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Electronic States of TIX (X = As, Sb, Bi): A Configuration Interaction Study
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Ab initio based relativistic configuration interaction (Cl) calculations are carried out to study the electronic
spectrum of TIX (X= As, Sb, Bi) molecules. Potential energy curves and spectroscopic constants of low-

lying electronic states of these isomers have been computed. Dissociation energies of ground-state molecules

are calculated and compared with the experimentally determined values. Effects of therpficoupling

on the spectroscopic properties are studied. The zero-field splitting of the ground state of TIX has been estimated

from the spin-orbit ClI results. The heavier molecule, TIBi, has a stronger effect of the-gpbit coupling.
Many avoided crossings in the potential curveg$d$tates of these isomers are reported. Dipole moments of
the ground and lowest few bound states, sucHBE ", 1A, andI1, of TIX have been calculated. Transition
probabilities of dipole-allowed and spin-forbidden transitions of these molecules are computed. The radiative
lifetimes of some of the excitedOstates are also estimated.

I. Introduction bond length of 2.72 A and vibrational frequency of 118@m
for the ground state of the TIBi molecule, the thermodynamic

The compounds of group Il and V have been well studied .
in the past several decades because of their technologicaf[reatment of the mass spectrometric data has led to the value of

. .. 0 N .
importance as materials. The spectroscopic properties of di- the dissociation energf, (T_IB') =121+ 013 e\_/. Like
atomic molecules such as GaAs, GaP, InSb, InP, etc. are alsol /As and TISb, thg electronic spectrum of the TIBi molecule
known. The clusters of GaAs have been thoroughly studied by @S N0t been studied so far. _ o
Smalley and co-workets® by using laser-induced photoion- ~In recent years, the phosphide, arsenide, antimonide, and
ization and the time-of-flight mass spectrometry measurement. bismuthide molecules of gallium and indium have been theoreti-
Lemire et al” have studied the jet-cooled GaAs molecule by Cally studied by large-scale configuration interaction (CI)
the resonant two-photon ionization spectroscopy. The Gax andcalculations:>"22 However, similar diatomic molecules of
InX (X = P, As, Sh) molecules are also studied in rare-gas thallium have not been studied at all. In this paper, for the first
matrixes for their infrared absorption spectrémi? time, we report the electronic structure and spectroscopic
In the course of a mass spectrometric sfdyf the TI-As properties of TIX (X= As, Sb, Bi) molecules. Potential energy
system, the TIAs molecule was detected and its identification curves of low-lying states and spectroscopic constants of bound
was based on mass, isotropic distribution, intensity shutter States with and without spirorbit coupling are computed for
profile, and appearance potential91 eV). The dissociation thgse mqleculeg S|.nce the TIBi molecule is rather heavy, the
energy of the molecule was obtained by measuring the enthalpySPin—orbit coupling is expected to change its spectral features
of the reaction T}y + 1/2As,g — TIASg. The molecular !0 alarger extent than the lighter isomers. The calculated results
parameters used in the calculation of the free energy function for these molecules are also compared.
of TIAs arer = 2.45 A andwe = 159 cntl. The enthalpy of

the above reaction has been reported to1ie0 + 0.5 kcal [I. Computational Details
mol~1. From these thermodynamic data, the dissociation energy . L ) )
of TIAs is estimated to be 46.4 3.5 kcal mott. However, The semi-core type relativistic effective core potentials

(RECP) of the thallium atom have been taken from Wildman
et al.28 keeping 5d%<6p' electrons in the valence space.
Therefore, 68 core electrons are replaced by these pseudo
potentials. Similarly, 3844 electrons of As are retained in

because of the uncertainty in the choicerpéndwe, it is not
expected that the reporte[ilg value will be very accurate. No
electronic transitions have been detected so far for the TIAs

molecule. . e
The dissociation energy of the next heavier TISb molecule the v_alence space, W.h'le the remaining nner electrons are
ubstituted by the semi-core pseudopotentials of Hurley%t al.

in the gas phase h%s also been determined from thermodynamiior the Sb atom, the 4%S5p? electrons of Sb are kept in the
data. The reporteD, value of TISb from such thermodynamic valence space and the inner electrons are replaced by similar

| 4213 .
sudedsio 131 011 o, Th dletonic spotu o e Rl 7 Lasom 1 & he semi ot RECP, wich etan
’ P 5d%<6p® electrons of the Bi atom in the valence space, are

mentally or theoretlca]ly. . . e taken from Wildman et &3 Therefore, for all three isomers,
The TIBi molecule in the series has been identified in the . ) .
28 electrons remain active in the valence space for self-

gas phase by the Knudsen cell-mass spectrometric techHique. consistent field (SCF) and CI calculations.

Since the molecule is isosteric with Rlone may expect some ) . .
similarity in their spectral properties. Assuming the equilibrium The Gaussian basis set of the type (4s5p5d1f) for the thallium
atom is taken from Wildman et &t.without any contraction.

*Corresponding  author. E-mail:  ju_daskalyan@hotmail.com; The basis set _is compatible with the _corresponding RECP used
das_kalyank@yahoo.com. in the calculation. The (3s3p4d) basis set of Hurley ét &br
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As is augmented with some diffuse functions. A set of s and p
functions with exponents 0.012 and 0.015 % respectively,
has been added to the above-mentioned basis set of As. Thes
exponents have been taken from the previous work of Alekseyev
et al?® In addition, a set of f functions with an exponent of
0.44 3~ 2is included so that the final basis set of As becomes
(4s4p4d1f). The exponent of the f functions is obtained by
optimizing the ground-state energy of the arsenic atom at the
Cl level. For the antimony atom, the (3s3p4d) basis set of
LaJohn et af> has been augmented with two s functions of
exponents 0.07 and 0.01378, and two sets of p functions of
exponents 0.03 and 0.0378, which are taken from Alekseyev

et al?” Two sets of diffuse d functions of exponents 0.1305
and 0.0534 @2, and a set of f functions of exponent 0.46%
from Balasubramani&h have been included in the basis set.
However, first two d functions are contracted so that the final
basis set of Sb becomes (5s5p6d1f)/[5s5p5d1f].

