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The electronic spectrum of GeS has been studied by using ab initio based multireference configuration
interaction calculations which include relativistic effective core potentials of Ge and S atoms. Potential-
energy curves of 27A-S states of GeS correlating with two dissociation limits have been computed.
Spectroscopic constants of bound states are computed and compared with some of the observed states such
as XIZ*, &=, b1, A1, and EZ". The ground state of GeS is composed of two dominant configurations:
..0%7* and ..0%737* with ro = 2.039 A andw. = 549 cnt?, which compare well with the observed values.

The ground-state dissociation energy of GeS is also estimated. The observed E state is assifftied to 2
Effects of the spirorbit coupling have been explored on 18S states all of which converge with the
lowest dissociation limitPy(Ge) + 3Py(S). Potential-energy curves of all 8D states arising from the spin

orbit interactions in thesA-S states are computed. Transition probabilities of some dipole-allowed transitions
are estimated. Transitions such &I —X'Z;. and BIT;—X3,. which are analogous to the Cameron
bands of the isovalent CO are investigated. The obser$Ef-a'3;, transition of GeS is also studied.
Radiative lifetimes of All,, E'3,., &%, b1y+, b3, and some other components are estimated.

I. Introduction spectra of GeS and GeSe have been measured in the frequency
_ ) range of 66-110 GHz with high precisioX Magat et al'? have
Experimental studies of molecules and clusters of group IV o5 rrieq out the rotational analysis of a few bands belonging to

vi atomsﬁhave been the Su@ed of research for the past seyeraJ[he A—X system by using the available ground-state rotational
decaded: % In recent year§;? there are many spectroscopic ;o ciants

investigations on the diatomics of silicon such as SiX=00O, . . - .
9 = Coppens et ai® have determined the dissociation energies

S, Se, and Te). These are mainly concerned with th¥ Bands )
in the ultraviolet and visible regions. The bands in the visible of the gaseous monosulfides such as GeS, Scs, YS, LaS, and

region are observed only in the emission. On the other hand,ceS by using amass spectrqmetgr. The disgpciation energy of
there are less amount of data available for the analogousthe E state denved.from.the V|brat|onall analysisfound to be
germanium compounds. The molecules formed by germanium 0-9 €V, and the dissociated product is &j(+ S_(3l3). The
and group VIB atoms are known to be good semiconductors asgrgund states of these moIecn_JIe_s converge W_'th_ Rop(+
well. At low temperature, superconductivity has been observed X(*P2) (X = O, S, Se, and Te) limits. The dissociation energy
for GeTe, though it is a semiconductor molecule. Barrow and ©f the ground state of GeS has been estimated to be 5.66
co-workeré~2 have studied ultraviolet absorption spectroscopy 0-13 €V. Marino et at! have studied infrared spectra of the
of a series of diatomic molecules such as GeO, GeS, GeSeymatnx-lsoIated germanium, tin, and lead chalconides. Funda-
and GeTe. These molecules have shown stroagbands in mental vibrational frequencies of these molecules have been
the UV region. Some weak bands of the typeEhave also reported in_a vapor, argon, an(_i RNatrix at low tempera@ure. _
been detected. The vibrational analyses of theXCsystem of The hyperfine structure and dipole moments of the diatomic
GeSe and GeTe have been carried out from the measurementglolecules of group I¥VI have been obtained from the Stark-
of the spectra emitted by the high-current positive-column €ffect measurement on the pure rotational transitisn'$. A
discharges.The ground states of these molecules are assignedStrong UV absorption corresponding to the lowest allowed
as X=*. The measurements suggest th40,0) of this band transition ATI-X1=" has been observed in the gas phase of
for GeS is around 32 889.5 cth The D-X band systems of ~ G€O, GeS, SnO, and SASIn the low-temperature matrix, only
these molecules have been reassigned&BA=+. Theoreti- solvent-induced phosphorescence, which is assigned télthe a
cal or experimental data regarding the transition probability of X'=* transition, is observed. This transition resembles the
the A—X transition and lifetime of the A1 state of GeS are  Cameron bands of the isovalent CO. However, at that time, this
not available as yet. Shapiro et8lhave found two band  transition had not been observed in the gas phase.Thstate
systems, namely, AI—X1=+ and EES*—X1*, in the region is populated by the matrix-induced intersystem crossing from
of 3358-2709 and 27822464 A, respectively. These bands the 'IT or !X states which are populated via an allowed
are vibrationally analyzed. However, the rotational analysis of absorption. Later on Lintdh had observed two new band
these bands was difficult because of the overlapping bands ofsystems in two different regions in a chemiluminescent flame
natural abundances of isotopomers of GeBne rotational ~ produced by the reaction G&¢ OCS — GeS + CO. The
previously known bands such aslA—X1=+ and BEXT—X1Z*

