of

SnS" are 2.86 and 2.39 eV, respectively from nine-electron ClI
calculations. The d-electron correlation increases the dissociation

energies by about 0.15 eV.

IV. Spectroscopic Properties of Low-Lying Q States
A. SnS.All 18 A—S states of SnS are included in the spin

orbit coupling. In Figure 3, parts a and b, we have shown the

computed potential energy curves of nd 1 states, respec-
tively. Spectroscopic constants of 16 spurbit components
are reported in Table 5. The ground-state componehE ()
remains unchanged due to the sporbit coupling. The energy
separation between the Gnd 1 components o&" is only
210 cnt. The computed transition energy of th&a; —X = g+
transition is around 17710 crh which is somewhat smaller
thanTe = 18143.9 cm? observed fom1(Z") in the chemilu-
minescent flame spectrum of S&SThree components A
split in the energy ordeiA; ~ 3A, < 3A3. The largest splitting
is about 1650 cmt. The components 6&~, denoted as €& g+
and C3=~4, are separated by 400 cfn The extended rotational
analyses of the perturbed bands obselvéu the absorption
spectrum have made the assignments of thartd 1 compo-
nents offX~. The MRDClI-estimated transition energies of both
the spin-forbidden transitions,3E g+—X1=*g+ and C3Z—1—
X1=*¢+ are smaller than the observed values by-5900 cnt2,
There is a considerable amount of mixing betwéEiy+ and
337+ near the potential minimum &f1. The diabatic curve of
the third root of 0 is fitted and designated as3Hq+. The
estimatedre and we of the ATIg+ component are 2.35 A and
360 cntl, respectively. The computed transition energy of the
A3[1y+ component agrees well with the observieabf 22021.3
cm111 The 3I1; curve undergoes several avoided crossings
(Figure 3b) in the FranckCondon region. We have fitted this
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Figure 3. Potential energy curves of sorfestates of SnS for (a
=0"and (b)Q =1 and 3.

be 23370 cm®. Both ATly+—X=*¢+ and BE-X=*g+ transi-
tions of SnS are analogous to the strongest spin-forbidden
systems in CO, namely the Cameron bandI@x!="). The

Q = 2 component of’II also experiences avoided curve
crossings with the’A, and A, components. The transition

adiabatic curve and denoted the component as B1. The transitiorenergy offIl,~, estimated by fitting its adiabatic curve, is about

energy of the adiabatically fitted curve of BII) is found to

24420 cntl. However, this component is spectroscopically less
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TABLE 6: Spectroscopic Constants of@ States of SnS

composition ate
state

TJem®  rdA  wdem? (% contribution)
X 2[T37, 0 241 376 XII (98)
XAy 670 2.42 357 X1 (98)
AZSHy, 4260 227 503 A" (96), X1 (3)
Ty, 16190  2.99 170 I1(74), 211 (20)
s 17800 2.96 188 41 (99)

important. The BIT;—XXZ"y+ band system of SnS is observed
in the absorption spectrum. The computed transition energy of
DI, is 28023 cm® which is in good agreement with the
experimental value of 28360 crh The only spin component

of the excited=" state has a potential minimum around 2.59
A, and it remains almost as puréX in the Franck-Condon
region.

B. SnS". Parts a and b of Figure 4 show potential energy
curves of the low-lyingQ states arising from the spitorbit
interaction among 12 doublet and quartet states which correlate
with Sn*(?Py) + SEPy). The computed spirorbit splitting of
the ground state of SrASis about 670 cm!. Spectroscopic
constants of a few low-lyin§2 states are given in Table 6. The
ground-state component of Sh$ X;2[13, with almost the
same spectroscopic parameters as those of the spin-piife X
state. There is an avoided crossing (Figure 4a) between the
curves of %1y, and A2Z"1, components around 4.2,. It
has decreasedye of X1y, only marginally, while the
vibrational frequency of A=, is increased by about 70 crh
The transition energy of the &";,, component is computed
to be 4260 cm'. The 3/2 and 5/2 components Hifl are also
fitted for the estimation of the spectroscopic constants. The