The (6s6p6d) basis functions of Bi as reported by Wildman
et al23 are contracted to (4s4p4d). A set of f functions with the
exponent of 0.30a2 has been added to this basis. The exponent
was optimized by Lingott et &P at the CI level of treatment
for the 2D excited atomic state of the Bi atom. Therefore, the
final basis set of Bi employed in the calculation of TIBi is
(6s6p6d)/[4s4p4dif].

SCF calculations are carried out for the?)®=~ state of alll
three TIX (X=As, Sb, Bi) molecules with 28 valence electrons.
All the calculations are performed in th&, subgroup of the
C., main group keeping Tl at the origin and X in thez axis.
Since the 5¢& and nd'® (n = 3,4,5) electrons of Tl and X,
respectively, do not participate much in the bonding, these 20
d electrons are kept frozen in the Cl steps. Therefore, only eight
electrons are used to obtain the excited configurations used in
the multireference singles and doubles configuration interaction
(MRDCI) codes of Buenker and co-worke¥s3> Some of the
SCF MOs are localized d orbitals of the constituting atoms,
while there are orbitals of very high orbital energies which are
discarded. Finally, the number of active orbitals for Cl calcula-
tions are (37, 20, 20, 7), (43, 22, 22, 9), and (41, 21, 21, 8) for
TIAs, TISb, and TIBi molecules, respectively. The numbers in
parentheses refer t0;AB1, By, and A symmetry orbitals. A
configuration-selection threshold has been kept auhdrtrees
for TIAs, while for TISb and TIBi, it is fixed at 2.Qchartrees.
Although the total number of configuration state functions
generated is large, the final number of secular equations to be
solved remains below 50 000. The energy extrapolation tech-
nique and Davidson’s correctigt?® are employed to estimate
the full Cl energy. The sum of the squares of CI coefficients of
the reference configurations lies in the range 6:035, which
should provide fairly accurate energies and wave functions.

The spin-orbit operators of thallium and bismuth atoms as
derived from the corresponding RECP are taken from Wildman
et al.22 while those of As and Sb are taken from Hurley et‘al.
and La John et af3 respectively. For each of three TIX mole-
cules, the spirrorbit coupling has been introduced by a two-
step method, as discussed elsewl&ihe spin-orbit calcula-
tions have been carried out in thig,2 symmetry double group,
and 07, 07, 1, 2, 3, 4 components are present in A,, and
B41/B; irreducible representations. The size of these three blocks
remains within 50. All states correlating with the lowest two
dissociation limits, such a&P(TI)+S(X) and?P(TI)+2D(X),
are allowed to mix through the spiorbit coupling. The
potential energy curves are fitted into polynomials which are
used to solve the numerical ScHinger equation?® The
transition moments for the pair of vibrational functions involved
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TABLE 1: Relative Energies (cnt?1) of TIX in the Second
Dissociation Limit

e relative energy of TRP)+X(2D)
X exptl calcd
As 10 794 12 951
Sh 9351 10942
Bi 13931 10 183

a Reference 40.

TABLE 2: Spectroscopic Constants of Low-Lying A-S
States of TIAs

state Tdecm?! rdA wdocm?  state Tdem?! rdA wdem?
X33~ 0 2.84 154 r+ 28305 3.60 73

3 2482 2.63 170 %- 29355 3.13 86

11 7675 2.58 188 g1 37938 3.05 99

1A 7829 2.81 161 ¥~ 38557 3.29 72

>+ 9467 2.61 151 I 42620 3.23 82

21>t 15583 2.66 202 55 44 467 2.73 153

23I1 16 349 3.33 99 %+ 50933 2.73 165

Al 22554 3.09 79 5A 51841 2.65 176

2111 23649 3.24 59

in a particular transition are computed. The spontaneous
emission coefficients, and hence, transition probabilities, are
calculated subsequently. The radiative lifetimes of the excited
states at different vibrational levels have been computed from
the respective transition probability data.

[ll. Potential Energy Curves and Spectroscopic
Properties of A-S States

Like all other group 1I-V molecules, the ground states of
TI(?P) and X(S) atoms correlate with fouk-S molecular states
of 3=, 311, 5=, and®IT symmetries. The ground-state symmetry
of each of these molecules i$X". The first excited state’D)
of the X atom combines with the ground state of thallium to
generate 18 singlet and triplet states Xf I1, A, and ®
symmetries. The relative energies of the second dissociation
limit TI(?P) + X(?D) with respect to the lowest one are
calculated from the molecular calculations at a very large bond
distance. The comparison with the observed data from the
atomic spectral study is shown in Table 1. A discrepancy of
1500-3700 cm! is due to the absence of the spiorbit
coupling in theA-S CI calculations. The spirorbit interactions
in TIAs and TISb are comparatively less than those in TIBi.
The computed relative energy of the second limit is, however,
overestimated both for TIAs and TISbh, while it is underestimated
by more than 3700 cni for the heavier TIBi molecule.

A. TlAs. In Table 2, the computed spectroscopic constants
of 17 A-S states of the TIAs molecule within 6.5 eV of energy
are tabulated. The ground state3(X) of the molecule has an
equilibrium bond length of 2.84 A withwe = 154 cntl.
Although experimental results are not yet available, it is expected
that the actuat. would be around 2.80 A, while the observed
we Would be somewhat larger than 154 tmThe dominant
configuration describing the ground state of TIAs is the same
as that of other group HV molecules. The MRDCI estimated
dissociation energyl)e) of the ground state of TIAs is about
1.42 eV, which is considerably smaller than the thermodynam-
ically’! determinedDj value of 2.01+ 0.15 eV which assumes
re=2.45 A andws = 159 cm. However, the MRDCI method
is known to underestimate the dissociation energy by-0.8
eV because of the use of effective core potentials, basis set
limitation, absence of d correlation, and spiorbit coupling.