*To whom correspondence should be addressed. E-mail: kalyankd@ @r€ not present, whereas the new bands are assignéfilas b
hotmail.com X1Z+ and &&t—X1Z* in the regions 356400 and 426-650
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nm, respectively. It has been noted that these two excited statedl. Computational Details
of GeS are analogous to th&X" and &I1, states of CO. The
spectroscopic parameters of>a and BII states are also
reported in this experimental stud¥ylt has been suggested that
the BPII; component of GeS would radiate to the ground state
with significant intensity similar to Ge@.In the matrix isolation
studies at low temperature, Meyer and co-work&fshave
observed phosphorescence from the low-lying state of GeS
which has been assigned a3la The assignment of this
phosphorescence téla—X!=" has been based on the expecta-
tion that the energy of th&1 state would be lower than that of
°2". However, further studies on SiO, GeO, and GeS show that sulfur atom are augmented with a set of d functions of an

the phosphorescence originates from tAE astate?! exponent 0.65, so that the final basis set is of the type (4s4p1d).
More recently Balfour and Shefj/have observed a new 1o carry out CI calculations, one needs a set of optimized
group of bands in emission in the 56800 nm region, in  symmetry-adapted self-consistent-field molecular ~orbitals
addition to the known A-X and E-X ultraviolet bands. They  (SCF-MOs) as one-electron basis functions. For GeS, we have
have concluded that these new bands constitute the long-performed SCF calculations for thez3z*3A state with 20
wavelength component of thé E"—X*=* system of GeS. This  valence electrons at different internuclear distances of the
has been confirmed from the vibrational analysis of the potential-energy curves. Conventionally, we have placed the
ultraviolet and visible bands. The infrared Fourier transform molecule along th&-axis, and the entire calculations have been
emission spectrum of GeS at 900 K has been observed bycarried out in theCs, subgroup of the actudl., point group in
Uehara et a#* The vibration-rotational bands for different  which the molecule belongs. Although8alectrons are kept
isotopomers have been assigned between 520 and 605 cm in the valence space, the preliminary analyses of the symmetry-
Hassanzadeh and Andretvhave recently prepared GeO, GeS, adapted SCF-MOs at any bond length show that these d
and their mixed XGeY (X, ¥O, S) compounds from the electrons more or less remain localized on the d orbitals of the
reactions of atomic germanium with oxygen and sulfur in argon Ge atom. These 3€electrons of the Ge atom do not participate
matrices and characterized by the infrared absorption spectrosmuch in the formation of the GeS bond in the low-lying
copy. The fundamental frequencies of these products have beerexcited states of the molecule. These electrons are, therefore,
assigned. These authors have established that the bonds imot allowed to excite in the ClI steps. The MRDCI methods of
triatomic XGeX species are shorter than those in GeX mol- Buenker and co-workets 37 have been employed throughout
ecules. the calculations. The table-Cl algoritéfn3” has been used for
Theoretical calculations of these molecules are seldom the open-shell configurations. In this method, a set of main
attempted. Kppe and SchickePS have performed ab initio refere.nce conflguratlong are chosen for low-lying excited states
based HartreeFock (HF) calculations for the ground-state ©f @ given spin and spatial symmetry. For edcts symmetry,
geometries of GeX, GeY, and XGeY (X0, S) molecules. eight lowest roots are calculateo!. Slnglg and double excitations
Recently, Leszczygki and Kwiatkowskl? have also studied from these reference sets are being _carrleql out. These excitations
these molecules along with their heavier counterparts such asd€nerate a large number of configurations for a particular
GeSe, OGeSe, SGeSe, and SeGeSe at the HF and the secongYMMetry. A configuration-selection technique has been em-
order Mgller-Plesset perturbation theory (MP2) level. The ployed to reduce the size ghhe Secular equation. In a_ddmop,
molecular parameters, dipole moments, and rotational constantsme engrgyggz)(tr'apolatlon r_nethod along with the D_aw_dsons
of these molecules are predicted. Ogikiidas estimated the correctiong®39 gives an estimate of the full-Cl energies in the