energy gap between these two components is as large as 179C
cm L,

V. Dipole Moments, Transition Moments, and Radiative
Lifetimes

A. SnS.Dipole momentse) of nine low-lying states of SnS
atr. calculated from the MRDCI wave functions without spin
orbit coupling are given in Table 7. Figure 5 shows the dipole
moment functions of these states. All the dipole moment curves *.
have minima between 5 andag. These curves tend to zero
when the bond is elongated to a very large distance. The ground-
state dipole moment of SnS is estimated-&&13 D with the
Sn*S™ polarity. This is very much comparable with the
experimental value of-3.18+ 0.10 D obtained from the Stark-
effect measurements on the rotational transitions of SnS. The
CCSD(T) calculations of Kell@t all® have estimated a value
of —3.05 D. The absolute values of the dipole moments of other
excited states are smaller than the ground-state one, but with
the same direction of polarity. As expected, the SnS molecule
is less polar than the corresponding oxigg($nO)= —3.58
D].

Transition dipole moments of five transitions are also plotted
in Figure 5 as a function of the bond length. The transition-
moment curve for the E*—X=* transition shows a maximum
in the Franck-Condon region, while the transition moment of
the DMI—X!Z* transition decreases monotonically with the
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increase in the bond length. The transition-moment curves of Figure 4. Potential energy curves of sor@kstates of SnSfor (a) ©2

DII-1A, bIT—3A, and BIT—a3=" are slowly varying and the

=1, and (0)Q = ¥,

transition moment values are comparatively small. The nature tions aty’ = 0 are tabulated in Table 8. We have also displayed
of these transition moment curves of SnS is strikingly similar the effect of the spirrorbit coupling on those transitions in the
to those of SnO. In general, transition moment values of the same table. The lifetime of the'E" state of SnS is expectedly

EX+—XIZ* transition in the equilibrium region are quite large,

smaller (~18 ns) than the other excited states. ThgIDstate

which makes the transition more probable than others. The undergoes three possible transitions suchd$-EX1=*+, DI1—
computed partial radiative lifetimes for some important transi- 1=~, and DII—!A. The transition to the ground state is stronger
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TABLE 7: Dipole Moment (ue) of Some Low-Lying States
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TABLE 8: Radiative Lifetimes (s) for Some Transitions of

of SnS atre SnS aty' =0

state udD partial lifetime of
Xis+ 313 transition the upper state

(—3.18+ 0.1p ElZr—X1ZF 1.83(-8)

(—3.05y DII-XIzt 1.42(-7)

axt —1.06 DT~ 1.26(-4)

3A -0.72 DI-IA 1.55(-4)

13- —1.28 bPII—a%=" 3.98(-4)

A -1.18 bII—3A 4.86(-3)

3z —-1.12 ElZfor—X = tg+ 1.74(-8)

b3IT —2.30 DI;-X 2y 1.40(7)

D1 —-2.29 B1-XZtg+ 7.27(-6)

Elzt —3.04 Al — XISt o+ 7.07(-6)

35— Y 1S+ =
aReference 16° Reference 19. 8322,0;_))(( 1;5: 322&_23
Bt —X 1=+ 135(—3)

1.5

SnS

Transition (dipole) moment / ea,

-2.04

Figure 5. Dipole-moment curves of eight low-lying—S states of
SnS and transition-moment curves of five transitions invohAngtates

of SnS.

two. The predicted radiative lifetime of the'l state is about
142 ns. Both HITI—a®=" and BII—3A transitions are found to

a2 Numbers in parentheses refer to the power to the base 10.
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Figure 6. Dipole-moment curves of A1, AZZ*, 4=+, and“A states,
. ] S . and transition-moment curves of&—X2[1 and 2I[1—X21 transitions
and its partial radiative lifetime is much shorter than the other of SnS (Sn atom is at the origin of the coordinate system).

a’>t;—X1=t+ have been computed here. The partial radiative

be weak. The energy differences and transition moment valueslifetime for this transition is only 1.35 ms.
B. SnS". The dipole moment functions of the?K, AZ=",
are also small because of the larger differences in their “=*, and®A states of the ion are shown in Figure 6. The dipole

of these two transitions are small. The Frar€ondon factors

equilibrium bond lengths. The total radiative lifetime of tiglb

state is about 0.4 ms.