Potential energy curves of low-lying states of TIAs up to
50 000 cnt? are given in Figure 1a,b. The first excited state of
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Figure 1. Computed potential energy curves of low-lying (a) triplet
and quintet (b) singlef\-S states of TIAs.
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TABLE 3: Spectroscopic Constants of Low-Lying A-S
States of TISb

state TJdem! rdA wdocm?  state Tdem! rdA wdem?
X3=- 0 3.08 117 »+ 26289 3.83 60
1 3230 2.89 129 %- 29389 3.38 58
1A 6547 3.05 122 91 36831 3.33 68
11 7805 2.84 138 $- 37251 354 53
>+ 9357 2.93 108 Y1 42450 3.64 49
2911 15023 3.66 69 S+ 43493 2.96 121
i3+ 15377 2.88 153 Al 45041 3.19 111
285~ 20022 4.34 32 5A 46 423 3.06 105

Like other isovalent group IHV molecules, a broad potential
minimum of the 31T state of TIAs is also obtained due to a
strong avoided crossing with the low#l state. The estimated
transition energy of the®2I state is about 16 349 crh with a
bond length of 3.33 A and vibrational frequency of 99¢m
The excited 2=~ state curve is also very shallow, and the
computeduwe is only 51 cnm. Higher roots of the ground-state
symmetry are found to be repulsive. The third root of the
symmetry plays an important role for most of the group-M
molecules. However, only for the GaAs molecule, this state has
been experimentally observed. Keeping an analogy with GaAs,
the 311 state of TlAs is designated asH. As seen in Figure
1a, this state has a very shallow potential well with a computed
vibrational frequency of only 79 cnd. The MRDCI estimated
equilibrium bond length of this state is about 3.09 A. Although
AS[1 is an important state for its transition to the ground state,
the AT — X3~ transition is not expected to be strong because
the upper state is weakly bound. The potential curves of the
higher roots ofI1, such as 1, 5°I1, and 611, shown in Figure
la, are repulsive. The second, third, and fourth rootg3of
undergo two avoided crossings around the bond length of 4.6
and 5.1 g, respectively. As a result, a small barrier of 0.12 eV
appears in the adiabatic potential curve of tRE*3state. The
fourth root of the3=" symmetry is found to be very strongly
bound at a shorter bond length. However, the near-repulsive or
repulsive curves of the second and third root3Bf interact
strongly in 4.5-5.0 & region and change the characteristics of
the potential curve of the3Z* state. Two singlets, such a¥2
and 3=, are also weakly bound. An avoided curve crossing is
noted between the third and fourth root ¥". A shallow
minimum in the potential curve of!Z* near 38 000 cm' is
seen in Figure 1b. The higher roots &A, I, and 1=~
symmetries are repulsive.

There is a set of seven quintet statesSof =, I1, and A
symmetries in the energy range 29 6@2 000 cn1l. These

the 31 symmetry has a shorter bond length and longer states dissociate mostly to the higher asymptotes. Of tRESE,
vibrational frequency than those of the ground state. The state2’Z*, and®A states are more strongly bound than others. The

lies only 2482 cm! above the ground state. The singlet

computed equilibrium bond lengths of these states are shorter

counterpart of théll state has even a shorter bond length, and than 3.0 A. These states have also larggs, which are

the computed singlettriplet splitting [AE(*IT — 3IT)] is about
5193 cntl. Both thesdl states originate from the sameé—
mr excitation. Another configuration arising from tleé — 7*

comparable with those of the low-spin states of the TIAs
molecule. For other quintets, the bond lengths are longer than
3.0 A. Although these quintets are not very important in terms

excitation also contributes to these states. Two singlets, suchof any electronic transition to the lower-lying states, their spin

as!A andX*, arising out of the ground-state configuration are
next in the energy order. TheA and 1 states are nearly
degenerate, with a gap of less than 200-&nThe re and we
values of!A are comparable with those of the ground state.
The compositions of Cl wave functions &+ and 2=+ have
shown a strong avoided crossing which forces tH&"Ztate to
dissociate into the second asymptote 2H)(+ As(?D). As a
result, the vibrational frequency of2" is larger than that of
13+ by at least 50 cmt, and the potential energy curve B"
aroundr. looks flattened. The minimum of the adiabatic curve
of the 2X7 state lies around 15 583 crh

orbit components may play an important role in perturbing some
of the transitions.

B. TISb. The computed spectroscopic constants ofALS
states of the isovalent TISb molecule are reported in Table 3.
The ground state (37) of the molecule has a bond length of
3.08 A and a vibrational frequency of 117 tiThe computed
dissociation energye) of the ground state of TISb is 1.35 eV
without the inclusion of any spirorbit coupling. Incidentally,
this is very close to th®] value of 1.31+ 0.11 eV derived
from the thermodynamic dat&!3However, the experimentally
determined38 value of TISb may not be very accurate because
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Figure 2. Computed potential energy curves of low-lying (a) triplet
and quintet (b) singlet\-S states of TISb.

of the choice of certain parameters required for its determination.
On the other hand, the inclusion of the sporbit coupling is
expected to changBe to some extent.

The first excited state’[1) lies 3230 cn! above the ground
state with a bond length of 2.89 A. Potential energy curves of
low-lying A-S states of TISb are shown in Figure 2a,b. As
expected, both the high-spin low-lying states, such¥asand

511, are repulsive, and they dissociate into the lowest asymptote.

Three singlet states, namehy, 1, and'>*, lie next to3[1 in
the energy order. Unlike TIAs, theA state of TISb is more
stabilized tharIl. There andwe values of!A are comparable

J. Phys. Chem. A, Vol. 108, No. 35, 2004309

bond length and largep, than those of=". The minimum of
the adiabatic curve of=t is located 9357 cmt above the
ground state, while thel2Z" state has a transition energy of
15 377 cmi’. The nature of the interaction between these two
roots is consistent with their Cl wave functions at different bond
lengths. The next two higher roots of tHe" symmetry are not
strongly bound. In fact, the'Z* state is repulsive, whilelZ"

has an equilibrium bond length of 3.83 A with a smalles
value of 60 cnl.