electric dipolar moment and rotationglfactor of GeS from San}.e at?_mm Olrb";‘fil kia3|hs._ The_ threstholdthchOSEn tf(:qu the
the analysis of frequencies and wavenumbers of pure rotationalcONMguration-seiection technique isuhartree throughout the

and vibration-rotational spectra. In recent years, large scale calculations._ The Iar_gest selectgd Cl space has the dimension
ab initio based configuration interaction (CI) calculations on of 36 000. Singlet, trlp[et, anq quintet states up to 40 OOOJCT“
the ground and low-lying excited states of the isovalent of energy have been investigated. In the present calculations,

mleces such 5 GeSe and GeTe have been perdhres, e U, O e Stues o coefeens o e reerence
Using the available relativistic effective core potentials (RECPS) g Y S

and spir-orbit operators. one can investigate the Spectroscopic energies and wave functions are used for the calculations of
P P ’ 9 P P spectroscopic constants, potential-energy curves, and one-
features of these molecules more accurately.

) ) ) electron properties of the GeS molecule.
In this paper, we report computations of potential-energy e gpin-orbit operators which are compatible with the

curves and spectroscopic features of low-lying electronic stateSgecps of Ge and S are taken from Hurley etlaind Pacios

of GeS by using ab initio based multireference singles and ynq christianse®? respectively. The spin-independent Cl wave
doubles configuration interaction (MRDCI) method, including  f,nctions are multiplied with appropriate spin functions, which
the relativistic effects through effective core potentials. Spin  yransform asC,, irreducible representation. The diagonals of
orbit interaction has been taken into consideration extensively. i spin-included Hamiltonian matrix consist of full Cl energies
Transition probabilities of several dipole-allowed transitions are of the A-S CI calculations. The off-diagonal elements are
discussed. Of these, transitions such asITA-XIZj,, computed by the RECP-based sporbit operators and\-S
Bl — XISy, &%, —X13;,, bllo+—X1Z,, and BIT;—X13;, Cl wave functions. In the&3, group, A, Az, and B represen-

are of special interest with reference to their experimental tations consist of all spirorbit states in the calculations. The
findings. The computed radiative lifetimes of some excited states secular equations are, therefore, blocked into three sets. In the
such as AlTj, a32f, b3[y+, and BT1; are reported in a separate  present calculations, the sizes of the secular equations corre-
subsection. sponding to A, A, and B blocks are 46x 46, 45x 45, and

The computations have been carried out by using semi-core
RECPs of Ge and S as reported by Hurley et'ahnd Pacios
and Christianse? The 3d%sg4? electrons of Ge and 33p*
electrons of S have been kept in the valence space, whereas the
remaining electrons are substituted with the semi-core RECPs.
This will reduce the total number of active electrons for GeS
"to 20. The primitive Gaussian basis sets which are compatible
with the RECPs are used in the present calculations. For the
germanium atom, the basis sets of the type (3s3p4d) are taken
from Hurley et af! The (4s4p) Gaussian basis Sétsf the
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TABLE 1: Dissociation Correlation between the Molecular
and Atomic States of GeS in the Absence of SpinOrbit
Interaction

relative energy,

atomic states cm
A-S states Ge+S expt calcd
13+(2), 137, T1(2), 1A,
331(2), %7, *T1(2), °A,
53%(2), 527, °T1(2), 5A 3Py + 3Py 0 0
35, 327(2), 31(3), 2A(2), 3@ Dy + %Py 7125 8269

a Reference 41.
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Figure 1. Potential-energy curves of-S states of GeS.

