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Ab initio based multireference singles and doubles configuration interaction calculations, which include
relativistic effective core potentials of the constituting atoms, have been carried out to study the low-lying
electronic states of GaBi. Potential energy curves and spectroscopic constants of the electronic states within
46 000 cn! of energy have been reported. The ground-state dissociation energy of GaBi is calculated to be
1.24 eV as compared with the observed value of 160.17 eV. Effects of the spinorbit coupling on the
spectroscopic properties of some low-lying states below 25 008 bave been studied. A large spiorbit
coupling produces a strong mixing among differ&n§ states and changes the characteristics of the potential
energy curves. Several avoided crossings in the potential curves states of GaBi are also noted. The
zero-field splitting of the ground state of GaBi is estimated to be 463'cithe AII-X3Z~ transition has

been predicted to be quite strong. Three other transitions, namélis-AT, 2'="—11, and 2X"—1=* are

also studied. A few transitions from the’o+ component, which survives the predissociation, are reported

to be highly probable. The radiative lifetime ofHy+ is estimated, and the component is found to be short-
lived. The oscillator strengths of 6-0" and 0"—1 transitions for the lowest few vibrational levels are reported.

A comparison of the electronic spectrum of GaX¥XP, As, Sb, Bi) molecules has been made.

I. Introduction Similar investigations on TIAs, TIBi, and $molecules have

, . . been also made by these authors.
Experimental as well as theoretical researéhon semicon- y

ductor molecules and clusters of group Il and V elements are 1 neoretical studies on the spectroscopic properties and
being persued over the past few decades because of the"elec_tromc structure of molecules of group Il and V are being
technological importance. Especially, molecules such as Gap,Caried outin recent years. Balasubramanian and co-wéfkéts

GaAs, GaSh, etc. and their neutral and ionic clusters are used'@ve performed large-scale configuration interaction (Cl) cal-
as semiconductors in the preparation of electronic devices. Theculations using several methods such as complete active space
indium isomers of these compounds are also useful materialsSelf-consistent field (CASSCF)/CI, first order, second order, and
for the same purpose. Smalley and co-workérdiave made multl_reference Cl on several diatomic and triatomic m_olecules,
pioneering work on the clusters of gallium arsenide. The follow- @nd ions of group Il and V elements. These calculations have
up investigations on the electronic structure and spectroscopic'nduqe_d r_elat|V|st|c effects through the effective core potentials.
features have been also carried out by these authors using lasgRelativistic effects on molecules and clusters have been
photoionization and the time-of-flight mass spectrometry mea- "€viewed recently by Balasubramanféit’ Potential energy
surement techniques. The jet-cooled GaAs has been studied byfUrves and spectroscopic properties of several trimers such as
the resonant two-photon ionization spectroscbpgumark and ~ INASz, Sbin, GaAs, AsGa, etc. in their low-lying electronic
co-worker& 12 have used the negative ion zero-electron kinetic States have been calculated by Das and Balasubrantdriiae.
photodetachment spectroscopic techniques to study the electroni@hosphides of gallium and indium in their mixed isomeric forms
states of the neutral group IV and group-W clusters. Weltner ~ have been studied by Feng and Balasubramahifusing Cl

and co-worker$-15 have studied matrix-isolated electron-spin- calculations at different levels. Meier e'gzélhave performed
resonance (ESR) spectra of small clusters of Ga, Si, Sn, andlarge-scale ClI calgulatlong on the low-lying electronic states of
mixed group IIFV elements. By using laser vaporization AIP. The local spin density method hgs been used by Russo
techniques, the infrared absorption spectra of GaX and InX (X~ and co-worker®%2to study the electronic states of Culn, Agin,

P, As, Sb) molecules in rare-gas matrices have been observedUGa, AgGa, etc. and clusters. The phosphides of arsenic and
by Li et al1516 Although a large number of studies have been antimony are also studied in a similar set of calculations. In
reported for the electronic structure and spectroscopic properties’ecent years, ab initio based multireference singles and doubles
of GaAs, there seems to have a very little data on the isovalentC! (MRDCI) calculations on the electronic spectrum of diatomic
GaBi molecule. The mass spectrometric investigation of Gai Molecules of group Il and V have been carried out by Das and
has been performed by Piacente and Desiddie dissociation ~ CO-workers?*~3 Systematic studies on the low-lying electronic
energy of the GaBi molecule has been evaluated consideringstates of GaX and InX (% P, As, Sb) have revealed the
the process GaBi(g)~ Ga(g) + Bi(g). The most probable  €xistence of the AT—X 32~ bands, which are strong enough