The characteristics of thét state of TISb are quite similar
to those of TIAs. The shallow minimum of thelIZ state is
also due to a strong interaction between the lowest two roots
of the °IT symmetry, as noted in TIAs. The fitted adiabatic
potential curve of the 3T state has. = 3.66 A andwe = 69
cmL. The 211 state dissociates into the second asymptote. As
noted in Figure 2a, the potential energy curve #fl3s almost
repulsive, converging with the second dissociation limit. The
higher excitecPIT states, such as’d, 5°[1, and 611, are not
bound at all. The upper roots &~ are not so important from
the spectroscopic point of view as the potential curves’sf 2
383, 433, and 5= states are repulsive. Between 29 000 and
43 000 cn1?, there exists a set of four quintets which are weakly
bound. However?=*, 4°T1, and®A states, which lie beyond
43 000 cn1?, are relatively more strongly bound. The spin
orbit components of these quintets may interact with those of
some lower-lying states.

C. TIBi. The computed potential energy curves and spectro-
scopic parameters of low-lyin§-S states of the heavier isomer
TIBi are reported in Figure 3a,b and Table 4, respectively. The
ground state (X=7) of this molecule has an equilibrium bond
length of 3.14 A withwe = 99 cnTL. The dominant configu-
ration in the ground-state MRDCI wave function isy'2a?,
where the nature of the molecular orbitals is almost the same
as those in other group HV diatomic molecules. Because of
the heavier mass, the electronic spectrum of TIBi is somewhat
different than its lighter isomers. The MRDCI estimated ground-
stateDe of TIBi is 1.25 eV without any spirrorbit coupling.
The thermodynamic treatment of the data from the Knudsen
cell-mass spectrometric technique has led to a valtjégot
1.21 4+ 0.13 eV. An excellent agreement with the calculated
data seems to be fortuitous as the sgnbit coupling is
expected to be quite large for the TIBi molecule. The experi-
mentalPPz,—2Py, splitting® for the Tl atom is 7793 cmt. The
spin—orbit splitting of the first excited stat@@) of Bi is more
than 4000 cm™.

The 311 state lies 2972 cm above the ground state with a
shorter bond lengthr{ = 2.95 A) and larger vibrational
frequency @e = 110 cn1?) than those of the ground state. The
compositions of the Cl wave functions have also confirmed
strong avoided crossing of tREl state curve with its next higher
root as in TIAs and TISb. A shallow minimum in the potential
curve of 2IT appears around 3.8 A witbh=56 cntl. The
singlet counterpart oflT has a transition energy of 7634 cin
with comparable. andwe values. The same — z excitation
generates botfl1 andI1 states. ThéA state originating from
the ground-state configuration has a transition energy of 5971

with those of the ground state. The energy difference betweencm™1. The spectroscopic constants'adf are comparable with

3IT and™IT states of TISb is about 4575 cr Both 3T and 11
states originate from the same single excitatidon— 7z as in
other group IV molecules. The avoided crossing between
the lowest two roots of=" in the potential energy curves of
the TISb molecule is analogous to that of TIAs. The adiabatic

those of the ground state. The characteristics of the lowest two
roots of thel>* symmetry are also same as those of TIAs and
TISb molecules. As a result, théX2" state has a shorter bond
length and largetwe than its lower root {=*). Another curve
crossing between the second and third root in the longer bond

curves are fitted for the estimation of spectroscopic constantslength region has created a shallow minimum= 3.83 A) in

of It and 2=+ states. As a result, thé2" state has a shorter

the potential curve of £*. As seen in Table 4, there is a set of
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50000 TABLE 5: Dissociation Correlation between Q States and
a the Corresponding Atomic Asymptotes of TIAs
atomic states relative energy/cmt
40000 - Q state Tl + As exptk calcd
0%,07,1(2), 2 2Pyyp + 4Szp2 0 0
07(2), 07(2), 1(3), 2(2), 3 2Py, + *Sypp 7793 6870
0+,07,1(2),2 2Py, +2Dg, 10593 12 859
30000 ip, 0,0, 1(2), 2(2), 3 %P+ 2Ds, 10915 13262
‘s 0+,0,1 2Pyjp + 2Py 18 186 18 769
< 072),0°(2), 1(3), 22,3 Py +7Dsp 18386 19255
& P 4'D, 0+,0°, 1(2), 2 P, +2Py, 18648 19611
2200004 0%(2), 0°(2), 1(4), 2(3), 3(2), 4 %P5+ 2Dsz 18708 19944
a Reference 40.
P8 TABLE 6: Dissociation Correlation between Q States and
10000 - T+ the Corresponding Atomic Asymptotes of TISh
. atomic states relative energy/cmt
Q state TI+ Sb expti calcd
0%,0,1(2),2 2Py + 4Ssp0 0 0
0%(2), 07(2), 1(3), 2(2), 3 2Py, + 4Gy 7793 6761
0*,07,1(2),2 2Pyp + D3 8512 10 593
0+, 0, 1(2), 2(2), 3 2Py, + 2Dsyp 9854 11667

0%(2), 0(2), 1(3), 2(2), 3 2Py, + 2Dy, 16305 16948
0+,0,1 p,+2P, 16396 17 757
0%(2), 07(2), 1(4), 2(3), 3(2), 4 P32+ 2Dsp 17647 18279
0+,07,1(2), 2 P, +2Py, 18465 19706

a2 Reference 40.