46 x 46, respectively, on the basis of the number of roots in
the A-S treatment. Therefore, the inclusion of the spambit
interactions is done in a two-step variational method. The-spin
orbit Cl wave functions are finally analyzed in terms &fS
eigenfunctions. Spectroscopic features of sprbit states are

Dutta et al.

TABLE 2: Spectroscopic Constants ofA-S States of GeS

state Te, Tt re, A we, CMTL
Xzt 0 2.039 549
(2.012} (576)
(2.028% (578
(573.7; 577.6)
=t 20521 2.316 359
(22 500+ 200y (388.9+ 1)
(21 986.3+ 2.3¥
SA 23732 2.341 346
33~ 25076 2.358 334
- 25 487 2.372 326
1A 25702 2.379 315
b3I1 26 357 2.133 423
(27 192+ 1.8y (435.4+ 1.1y
ATl 32 960 2.233 341
(32 890y (3757
Bzt 38743 2.582 184
(38 885y (3107

aReference 182 Reference 27¢ Reference 199 Reference 21.

properties (e, we, and Te) of nine A-S bound states which are
lying within 5 eV of energy are reported in Table 2. The ground-
state symmetry of the GeS molecule i&X as expected. The
computedre and we of the ground state are 2.039 A and 549
cm™1, respectively. The values obtained from the vibrational
and rotational analyses of the observed sp&taee 2.012 A
and 575.8 cml, respectively. The vibrational frequencies of
the XI=* state as calculated from the observéda-X1=* and
bIT—-X1=* systems by Lintoft are 573.7 and 577.6 cth
respectively. The ground-state and w. of GeS, computed at
the MP2 level by LeszcZgki and Kwiatkowsk?” are 2.028 A
and 578 cm?, respectively. The discrepancies with our com-
puted values are well within the accuracy of the MRDCI method
under the effective core potential approximation. Although the
ground state is the lowe&E", it is not characterized by a pure
closed-shell configuration. The calculations reveal thag tte
ground state comprises two equally dominating configurations
..0%m* (¢2 = 0.67) and .a%737* (¢ = 0.22). The first excited
state of the3>+t symmetry is lying 20 521 cmit above the
ground state. The MRDCI-estimategandwe of this state are

obtained by fitting potential-energy curves of bound states and 3 316 A and 359 cmt, respectively. ThéS* state has been

solving the vibrational Schidinger equations numericatt} The

observed by Lintoff at 21 986.3+ 2.3 cntt, with we = 388.9

vibrational energies and wave functions are used for computing 4~ 1 g cprt. Accordingly, we designate this state &% awhich

electronic transition moments for the pair of vibrational functions

is analogous to the &+ state of CO. The computeld andwe

involved in a particular transition. Einstein spontaneous emission ,gjues are somewhat smaller than the observed values. The

coefficients and hence transition probabilities are calculated composition of the Cl wave functions shows that tREastate
subsequently. Finally, the radiative lifetimes of the excited states ;g predominantly .a2737* (c2 = 0.82). The Ge-S bond in &*

at different vibrational levels are estimated from transition
probability data.

Ill. Discussion of the Computed Results

Low-lying A-S states.The ground states of both Ge and S
atoms belong to théPy symmetry. Eighteem-S states of
singlet, triplet, and quintet spin multiplicities correlate with the
lowest dissociation limit Ge(44p?%; 3Pg) + S(383p%; 3Py). As
seen from Table 1, the interaction between'Gg(and S¢Pg)
states produces nin&-S triplet states of the GeS molecule.
The experimental relative energiésvhich are averaged over
are shown in Table 1. The calculated energy of the'Gg(+
SEPy) limit with respect to the lowest one is found to be 8269
cmt as compared with the observed value of 7125 &nin