experimentally determined value of the dissociation energy of t0 be observed experimentally. However, only for GaAs, the
GaBi is reported to be §GaBi) = 37 + 4 kcal mole'™. A—X band has been observed in the gas phase so far. Lemire

et al’ have observed the predissociations of th&1A; g

* To whom correspondence should be addressed. E-mail: kalyankd@ COMponents of GaAs, whereas thélR+ component is found
hotmail.com. daskalyank@yahoo.com. to be stable and undergoes transitions to the ground-state
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components. Recent Cl calculatiéh® predict similar predis- configurations for each root remains above 0.90. Therefore, the
sociations for theQ = 2, 1, and 0 components of the Al configuration-selection procedure reduces the number of the
states of the isovalent GaP and GaSb molecules. There existsecular equations in the Cl space to a large extent without losing
no theoretical or experimental data for the electronic structure much accuracy in the calculations. The energy extrapolation
and spectroscopic features of the isovalent GaBi molecule. technique along with Davidson correctii8which takes care
This paper is aimed at the theoretical studies of the potential of higher excitations, gives an accurate estimate of the full-Cl
energy curves and spectroscopic properties of low-lying elec- energy. The calculations have been carried out at a series of
tronic states of the GaBi molecule by using the MRDCI method, bond distances from 3.0 to 15.Q with different increments
which uses relativistic effective core potentials (RECP) of Ga ranging between 0.05 and 5. #otential energy curves of a
and Bi atoms and their spirorbit coupling. Because the few lowest roots of eachh-S symmetry are obtained from the
molecule is considerably heavy, one may expect comparatively estimated full-Cl energies. The property matrix elements are,
strong spir-orbit effects on the spectroscopic parameters. In therefore, computed from the symmetry adapted Cl wave
this connection transition probabilities of several spin-forbidden functions.
transitions are estimated in the present study. A special emphasis In the second stage of calculations, the sprbit operators
is given on the A-X transition, which is strongly probable for  of Ga and Bi are taken from Hurley et #land Wildman et
all group IlI-V diatomic molecules. The estimation of radiative al.*? respectively, for the inclusion of the sphorbit coupling
lifetimes of excited states is also the subject of the present study.in the calculations. Thé\-S CI wave functions are used as a
basis for the spirrorbit calculations, which have been carried
II. Details of Computations out in theCy,2 group representations, namely;, A,, and B.
) The B; representation is degenerate witha@d, hence, omitted
In the present calculqtlons, Sds4p eIeptrons of Ga and j, the calculations. A second set of CI calculations has been
5di%s6p* electrons of Bi have been kept in the valence space, qone by including spinorbit interactions in the Hamiltonian.

whereas the remaining electrons are substituted by the semicorerp o A_5 ¢ energies are kept in the diagonals, whereas the
RECP available in the literature. The RECP of the gallium atom spin—orbit coupling terms occupy the ofr-diagor;al blocks of

o :
aré taken frol:g Hurley et af? Wher.eas for ,B" RECP of  the Hamiltonian. These off-diagonal elements are obtained from
Wildman et al!® have been used. This essentially reduces the pairs of selected Cl wave functions by using spin-projection

number of active electrons in our calculations. The primitive techniques and the Wigner-Eckart theorem. The sizes of the
Gaussian basis functions of the type (3s3p4d) for Ga, taken from g 5 equations for AA, and B representations are 44, 45,
Hurley et al.3° are augmented with an additional d-polarization ,4 45 respectively. In the present calculations, allA2%
function of the exponent 0.20%2 However, the first two d  gtates, which correlate with the lowest two dissociation limits,
functions are contracted so that the final basis set of Ga becomesy;e allowed to interact in the spiorbit CI. Potential energy
(3s3p5d/3s3p4d). For the bismuth atom, the (6s6p6d) basis setrves and spectroscopic properties @f components are

of Wildman et at%is used with the first two d functions being  sptained from the resulting eigenvalues and eigenfunctions.
cor!tracted. BaS|_s sets of both the_ atoms are compat|bl_e With  potential energy curves are numerically fitted into polynomi-
their corresponding RECP and sufficient enough to describe the 15 a5 3 function of the internuclear distance. The nuclear
atomic orbitals accurately. Using these pseudopotentials a”dSchr“cdinger equations are then solved to obtain vibrational
basis sets, a set of SCF molecular orbital (MO) calculations gnergies and wave functiof.The dipole transition matrix
?a_s been carned_ out at each internuclear distance for #ife ... elements are calculated for the pair of vibrational functions
2" state of GaBi having 28 valence electrons. To perform Cl i\ qved in a given transition. Subsequently, Einstein coef-