TABLE 7: Dissociation Correlation between Q States and
the Corresponding Atomic Asymptotes States of TIBi

atomic states relative energy/crmt

Q state Tl + Bi exptl calcd
0%,07,1(2), 2 2Py, + “Sgp 0 0
07(2),07(2), 1(3), 2(2), 3 2Py + “Sa 7793 6595
0+, o, 1(2), 2 2P1/2 + 2D3/2 11 419 11 601
0%, 07, 1(2), 2(2), 3 Py +2Ds, 15438 15745
0%(2), 07(2), 1(3), 2(2), 3 2P+ D3 19212 18 092
0t,0,1 2Pyjp + 2Py 21661 21278
0%(2), 07(2), 1(4), 2(3), 3(2), 4 ?P3p+2Ds, 23231 22370
0%,07,1(2), 2 %Sy + Sy, 26478
T v T T T r T r T r T ot 0, 1(2), 2 P32+ 2Py 29 454
4 6 8 10 12 14 0t,07,1(2),2 2Pyj2 + 2Py, 33165
r/a, 0%(2), 07(2), 1(3), 2(2), 3 2Pgjp + 2Py, 40 958

Figure 3. Computed potential energy curves of low-lying (a) triplet 2 Reference 40.
and quintet (b) singlef\-S states of TIBI.
IV. Spectroscopic Properties ofQ States and Effects of

TABLE 4: Spectroscopic Constants of Low-Lying A-S the Spin—Orbit Coupling

States of TIBi

state Tdem? rdA wdem?  state TJem?t rdA  wdem? For all three TIX (X= As, Sb, Bi) molecules, 3A-S states
X35 0 3.14 99 55— 29958 3.33 57 correlating with the lowest three dissociation limits interact
31 2972 295 110 - 36884 3.73 45 through the spirrorbit coupling. This has generated @Mstates

A 5971 3.11 105 A1 37314 332 61 that converge to 10 separated atom asymptotes. The relative
o1 7634 291 115 Z- 38973 344 68 energies of these asymptotes obtained from the MRDCI

3+ 8858 2.99 94 JI 41610 3.47 59

20 14171 380 =6 st 42364 306 102 calculatlons_of these molecules at_ a large bond length are
21t 15229 2.94 126 ST 44800 3.26 81 compared with the observed values in Table¥5The average
3>+ 25189 3.83 50 ] 48430 3.30 95 2P3—2Py, splitting for Tl from the MRDCI calculations of

TIAs, TISb, and TIBi is about 6650 cm, as compared with
eight quintet states in the range 30 68 000 cntl, Except the observed value of 7793 cf On the other hand, the
55+, all quintets are weakly bound and have longer bond lengths agreement between the calculated and obsefileg—2Ds/
correlating with the higher dissociation limits. TRE* state  splitting of As, Sb, and Bi is found to be much better.
has a bond length even shorter than that of the ground state. A. TIAs. Potential energy curves of some important low-
Minima of three higher roots of th&~ symmetry are present  lying states withQ = 0", 07, 1, 2, and 3 are shown in Figure
within 10 000 cnt?! of energy. Similarly, 211, 3°I1, 4°I1, and 4a—d. The curves show several avoided crossings among the
5°I1 states are located not very far from each other. The-spin roots of a given symmetry. Table 8 displays the computed
orbit coupling in TIBi is larger than that of the other two spectroscopic constantB(re, we, andDe) of low-lying Q states
isomers; hence, it is expected to affect the calculated resultsof TIAs estimated by fitting the adiabatic potential curves. The
quite significantly. zero-field splitting between the components oB&X is com-
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Figure 4. Computed potential energy curves of low-lyigystates of TIAs for (a}2 = 0", (b) @ =07, (c) @ = 2, and (d)Q = 1, 3.

TABLE 8: Spectroscopic Constants of Low-LyingQ States

bond length region, 1(ll) and'@ll) components have a dominant
X3=~ character, while two other components, such as 2(l) and

07(I), remain almost puréIl. However, in the longer bond

of TIAs
state TJemt rdA wdcmt DdeV
X,0" 0 2.83 142 0.98
X21 263 2.84 136 0.94
2(1) 2291 2.63 167 0.70
1711 3136 2.66 189 0.59
0 () 3989 2.64 167 0.48
ot (Il 4220 2.65 182 1.31
2(11) 8204 2.80 158 0.82
1(111) 8345 2.58 188 0.80
o-(ll) 10 440 3.18 120 0.54
15t 10 457 2.65 143 0.53
2123+ 16 286 2.65 205 0.61
2(V) 17 964 3.71 96 0.40
0~ (IV) 18 659 3.59 108 0.26
AO* 21144 3.07 120 0.75

length region, the extent of mixing of different components is
significantly larger. The largest spirorbit splitting for 31T is
nearly 2000 cm!. Spectroscopic parameters of these four
components remain more or less unchanged. The adiabatic curve
of the third 0" root shows a double minima. In the short-distant
minimum. thelX* state dominates and, hence, is denoted as
1251, while the long-distant minimum is very shallow. The
spectroscopic constants %Ez,l remain almost unchanged as it
is less perturbed by any nearby component. The fifth root of
the 0" symmetry originates mainly from'2* in the equilibrium
region of the curve. In the energy region of 21 000 ¢énthe
mixing of sixth and seventh roots of @ymmetry is quite large.

All important A0 components appear in the seventh root of

puted to be 263 cnt, with the X,0" component lying below

the 0" symmetry. The equilibrium bond length of AQis

X,1. Spectroscopic constants of these two spin components areStimated to be 3.07 A after fitting the adiabatic curve. The

not much different from those of3€~. In general, the mixing
among the spin components is not very large in the Franck
Condon region. Around the equilibrium bond distance, th@"X
component of TIAs is almost pure3X~, while in the shorter
bond length region, theélly- component dominates. The
contribution of the®IIy+ component increases with the bond
length. Four spin components &, which split in the inverted
order, are denoted as 2(1), 1(11); @), and 0°(ll). In the shorter

A0 component is characterized dominantly by th@TAstate
aroundr.. Some of these high-lyingf0states may become
important due to their transitions to the ground-state component
X3%,.. However, none of these'Ostates of TIX have been
experimentally observed.

B. TISb. Spectroscopic constants, including dissociation
energiesDg) of at least twelve low-lying2 states of TISb within
21000 cntl, are given in Table 9. The zero-field splitting
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Figure 5. Computed potential energy curves of low-lyigystates of TISb for (a2 = 0%, (b)) Q =07, (c) @ = 2, and (d)Q = 1, 3.