is weaker than the ground-state bond. The single excitation
.t — ..a37*, which is responsible for the existence of the
a’>" state, also generates two triplets, namély, and3A, and
three singlets, such 88", 1=, and'A. The ground-state itself
has a 22% contribution of a2737*, and there exists no other
13+ state which can be purely described by this configuration.
Four other states, such &%\ and'3=~, originate mainly from

the ..7* — ..3%7* excitation. However, another open-shell
configuration . go* z87* contributes to a smaller extent for these
closely spaced\ -S states. One may note ti#at, 1>, and?!A
states are nearly degenerate, with transition energies lying in
the range of 25 00626 000 cmt. The Ge-S bonds in these
states are somewhat longer than the ground-state bond. Their
vibrational frequencies are found to be around 340%nvhich

the present study, we have mainly focused our attention on thoseis much smaller than the ground-state None of these\-S

states which converge with the lowest two dissociation limits.
Figure 1 shows the potential-energy curves of ali\2B states

states undergo symmetry-allowed transitions to the ground state.
However, in the presence of the spiorbit coupling, some

correlating with the lowest two asymptotes. Spectroscopic transitions are allowed.
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The 31 state of GeS is strongly bound, with = 2.133 A
andwe = 423 cnTl. The state is lying 26 357 cm above the
ground state, and aj, it is predominantly composed ofazm*

(c? = 0.75) and .ax87*? (c? = 0.12) configurations. The
characteristics of the SCF-MOs show thatis a strongly
bonding MO consisting of s and, ptomic orbitals of Ge and

S. The secong MO is antibonding involving g, atomic orbitals

of the constituent atoms. Therefoke,—~ z* excitation in the

SI1 state makes the G€S bond slightly weaker as compared
with the ground-state bond. Although the transition frérhto

the ground state is forbidden, the spiorbit components<

= 0" and 1) of3I1 would undergo allowed transitions. Some
important results are obtained from the extrapolation of the
observed phosphorescence spé8f%n various solid matrixes

at low temperature. Meyer et ¥20 have assigned the phos-
phorescence spectrum of GeS #la- X' with the expecta-
tion that the®IT state would be lower thafx ™. However, more
recent work! concludes that the phosphorescence takes place
from the &=" state, which is lower thafl1. The value ofTgo

of a8=" obtained from the phosphorescence data has been

estimated as 22 508 200 cnT?, and the gas-phase vati@as
been calculated as 21894 th Our calculations confirm
Linton’s?! conclusion that théX* state is lower than that of
3IT by about 5000 cmt. Accordingly, we have designated the
31 state as H1. It has been predicted that th&h, component
should radiate to the ground state with significant intensity.
Capelle and Bro? have explained a similar effect for GeO
on the basis of large spirorbit coupling in the®[1 state. The
calculatedT. andwe values of BIT are in good agreement with
the observed values of 27 192 1.8 and 435.4+ 1.1 cnt?,
respectively. Transition probabilities of both spin-forbidden
transitions such as®a"—X=* and BIT-X=* are the prime
objectives in the present work. Thellb—X1=" transition
corresponds to the spin-forbidden Cameron bands of the
isovalent CO. The present calculations show that there are two
states, namely2=+ and®A, between 20 000 and 24 000 cin

of energy. TheQ = 1 components of botB=" and 3A may
also radiate to the ground-state component.

The singlet counterpart 8fT is also generated from the same
single excitationo — z*. The 11 state is designated as the A
state in accordance with the observetllA~ X1=* transi-
tion.2310 The calculated transition energy ofl| is 32 960
cm™1, which is in excellent agreement with the observee)@
band around 32 890 crh The D—X band system as mentioned
by Barrow and co-workets® corresponds to same -AX
transition. The MRDCl-estimated andwe values of the AIl
state are 2.233 A and 341 ci respectively. Although the
experimentat, of the AT state is not yet known, the observed
we value is about 34 cmi larger than the calculated one (see
Table 2). Such an underestimation of the vibrational frequencies
is consistent throughout the calculation.