calculations, we have used 90 optimized symmetry adapted SCFy;cients of spontaneous emission and transition probabilities are
MOs as basis functions. When the compositions of SCF-MOS ¢, ted. The radiative lifetimes of the upper states at the

are a_nalyzed, itis n(_Jted that20d elec_:trons of Ga e_md Biremain o vest few vibrational levels are also estimated.
localized on to their 3d and 5d orbitals, respectively. These
electrons do not participate in the formation of the-&abond
in low-lying excited states. Therefore, 20 d electrons are
essentially kept frozen, whereas only eight active electrons are  Spectroscopic Properties and Potential Energy Curves of
used for the generation of configurations in the CI space. A-S States.Experimental atomic spectra of both Ga and Bi
The present computations are based on the MRDCI codes ofatoms were known accurately long ajoThe ground-state
Buenker and co-workefd. 46 In the first step of the calculations,  (4s4p;2P,) Ga atom combines with the ground-statetR,)
A-S states are studied without considering any -spirbit Bi to generate four low-lying states such@&s, °I1, 5=, and
interaction. The actual computations have been carried out in°I1. The next two excited states of Ga, namely?54$'S and
the Cy, subgroup ofC., in which the GaBi molecule belongs.  45p 2P, consist of Rydberg functions and are lying nearly
The molecule has been placed along-teaxis with Ga at the 25000 cnt! above the ground state. On the other hand, the
origin. The lowest eight roots for each irreducible representation first excited state (6}°Dy) Bi atom is low-lying, and it does
of a given spin multiplicity are optimized in the Cl step. We not have any Rydberg function. Energetically, the next dis-
are confined here with singlet, triplet, and quintet spin states of sociation limit of GaBi correlates with the ground stei@) of
GaBi. The low-lying excitedA-S states in a given symmetry  Ga and first excited staté,) of Bi. There are nine singlets
are defined by a set of main reference configurations. The singly and nine triplets oE*, X7(2), I1(3), A(2), and® symmetries,
and doubly excited configurations are generated from thesewhich converge with the G&,) + Bi(?D,) asymptote. The
reference sets. The sizes of the generated Cl space for a givergalculated value of the relative energy of this dissociation limit
symmetry easily exceed a million in number. However, a has been found to be lower than the j-averaged experimental
configuration-selection procedure has been used to reduce thevalue by about 2000 cnt. The observed spirorbit splitting
dimension of the eigenvalue problem. In the present calculations, betweer?Ds, and?Ds;, components of Bi is considerably large.
a configuration-selection threshold of kBartree has been used The computed potential energy curves of triplet and quintet
so that the sum of the squares of coefficients of the referencestates of GaBi are shown in Figure la, whereas the singlet-

Ill. Results and Discussion
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60000 — TABLE 1: Spectroscopic Constants of Low-Lying A-S
States of GaBi
state TJemt reA wdem?
50000 X35 0 2.90 152
ST 2547 2.68 176
11 6 668 2.64 194
1A 6853 2.87 161
#0000 13+ 8 453 2.58 161
213+ 13731 2.71 215
g 211 15 676 3.37 92
2 300004 AT 20 262 3.02 110
) 2>+ 26 052 3.18 101
Z 3=* 26 074 3.69 77
5 253~ 31283 2.96 131
20000 4 413+ 34137 2.80 148
5> 36 088 2.86 152
2511 39 280 2.93 126
311 39 409 3.14 134
10000 - 3= 39824 3.15 107
255+ 43418 2.83 156
4511 44 123 3.08 144
SA 46 028 2.76 161
0 -
T T T T T T T T

orbitals. The nexut* orbital is antibonding comprising s(Ga)
and s, p(Bi) atomic orbitals, whereas' is somewhat complex

a in nature. It is found that’ is strongly bonding of gGa) and

pABi) but weakly antibonding consisting of s orbitals of Ga

50000 T—rrymy and Bi atoms. When SCF MOs are analyzed further in the
\'; ‘ Franck-Condon region, the first occupiedMO is almost pure
A Pxy(Bi) orbitals, but a very weak bonding characteristic with
AR pxy(Ga) has been noted. The next is, however, strongly
iRy antibonding comprisingyy orbitals of Ga and Bi. The ground-
state dissociation energip§) of GaBi, estimated from thA-S
MRDCI energy atr = 15.0 @, is found to be 1.24 eV, which
is somewhat smaller than the probable value of 160.17
PP, eV obtained from the mass spectrometric determindtidrne
discrepancy is because of the absence of the correlation of 20
SNEN d electrons in the CI step. Moreover, some disagreement will
— remain because of the effective core potentials used in the
calculations.