TABLE 9: Spectroscopic Constants of Low-LyingQ States

of TISb

state TJcmt rodA wdemt DJeV
X.0" 0 3.08 113 0.95
X21 639 3.09 112 0.87
2(1) 2955 2.91 119 0.58
1(11) 4255 2.89 123 0.42
o*(Il 5895 2.90 123 1.06
0-(l) 5921 2.89 125 1.05
1A, 7695 3.03 123 0.83
111, 9453 2.84 135 0.62
123; 11127 2.96 91 0.41
0t (IV) 12 837 3.22 119 0.67
2123+ 17 002 2.87 152 0.29
AO™ 20642 3.28 94 0.49

(X21—-X,0™) of the ground state of this molecule is calculated
to be 639 cm?, which is expectedly larger than that of TIAs.

Spectroscopic constants of both the componentsBf Xemain
almost the same as those of the pArS state. The spinorbit
components of the first excited staf#lj split in the inverted
order. The largest spirorbit splitting of the 31 state is
estimated to be 2966 crh Four spin components of th&l
state of TISb in the FranekCondon region are designated as and it has a minimum around 2.87 A with=152 cn in the
2(1), 1(11), 0*(I1), and 0(l). Spectroscopic constants of these diabatic curve. In the potential curve 0., there are several
components obtained from the adiabatic potential curves areavoided crossings beyond 6 2 @he estimated transition energy

given in Table 9. Potential energy curves of some of the low-
lying 0, 07, 1, 2, and 3 components are shown in Figure 5a

d. In the shorter bond length region, curves &flQ and 1(ll)
components have many avoided crossings with the correspond-
ing ground-state components. The nature of these components
at longer bond distances is somewhat complicated.'Bgtand

I1; components are not much perturbed by the -spirbit
coupling except the increase in the transition energy by 1150
and 1650 cm?, respectively. A minimum in the potential curve

of the O°(ll) state appears due to a strong avoided crossing
between the repulsivélly- and bound O(1)(®IT) curves. The

1252 component undergoes several avoided crossings, hence
the adiabatic curve ofX;. in Figure 5a looks shallow.
Spectroscopic parameters computed from the diabatic curve of
13, are reported in Table 9. The potential curve of 2(lll) in
Figure 5¢ shows a very shallow minimum around % @ae to

an avoided crossing betwée#n and®I1, components. Similarly,

the fourth root of @ shows a potential minimum which arises
from another avoided crossing. Fitting the adiabatic curve of
0*(1V), the minimum is located at 3.22 A witlhe=119 cnt?.

The 0" component of & is the fifth root of this symmetry,
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Figure 6. Computed potential energy curves of low-lyigystates of TIBi for (2)Q = 0%, (b)) Q =07, (c) Q@ = 2, and (d)Q = 1, 3.

of 2123+ is about 17 000 cm'. Both 0"(IV) and 212§+ states TABLE 10: Spectroscopic Constants of Low-LyingQ States
may be suitable for transitions to the ground-state component. of TIBi

Around the potential minimum, the"QVIl) component has a state TJem L rdA wdemt DdeV
substantial contribution of®BL, while in the shorter bond length X0 o 312 91 097
region, the 2IT state dominates. Hence, the(Ull) state is Xil 1285 3.06 99 0.81
designated as AQ analogous to the AOstate of TIAs. It may 2(1) 2208 3.01 98 0.69
be recalled that the3BI state of TISb is not bound but the A0 o+(I1) 7700 3.00 102 0.85
component is. The adiabatic transition energy of"A® about (I 9538 313 63
20 642 cnv with re=3.28 A andws=94 cnT. The next higher 1(1 11759 3.64 40 0.34
root, O"(VI1II) is characterized by 2~ in the Franck-Condon SQ(II)”) 1122 é;? 5:"6627 gg 8'223?
region of the potential curve. Two avoided crossings near 6.7 1(jv) 13 058 332 89 0.18
and 8.0 g are seen in the potential curve of this root. o-(I) 13324 3.09 117 0.15
C. TIBi. Potential energy curves of low-lyinf states of 2(11) 13874 3.06 106 0.08
TIBi are shown in Figure 6ad, while the estimated spectro- 0*(IV) 16 989 2.98 92 0.31
scopic constants are given in Table 10. The zero-field splitting 8+§'\'/')) 271 %‘;% ?é'%% ii 0.33
of the ground state of TIBi is quite large-1285 cnt?), with 0-(V) 21339 3.70 55 0.29

X10" lying lower than %1. The computed equilibrium bond

length of %1 is shorter than that of the ;8" component by of 0" is dominated by théIly+ component and its transition
about 0.06 A. The overall spirorbit mixing is quite strong, as  energy is about 7700 cm, which is shifted considerably due
noted in the composition of the wave function. The ground- to the spir-orbit coupling. The lowestQ = 2 state is
state component consists of 64%3X, 16%=", and 8%°I1 characterized mainly b$T1, and it lies much below the other
atre. Similarly, the®IT; component participates strongly (22%) components ofI1. There is an avoided crossing between the
in the X;1 state at the equilibrium bond length. The second root 0~ components ofI1 and®II around 5.5 @(Figure 6b). The
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Figure 7. Dipole moment functions of a few states of (a) TIAs, (b) TISb, and (c) TIBi (arrows correspond to the equilibrium bond lengths).

transition energy of O(Il) estimated from the adiabatic curve
is 13 324 cm®. The state originates mainly frofil, but the
participation of the’Il;- component is more than 20% in the
Franck-Condon region. The largest splitting between the 2(I)
and 0°(Il) components ofI1 is calculated to be about 11 116
cm L. Although the®II state is repulsive, some of its spin
components, such agQll), 2(1l), 1(Il1), and 1(IV), have shown
shallow potential minima due to the spiorbit coupling. The

dominated by théX* state. The fifth root of © has a shallow
potential minimum at a large bond length. The computed
transition energy of (V) is about 21 020 cmt with re=3.8 A
andwe=44 cnTL. There exists a minimum in the potential curve
of 0-(lll) at 3.35 A with a binding energy of only 500 crh

The fifth root of the 0 symmetry has a potential minimum
around 3.7 A with different compositions at different bond
lengths. Figure 6¢ shows the overall feature of the higher roots

vibrational frequencies of these states are quite small and theof Q = 2, which are not so important to mention here. The
equilibrium bond lengths are quite large. The composition of eighth root ofQ2 = 1 has also a shallow potential well, as shown
1(IV) varies considerably as a function of bond length. Because in Figure 6d.