The excited=" state, which has been denoted as E, is weakly
bound. The shallow potential well contains only3vibrational
levels. The computed transition energy of th&E state is
38 743 cml, whereasr and we are 2.582 A and 184 cm,
respectively. The calculateok is, however, considerably small
compared with the experimental value of 310@ras derived
from the UV absorption spectra of the&X band system of
the moleculé! The E state is assigned to tHe" symmetry310
The EX*—X1=* band has been vibrationally analyzed. The
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TABLE 3: Dissociation Relation betweenQ States and
Atomic States of GeS with Spin-Orbit Coupling

atomic states relative energy,

Q state Ge+S cm ! expt

0t,1,2 3P, + 3P, 0
0,1 3Py + 3P, 397
0", 07(2), 1(3), 2(2), 3 3Py + 3P, 557
ot 3Py + 3P 574
07(2),07, 1(2), 2 3Py + 3P, 954

-, 1 3P, + 3Pg 1131
07(3),0°(2), 1(4), 2(3), 3(2), 4 3P, + 3P, 1410
0%,07(2), 1(3), 2(2), 3 3P, + 3P, 1807
0%,1,2 3P, + 3P 1984

a Reference 41.

configuration. Several other configurations contribute signifi-
cantly to the EX* state. The closed-shell configurationz?..
has a 26% contribution to the composition of th&:E state.
Excited triplets such as®Pl, 3%I1, 3A etc. are mostly repulsive
in nature. All six quintet states such &+, 25+, 53, 511,
2°T1, and®A correlating with the’Py + 3P limit are repulsive.

Mass spectrometric stutf/has determined the ground-state
dissociation energy of GeS as 5.660.13 eV using thermo-
chemical data. The present MRDCI calculations predict the
value as 4.95 eV, which is somewhat smaller than the
experimentally derived value. The underestimation of the
dissociation energy has been noted in all previous calculations
using the present methodology. In similar calculations on GeSe
and GeTe the computddk values are about 0:3.4 eV smaller
than the observed dat&3° A part of the discrepancy is due to
the RECP approximation. However, some improvement is also
expected if 3¢ electrons of Ge are correlated in the CI step.
There remains a scope for the enhancement of basis sets. The
dissociation energy of the !l state is computed to be 0.88
eV, whereas that of thelE" state is only 0.16 eV.

Effects of the Spin—Orbit Interaction . In this section, we
discuss the effects of the spiorbit coupling introduced in the
above-mentioned\ -S states of the molecule. For this purpose
we are confined with all possibl@ states which are obtained
from 18 A-S states converging with the lowest &ry) + SCPy)
limit. Table 3 shows all 52 states of 0, 07, 1, 2, 3, and 4
symmetries which split into nine asymptotes. The observed
relative energies of these dissociation limits are also given in
Table 3. The present calculations show that only 16-spitit
states are bound within 40 000 ciof energy. The ground
state is not perturbed by the spiarbit coupling because there
are no nearby © components for interactions. Spectroscopic
constants of this component remain unchanged as shown in
Table 4. There are 10"0components correlating with seven
dissociation limits. The computed potential-energy curves of
these components are shown in Figure 2. Only four-spitbit
components with2 = 0% have bound characters, and others
are repulsive. In Figures-3%, we have shown potential-energy
curves of the remaining components wiéth= 0", 1, 2, 3, and
4. There are at least siX-S states whose transition energies
are very close to each other. So, potential-energy curves of the
components with sam& undergo avoided crossings in the
Franck-Condon region. The spirorbit interactions for the light
molecules like GeS are comparatively small. In general, the
diabatic curves are fitted for estimating spectroscopic param-
eters. Table 4 shows that all of the spiorbit components are

present calculations reveal that there are no other bound stategomposed of almost purd-S states in the Franck-Condon

around 38 000 cmt except 22*. The next available bound state
(3=") lies above 48 000 cm. The compositions of the Cl wave
functions show that thel=" state is dominated by thexz2r*?2

region. We have also tabulated the composition at larger
distances, (say, 6.@y) to show the extent of spinorbit
interactions. Two spirorbit components of&x™ are separated
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TABLE 4: Spectroscopic Constants ofQ States of GeS with the Spir-Orbit Coupling