After the inclusion of the spinorbit coupling, the transition
probabilities of EX*g+—X1=Z"o+ and DI, —X1ZF4+ transitions

moment values shown in the curves are calculated by keeping
Sn at the origin of the Cartesian coordinate system. All the
curves are found to be smooth. The doublets of 'Sh&ve
minima, while the quartets show maxima in their dipole moment

do not change much, hence the changes in the radiative lifetimescurves. The: values, which are calculated by keeping the origin
for these transitions are insignificant. The lifetimes for some at the center of mass of ShSare listed in Table 9. The ground-

spin-forbidden transitions are also listed in Table 8. Both-B1
X1=to+ and ATlg—X1ZFg+ transitions are found to be signifi-
cant. The partial radiative lifetimes of B1 and®lAs+ are
computed to be aroundus at the lowest vibrational level. The
present calculations predict that th&X ;—X1="4+ transition

is weaker t~ 0.8 ms) than €& ¢+—X1=to+ (r ~ 8 us).
Transition probabilities for another spin-forbidden transition,

stateue of SNS" is about—1.30 D, while for the first excited
state (BX™), it is —2.09 D. The experimental values are not
yet known. The knowledge of the dipole moments of the
molecular ions may be useful for microwave spectroscopy.
Four low-lying transitions such as?&"—X?2I1, 22I1—X2I1,
BZT—X21, and B=T—AZ=" for SnS™ are reported here. In
Figure 6, transition dipole moments of&"—X2I1 and 2I1—
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TABLE 9: Dipole Moment (u¢) of a Few Low-Lying States TABLE 10: Radiative Lifetimes (s) for Some Transitions of
of SnS" at re SnStats =0
state udD? partial lifetime of
X1 ~130 transition the upper state
AZZ*T —2.09 AZZT—X2I1 6.40(—4)
2711 1.05 22[1—X2[1 1.19(-6)
1 1.61 B2St—X2I1 6.04(-7)
axt 0.59 BZZT—AZt 4.62(-6)
A 0.06 AZET = X2 5(0) 6.87(-4)
o AZZF 11— X A (D) 1.13(-3)
a Origin is at the center of mass. AZS = X ATyl 6.29(-3)
M~ X131 8.58(-6)

X211 are plotted as a function of The transition moment curve

for the A—X transition is monotonically decreasing, while the
other one for the Z1—X2I1 transition shows a maximum. Both TABLE 11: Vertical lonization Energies (ev) of SnS
the curves converge smoothly to zero at larg€he computed

aNumbers in parentheses refer to the power to the base 10.

transition moments of &"—X2[1 are larger than those of caleulated 1

B2=t—AZS* in the Franck-Condon region. As a result, the ionic state without d-electron with d-electron
partial lifetime of the former transition is shorter than the later X1 9.13 9.15

one. After the introduction of the spirorbit coupling, the AAZY 9.41 9.28
potential curve of the B*1,, component becomes complex in 21211_[ g;i 12.58

nature due to several avoided curve-crossings. However, both a5t 11.85 11.92
AZZH =X 215 and AZT1,—X %Iy, transitions are allowed an 1221 12.25

in the range 35084500 cntl. There are three transition 31 13.45

components arising out of theAX transition. Two components BZ=* 12.52

such as A-X; and A—X; have perpendicularfi) polarizations, significantly. Transition energie3{) of the excited bound states