of the spin-orbit coupling, the transition energy of 2(lll), which
is dominated by théA state, is increased by about 8000¢m
The interaction betweén, and 3T, components around the
bond length of 6.0@is quite large, and the avoided crossing in

The calculated¢’s of the Q states of TIBi are also reported
in Table 10. The potential curve of 1(ll) consists of only one
vibrational level, and it predissociates to the lowest dissociation
limit, 2Pyo(T1) + 4Sz/»(Bi), with a small barrier (Figure 6d). On

this region is noted in Figure 6c. The only spin component of the other hand, the lll) state has six vibrational levels in its
T undergoes several avoided crossings. The higher roots ofpotential curve, and hence, it has to cross a larger barrier before

Q = 1 are complex in nature.
The composition of the fourth root of'Ois relatively less
complex. An avoided crossing around 5¢gbatween the third

dissociating to the second limit.

V. Dipole Moments, Transition Dipole Moments, and

and fourth root is shown in Figure 6a. The transition energy of Radiative Lifetimes of Excited States

07 (1V) from the adiabatic curve is estimated to be 16 989&m
with re=2.98 A and w=92 cnt?, and the component is

Dipole moments) of the ground and some low-lying states
of TIX at r. computed from the MRDCI wave functions are
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TABLE 11: Dipole Moments (D) of Low-Lying States of
TIX (X =As, Sb, Bi) atre
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TABLE 13: Radiative Lifetimes (s) of Some Excited States
of TISb at the Lowest Three Vibrational Levelst

dipole momente)

state TIAs TISb TIBI
X3z —2.66 —3.27 —2.89
X10" —2.35 —-2.91 —2.25
T1 —-2.71 —-3.29 —2.87
>+ —2.37 —2.63 —2.27
A —-2.20 —2.93 —-2.57
11 —2.68 —3.08 —2.57
AT 1.51

TABLE 12: Radiative Lifetimes (s) of Some Excited States
of TIAs at the Lowest Three Vibrational Levelst

total lifetime of the
upper state at

lifetime of the upper state

transition v'=0 V=1 V=2 v'=0
AI-X3S~  1.49(-6) 1.50(6) 1.52(-6)

AI-311 3.10(-6) 3.19(-6) 3.26(-6)

AI-2°I1  2.05(-4) 1.84(4) 1.67(4) t(A%)=1.00(-6)
215 +1T] 6.73(-6) 6.75(-6) 6.76(-6)

PRI 1.48(-5) 1.48(-5) 1.47(-5) 7(2!=*) = 4.63(-6)
AO*-X,0"  7.60(5) 7.40(5) 1.06(-4)

AD*-X,1 6.65(-6) 6.35(-6) 6.05(-6)

AOt—0*(Il) 6.80(—6) 3.60(-6) 4.20(-6)

AOt—1(ll)  2.90(-3) 4.60(-3) 1.20(2) t(A0*)=3.22(-6)
2zt st 1.52(-5) 1.57¢5) 1.70¢5)

237 X,00  8.64(-5) 1.17¢-4) 1.04¢-4)

234 —0%(ll) 2.20-4) 3.50¢-4) 2.60(4) 7(25;.) = 1.22(-5)
1I3%-X,00  1.41(-3) 1.95¢(-3) 2.57¢3)

I35 X,1 1.79(-3) 1.87¢3) 1.88(3) r(’s;,) = 7.90(-4)
0*(I)-X 0" 1.42(-2) 4.97(3) 3.21(3)

0(I)-X,1  2.50(-4) 2.50(4) 2.40(-4) 7(0*(ll)) = 2.50(-4)

@ Values in parentheses are the powers to the base 10.

displayed in Table 11. Parts-& of Figure 7 show the dipole
moment functions of three molecules X, 311, 1, 1A,
andX=" states. The dipole-moment curve of thé[RAstate of
TIAs is also plotted in Figure 7a. Except fofH, ue values of

all states are negative, indicating"XK~ polarity. The ground-
state dipole moment of TIAs, TISb, and TIBi are estimated to
be —2.66, —3.27, and—2.89 D, respectively, while after the
inclusion of the spirorbit coupling the respective values of
the ground-state component;(X) decrease te-2.35,—2.91,
and—2.25 D. Such a lowering of the dipole moment due to the
spin—orbit coupling can be attributed to the change of ionization
potential and electron affinity associated with the spinbit
splitting. The AII state of TIAs shows the opposite polarity
throughout the curve with a dipole moment of 1.51 Daand
the dipole moment function is slowly varying. All the dipole

total lifetime of the

lifetime of the upper state upper state at

transition v'=0 V=1 V=2 v'=0
23+ 1.11¢5) 1.1265) 1.13¢5)

23+ Ixt 1.905) 1.86¢5) 1.85(5) 7(2'=t)=7.01(6)
AO*-X,0"  2.27(-4) 3.01(4) 7.91¢4)

A0*-X51 1.65¢4) 7.60(5) 5.30¢5) 7(A0")=9.56(-5)
21571, 1.19¢5) 1.20¢5) 1.21¢5)

21575t 1.92¢-5) 1.94(-5) 2.79¢5)

2157,-X,0"  3.60(-4) 7.40(-4) 3.30(-4)

2135 —0t(l) 2.02(-3) 1.26(-3) 6.54(-4)

215Xl 1.39(-2) 233¢3) 8.35(4) 7(2i)=7.18(-6)
0*(I)-X 10" 1.074) 1.02(-4) 8.80¢5)

O*(I-X21  2.20(4) 2.24¢4) 2.304) 7(0*(I)) = 7.20C5)
155-X;00 3.10(-4) 1.33¢4) 7.10¢5)

3 Xol 5.61(4) 7.75¢4) 7.75¢4)

IS 0f(ll)  6.82(-4) 8.12(-4) 9.94(-4) (iz}) = 1.54(-4)

aValues in parentheses are the powers to the base 10.