Dutta et al.

composition
state Te,cm?t le, A We, CMTL atre at 6.0ap
X1sg, 0 2.041 548 X5+(99) XIZ+(99)
e 20373 2.326 357 31+(98),35(2) #5+(95),35(5)
a5 20 470 2.321 359 33+(99) F3(99),1=(1)
37, 23357 2.341 344 3A(92),1A(8) 3A(45),*A(55)
37, 23 429 2.342 346 3A(99) 3A(99)
37, 23894 2.341 347 3A(99) 3A(99)
s, 25 069 2.361 336 35-(99) 35-(99)
5 25168 2.364 334 35-(98), #=+(2) 35-(94), #=+(5)
5, 25 481 2.374 322 13-(99) 13-(99), &=+(1)
1A, 25939 2.376 319 1A(91),3A(8) IA(45),3A(55)
b3y 25923 2.139 422 3I(99) BI1(94), Z=+(5)
b3+ 25931 2.137 427 IBI(99) PI1(96), E=+(2)
b3, 26 261 2.137 429 #1(99) BI1(78), 2T1(18), Z=+(2)
°TI(1)
B3I, 26 725 2.139 422 II(99) BPI1(93), 5TI(5)
AL, 33011 2.232 344 A1(99) AI(65), ZT1(16), ZT1(10),
255H(4), 2A(2), FTI(1)
= 38745 2.562 190 BE+(99) ELS*(96)
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3R, +3R, 3, 43P,
3P, 43P, 3R, +3
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Figure 2. Potential-energy curves of low-lying"Gstates of GeS.
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Figure 3. Potential-energy curves of low-lying Gstates of GeS.

only by 100 cn*. The Q = 1 component is lying lower than  effects on these components are not significantly large. How-
the 0" component. Other spectroscopic constants of these twoeyer, BIT,+ and BIT, components undergo allowed transitions
components are very similar. Thé component is impor- g the ground-state component... The BIT,—X5!, band
tant from the experimental point of view because tAE/a— has been experimentally observed in the ultraviolet region. The
X1%4, band system has been obserde@f the three compo- AT, component lies 33 011 crhabove the ground-state. There
nents of®A, the @ = 3 component is shifted upward, whereas is almost no mixing with other components of the same
the other two component8(= 1 and 2) are shifted downward.  symmetry in the FranckCondon region of the AT; compo-
The3A, component is found to be somewhat lower in energy, nent. The EZ(; component remains as pureéE with a

and atr, it is mixed with 8% of the!A component. The spin shallow potential well consisting of only four vibrational levels.
orbit splitting between the two components®af™ is also very Transition Properties and Radiative Lifetimes of the
small. Figures 2 and 4 show that both,, and 3%, compo- Excited States.In the absence of any spiorbit interaction,
nents undergo sharp avoided crossings with the correspondingAlIT and EZ* are the only two states which undergo symmetry-
components of théll state. The components such’ag and allowed transitions such astH—X!=* and EZ*—X1=*. We

1A, do not change much because of the sminbit coupling. have computed transition moments of these two transitions from
Four components of3I split in the increasing energetic order MRDCI energies and wave functions. The transition moments
such as 0, 0", 1, and 2. The largest splitting was calculated to of these two transitions as a function of the bond length are
be about 800 cmt. Many sharp avoided crossings are noted in shown in Figure 6a. The transition moments of tAE'E-X1=*

the potential-energy curves of these components. In each curvetransition are comparatively larger than those of theXA

the diabatic potential well is considered for estimating the transition. The transition moment curve of the-K transition
spectroscopic constants. As seen from Table 4, the-spinit shows a maximum around 4.&, whereas for the AX
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otonically decreasing with the bond

length. The radiative lifetimes of the excitedIA and BEX*
states at’ = 0 are computed as 0.208 and 0.449respectively
(see Table 5). The computed dipole moment of GeS in the

ground state is about 2.54 D as compared with the observed

value 2.0+ 0.24 D?8

Experimentally!® a strong A-X absorption band of GeS in

the gas phase has been fo

et al1920tp the &II-X1XT transition which has been reassigne

und to originate at 32 889.dma

to &=T—X1Z* by Lintor?! from the chemiluminescent studies. " . e
The BII—X1S+ Cameron band of GeS has also been obséived. transitions as a function of the bond length. The partial lifetimes