while the A—X, transition component has a parallgl) ( are, however, reduced to some extent because of the d-
polarization. It is predicted here that the-{X>)p transition is correlation. At theA—S level, the EE*—X1Z+ and DTI-X1Z*
stronger than (A-Xy);, while the (A—X1)g transition is the transitions of SnS are stronger. The estimated partial lifetimes
strongest among them. At the lowest vibrational level, the partial of these two transitions are 18 and 142 ns, respectively. The
radiative lifetime for the (A-X{)p transition is about 0.7 ms.  spin—orbit coupling introduces several avoided curve crossings
The transition probabilities of a spin-forbidden transition such in the potential curves o states of SnS. The spin-forbidden
as“Tls2—X1%I132 have also been computed, and the radiative transitions such asat;—X1=ty+, C3S—gr—X1Z+g+, C327—

lifetime of 4T3, at o' = O is about 8us. X1=tor, ASllgr—X 1=+, and BE-X1ZF4+ have been computed
The vertical ionization energies (VIE) of the ground-state SnS and compared with the experimental results. TH& g —
to the ground and some low-lying excited states of Sag& X1Z*4+ transition remains the strongest of all. The ground-state

calculated from the differences in the estimated full Cl energies. dipole momente) of SnS is estimated to be3.13 D which
The calculations of both neutral and ionic species have beencompares well with the experimentally determined value of
carried out with the same set of basis functions and configu- —3.18+ 0.10 D. The ground and first excited states of SnS
ration-selection threshold. The ground-state equilibrium bond are X2IT and A=+, respectively. Their spectroscopic constants
length has been chosen at 4&5or the calculations of vertical ~ do not change much due to the d-correlation. On ionization,
ionization energies. For some of the states suchZik A2z, the ground-state SrS bond is enhanced by about 0.16 A, while
43+ 411, and“4A, the effect of d-correlation on the ionization the vibrational frequency is reduced by about 100 &nThe
energies has been estimated. From the 19-electron Cl calculaground-state dissociation energy of SriSabout 2.86 eV, while
tions, the VIEs of the ground state of SnS télKand A=* that of the neutral species is estimated to be 4.71 eV. Fag A
states of SnSare 9.15 and 9.28 eV, respectively, which are state of Sn$ has a shorter bond length and larger vibrational
comparatively smaller than the values reported for S#Ohe frequency than the ground-state values. Other excited quartets
ionization to the excited &+ state of Sn$requires 12.52 eV and doublets computed here are weakly bound. The-spinit
energy. Like the oxide ion, the Rl1;,—X2I13, transition is splitting between the two components oiTX of SnS' is found
extremely difficult to observe because the transition moment to be around 700 cni. Many of the excited 1/2 and 3/2
values in the FranckCondon region are only of the order of components of Sn'Spredissociate through various channels.
0.01 eg and the energy difference is less than 1000 &rithe The computed partial lifetimes of the AX1 and A-X;
calculated radiative lifetime for the <X transition is in the transitions with perpendicular polarization are somewhat shorter

range of 26-30 s only. than that of the A-X; transition with parallel polarization. The
total predicted lifetime of the A state is about 0.4 ms. The-X
VI. Summary X1 transition is very weak, and hence difficult to detect

experimentally. By keeping the origin at the center of mass,
Several low-lying electronic states of SnS and Srifave one can predict the dipole moment of the ground state of SnS

been computed by the ab initio based MRDCI calculations to be —1.30 D. Finally, the vertical ionization energy of the
which include RECP of both Sn and S atoms. The ground state ground-state SnS to the ground state of its ion is about 9.13
(X1=1) of SnS has a closed shell configuration, while the ground eV.
state (XII) of SnS" is dominated by an open shell configura-
tion, 0?73, The computed. of the ground state of SnS is Acknowledgment. We thank Prof. Dr. Robert J. Buenker,
overestimated by about 0.04 A, while the calculaigdhgrees Wuppertal, Germany, for making available the CI codes. The
well with the observed value. The inclusion of d electrons in financial support from CSIR, Govt. of India under the scheme
the CI steps does not alteyrandwe of the ground state of SnS  01(1759)/02/EMR-II is gratefully acknowledged.
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