The ground-state electronic configuration generates two other
singlet A-S states, namelyA and 2X*, which are strongly
bound. As seen from Figure 1b, tAA state correlates with

-1

30000 +

Energy / cm

20000 +

10000 - w S S
‘ N s,

Bi(°Dy), whereas &+ dissociates into the second excited state
(?P,) of the Bi atom. Although théA state is pure arounc,

the 2>+ state has a contribution of a closed-shell configuration
..0%0%*27% (c?>=0.18) and an excited configuration such as

... 020 231* (c2=0.14). There and we values of the!A state

r/a, (see Table 1) are found to be quite similar to those of the ground

b state. The spectroscopic constants of tH&*2state are
somewhat different. The potential energy curveStfand 2=

in Figure 1b have shown the appearance of a strong avoided

crossing around 5.3,aThis has been confirmed by analyzing

state curves are plotted in Figure 1b. There are 19 bound state$"! wave functions at several bond distances before and after

within 46 000 cnt?! of energy, whereas the remaining states = 5.3a.Asa result of this avoided CrOSSing, the fitted adiabatic

are repulsive in nature. Spectroscopic constants of theSe  curve estimates a shorter bond length 2.71 A) and longer

states are reported in Table 1. Analogous to other groupil ~ @e (=215 cnt?) for the 2X* state of GaBi.

molecules such as GaP, GaAs, GaSbh, etc., the ground-state GaBi The first excited state’[I) of GaBi is lying only 2547 cm?!

has a X3~ symmetry, which is represented dominantly by an above the ground state. The equilibrium bond length offlie

open shell configuration a?0*20'27% (c2 = 0.89). The equi-  state is much shorter than the ground-state bond. The nature of

librium bond length and vibrational frequency of the ground the potential energy curve and spectroscopic constants are

state of GaBi are 2.90 A and 152 ciarespectively. Although analogous to other group HHV molecules. The®Il state

no experimental or theoretical data are available even for the originates mainly from the — x* excitation. However, some

ground state of GaBi, our calculated values show the correct contribution also comes from another single excitativon—

trend, when compared with those of the isovalent GaP, GaAs, 7*. The singlet counterpart oflI originates from the same set

and GaSb molecules. At, the o MO is mostly s orbital of configurations. In the present MRDCI calculations, the

localized on Bi and a weakly bonding of s(Ga) and s(Bi) atomic splitting betweerII andI1 is estimated to be 4121 crh The

Figure 1. (a) Potential energy curves of triplet and quinet states
of GaBi. (b) Potential energy curves of singletS states of GaBi.
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TABLE 2: Composition of A-S States of GaBi atre

Chattopadhyay et al.

state

configuration (% contributions)

X3Z~  0%0*%0'%7?(89)

SI1 0%0*20' 713(73), 0%0* 20" 1?m*(14)

11 0%0*20' 13(73), 0%0* 20’ 12n*(14), 0%0* o'?7%m*(1)

A 0%0*20'?7%(87), 0%0* 20" %% (2)

D 0%0*274(48), 0%0* 27°m*(23), 0%0*20'2n3(12), 0%0* o' 74(3)

2I5t 0%0%2%0'%7%(52), 0%0*%7*(18), 0%0* 2ria*(14), 0%0* 20" 2t (2)

21 0%0*2%0' 7%7*(53), 0%0*20' 13(27), 0%0* 20,%7*(2), 0°%0*2047%(2), 0%0*206m?m*(2), 0%0* 20’ w2’ (1)

A3l 02020’ 12n*(84), 0°0* 0'%m%m*(3)

285t 0%0*20"%an*(54), 0%0* 2n3m*(25), 0%0* 20" oenm*(4), 0%0* 2P (2)

3=t 0%0*%0"%nn*(54), 0%0% %0 o4tr*(10), 0%0*%0'%m?(8), 0%0* 2m(6), 0%0* Zdn*(4)

253" 0%0*20' 05m3(79), 0%0% 20" 064(4), 0%0* 20" 04713(3), 0%0* 20" 094(2)

43T 020*22n*2(30), 0%0* 214 (14), 0%0* 273a*(10), 0%0* o' P ¥(9), 0%0* o' 37’ (8), 0%0* o' X (6), 0%0* 20"t (4)