+ + 39— -
The lifetimes for the Cameron band of GeS in argon, krypton, f A1, Ay, By, a’ﬁz%, 2o+ %2y, bor, and BI1, states at
the three lowest vibrational levels are estimated. TRE[A-

X1z, transition is found to be quite strong as compared with
Transition probabilities of the spin-forbidden transitions in the other two transitions such asl&—'%; and ATI;—A.

the Cameron band have been computed here. In Figure 6b,c;The computed total lifetime of the R, component is about

we have plotted the computed transition moments of 10 such 0.226 us. The3A1—X120++ transition is, however, weak, with

and xenon at 20 and 33 K,
in the range 6253000 us2°

and in&# 20, 30, and 77 K, fall
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TABLE 5: Radiative Lifetime(s) of Low-Lying Excited

change the spectroscopic parameters much. Several sharp
States at the Lowest Three Vibrational Levels of GeS

avoided crossings are noted in the potential-energy curves of

lifetime of the upper state total lifetime of

transition v'=0 V=1 v'=2 upperstateat’' =0
AT — XISt 2,08 (-7) 2.07 7) 2.05(7) w(AUI)=2.08(7)
ElSt — XISt 4.49(-7) 1.34(7) 0.78(7) t(E=)=4.49 (-7)
AU, — XIS, 2.28(7) 277(7) 2.67¢7)
AlT, — X5, 6.10(-5) 5.60(5) 5.66(5)
ATL, —1A, 8.58(5) 8.69(5) 8.80(5) t(AlL)=2.26(7)
SAL—XIZi,  6.72(-3) 2.87(3) 243(3) 1(°A)=6.72(-3)
EIxy, — XI5, 466 (7) 1.39¢7) 0.80¢7) 1(E'S,) = 4.66 (-7)
B3 —Xizg, 943(3) 525(3) 54163) (a%%]) =5.43 (-3)
35— Xz 552(4) 6.05(4) 6.95(4) (5. =552(4)
35, — xlzé: 9.05 1.44 0.47 7(3%;) = 9.05
b3gr — X155, 7-4(-4) 4.28(-4) 3.04(-4) 7(b%Mor) = 7.4 (—4)
bIT, — XI5, 6.83(-5) 7.16(-5) 7.48(5) r(b*[ly) = 6.83 (-5)

aValues in the parentheses are powers to base 10.

the radiative lifetime of3A; in the order of milliseconds.
Although, the FranckCondon overlap factor between the
curves of E and X is small, thelE;, —X13;. transition is
considerably strong. The lifetime of the’%‘Fg+ state is com-
puted to be 0.466us. We have also computed transition
probabilities of transitions from®a; and3%;, ; components to
the ground state (&;.). The 3—;— X1, transition is very

weak because of negligibly small transition moments throughout

the potential-energy curve. Th&,, and &/ components

the Q states. The present calculations predict that bdti-A
X1Z* and BEXt—XIZ* transitions are considerably strong. The
Cl-estimated radiative lifetimes of'"Ml and EX* are 0.208 and
0.449us, respectively. The®a; —X13;. transition is not very
strong. The radiative lifetime of theﬁir component is only
5.43 ms. The HIp-—X;. and BIT,—X!Z;, transitions cor-

respond to the Cameron band of the isovalent CO. The computed

radiative lifetimes of these components 8fbagree well with
the experimental values. The'H; state undergoes several
transitions of which AIT;—X13. is the strongest one. Two
other transitions, PHl—lZE,, and AT1;—!A, are also found to
be strong. The total lifetime of the ' state at’ = 0 is
estimated to be 0.226s.
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