12 also shows the partial and total radiative lifetimes of some
spin—orbit states of TIAs. The Ocomponent of AIT undergoes
four transitions, such as ABX;0", A0™-X,1, A0-0*(ll), and
AO0™-1(Il). The last one is much weaker than the remaining three.
Transitions from the &, component to the lowest three 0
components are also studied. ThHER—0"(Il) transition is
comparatively weak and the partial lifetime for this transition
is of the order of 20 ms. Transitions frofX, to both the
components of &=~ should have comparable intensities. Two
weak transitions, such as™Ql) —X;0" and O°(Il)—X,1 are
possible. The computed total radiative lifetime &fi0) is found

to be 0.25 ms at' = 0.

B. TISh. At the A-S level, only 22t—13+ and 27111
transitions are computed for the TISb molecule. The transition-
dipole-moment curves of these transitions are found to be
smooth, as shown in Figure 8b. The transition-moment curve
of the 2ZXT—137 transition shows a sharp peak near 5.3The
partial radiative lifetimes for these two transitions are of
comparable magnitude. Table 13 shows the computed partial
and total radiative lifetimes of'Z*, along with those of some
Q components. The total lifetime of thé2" state in the absence
of any spin-orbit coupling is of the order of #s at the lowest
vibrational level. The inclusion of the spitorbit coupling
increases the lifetime of the@g+ component only marginally.
Transition moments of five transitions from, to 11,13y,
X310, X321, and 0 (ll) are computed from the MRDCI wave
functions. As expected, first two transitions are stronger than

curves are smooth and tend to zero in the longer bond lengththe remaining ones. Transitions from(0) to both components
region. Most of the curves have an extremum. The first excited of the ground states are not very strong. At the lowest vibrational
state $IT) of each of three molecules has a dipole moment level (' = 0), the lifetime of 0'(Il) is within 100 us. The spin-

comparable with that of the ground state.

A. TIAs. Three transitions from AT to X3, °[1, and 2T1
states of TIAs are computed from tideS Cl wave functions.
The AI—2°I1 transition is less probable, as evident from the
partial lifetime for the transition as shown in Table 12. Summing

forbidden transitions from th&, component to X0, X1,
and O (Il) are expectedly weak.
C. TIBi. Figure 8c shows the transition-dipole-moment
functions of 2="—1I1 and 2=*—1X* transitions of TIBi. All
the dipole curves are smooth and comparable with those of TISb.

up transition probabilities of these transitions, the total radiative The radiative lifetimes for these two transitions, as well as other

lifetime of A%II is estimated to be 1,8s. Two transitions such
as 2=*—11I and 2Z=*—1=* are also studied here. The former

spin-included transitions, are given in Table 14. The partial
lifetime of 21="—1=* at the lowest vibrational level is twice

transition is expected to be twice as strong as the later one.that of Z=™—111. The 0(ll) state, which is dominated R1,",

The 2=* state is more than four times longer-lived thatTA

has a total radiative lifetime of 8.Zs. The O(ll)—X;0"

Transition-dipole-moment functions of the above-mentioned transition is predicted to be much stronger tharli)—X;1.
transitions are shown in Figure 8a. All the transition-moment The 0"(IV) component is associated with four transitions of

curves are smooth. The transition-moment value of tAH-A
X33~ transition near 4.2 @is about 0.57 aafor TIAs. Table

which 07(1V) —1(ll) is much weaker than the others. The total
radiative lifetime of O(IV) at v/ = 0 is about 7.52«s. Two
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Figure 8. Transition-moment functions of some important transitions in (a) TIAs, (b) TISb, and (c) TIBi.

TABLE 14: Radiative Lifetimes (s) of Some Excited States TABLE 15: Transition Dipole Moments for Transitions
of TIBi at the Lowest Three Vibrational Levels? between the Ground-State Component and Othe® States
at the Ground-Stater,

total lifetime of the

lifetime of the upper state

- 5 > upper stglte at molecule transition transition momentéea
t t = =1 = =
21;?3 = 122)4( 5) 1Uo4(—5) 1U05(—5) : TiAs AT X0 0.0373
- . — . . 15+ +
ozt 2.04(-5) 2.05(-5) 2.06(-5) r(2i=*)=6.89(6) 220 X0 0.0452
0™ (I)-X 10" 8.96(-6) 8.68(-6) 8.34(-6) 20— X410 0.0044
ot (I1)-X 21 9.70¢-5) 9.80(5) 1.004) z(0*(Il)) = 8.20(-6) 0™ (ll)—X,0" 0.0851
0+(|V)-X 21 1.25¢5) 1.36(5) 1.54(5) TISb AO0+t—X,0* 0.00037
0t(IV)—0t(I) 3.71(=5) 5.205) 7.57(5) S5ty .ot 0.0306
0*(IV)-X 10"~ 3.93(-5) 1.67(-5) 8.67(-6) 2o X0
or(IV)—1(l)  1.65(-3) 2.17(3) 6.47¢3) (0™ (IV)) = 7.52(-6) ot(I)—X,0 0.2385
1E||g-><21+ 1.25(&5; 1.31((:5; am) o 15% X ,0* 0.0776
1(1)-X410 1.78+5) 1.90¢5 (1(l)) = 7.34(=6 TIBi O L
XplX:0t  491(-2) 5.0262) 5.15(2) 7(Xz1)=4.91¢2) 8+E:3) —X§?0+ 8:3823
aValues in parentheses are the powers to the base 10. 1(1)—X,0" 0.1799
X21—X,0" 0.0621

transitions from 1(l1), which is dominated by tREl; compo-
nent, are expected to be of almost the same intensities. The\); Effects of d Correlations on the Spectroscopic

estimated lifetime of 1(1l) is about 7.3s. Parameters
Transition-dipole-moment values for transitions which con-
nect the ground-state component;QX) and other excited Additional CI calculations that include 20 d electrons of Tl

states at the ground-statg are tabulated in Table 15. These and X are carried out. We have computed only the lowest root
data may be quite useful for the experimental studies of TIX in each irreducible representation. The configuration-selection
molecules. threshold has been kept at the same value as that used in the
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