5>t 0%0* 21?1 %(55), 0%0* o’ T?a* 2(18), 0%0* o' an*(13), 0?0 ?m%a* (1)

2°I1  0%0*2%0'7%7'(88)

P 0%0*0"?7%7*(58), 0%0*%067°7*(9), 0%0* %0’ n*3(5), 0%0* 204?n*(5), 0%0* o'%nn*(3), 0%0* 0’ oem?m*(2), 0%0* 0'’mPms(2), 0%0* 2ot (1)
P 0%0*%0' 041445), 0%0* %0’ 061(40), 0%0* %0 0107%(1)

253t 0%0* o' 7% (50), 0%0* 2P 2(21), 0%0* o' mPr*?(15)

PII 0%0*%0' aa*4(53), 0%0* 0'?mr*Y(18), 0%0* 206m°m*(5), 0%0* 2047%7*(3), 0%0*%0emm*?(3), 0%0* 0'%m?m*(2), 0%0* o' oe?m*(1)
SA 0%0* o' 13*(80), 0%0* 0’ T2* A(5), 0%0* o' T374(3)

1T state has even shorter bond length and lonrgethan®IT.

heavy, the spirrorbit effect on the AIT state plays a significant

The singlet state is much more strongly bound, and it correlatesrole. Figure 1a shows a shallow minimum of th&2 state,

with the excited state?D,) of Bi, whereasII dissociates into
the ground-state atoms. The greater stability of the Bidbond

which is bound only by 800 cri. Spectroscopically, the’2~
state does not have much significance as the transition to the

in L3[1 states is attributed to the increase in the delocalization ground state would be very weak.

of ther MO. The fourth excited state is assigned&s, which
has the shortest bond length of all low-lying states of GaBi

The ..0%0*20'7%71* configuration generates 18-S states,
of which four3IT states are already discussed. Out of tHide

reported here. The MRDCI-estimated transition energy of the states, 21 and 311 dissociate into GaP,) + Bi(?Dy). The

13+ state is 8453 cml. Because of the avoided crossing with
21>+, three dominant configurations contribute strongly. At the
equilibrium bond length, the closed-shell configurationto* 27*
has only 48% contribution to the composition of #3&" state.
As seen from Figure 1a, the potential energy curve of fii¢ 2

present calculations show that thélRstate is very weakly
bound (binding energy~300 cnt?), whereas 31 is repul-
sive. The remaining three states, which originate from the
...0%0%2¢' w?m* configuration, aré-3® and®I1. Potential energy
curves of all three states are repulsive as shown in Figure 1

state has a shallow potential well at a longer bond distance parts a and b. ThelT state is very low-lying, and it correlates

(re=3.37 A). The vibrational frequency is only 92 cf The
existence of this minimum is mainly due to a strong avoided
crossing between the curves®t and 211 states. The MRDCI
wave functions of the lowest two roots of tAB; irreducible
representation show that thé&lP state is described predomi-
nantly by ..o%0*2¢'72 in the bond length region above 7.9 a

with the lowest dissociation limit.

Unlike other GaX (X= P, As, Sh) molecules, th&* state
of GaBi is very weakly bound. The potential energy curve of
this state shows a shallow minimum (see Figure 1a). The
computed binding energy of th&" state is only 750 crmt.
The 2=* state is lying 26 052 cmi above the ground state

whereas in the shorter bond length region, it is composed of with re = 3.18 A andw. = 101 cntL. The compositions of Cl

..0%0*20'1?7*. The appearance of such a broad potential
minimum of the 2I1 state is a general feature for all group
Il =V diatomic molecules. Earlier MRDCI calculations on
isovalent molecules of group Il and IV have revealed identical
characteristics of the potential curves of th@I2state. The
2%[1—-X 3=~ transition is always expected to be very weak
because of the longek of the upper state.

There exists four®Il states, which originate from the
...0%0%20' w?m* configuration. Besides #1, the 311 state is

wave functions of=* and Z=* reveal that the appearance of
the long-distant minimum in the32* state curve is due to an
avoided crossing. Two important configurations, namely,
020" 2n3* and 0%0* 20'2r*, mix up strongly in the bond length
region above 6.0@At the potential minimum, the3Z* state
is represented by these two configurations as shown in Table
2.

The potential energy curves of!3" and 4=" states
demonstrate an avoided crossing near 5.5 a, and a broad

bound and spectroscopically important, whereas the remainingminimum appears at 3.69 A. Thé33' state at the long-distant

4311 and 51TI states are repulsive in nature. We shall, therefore,

focus our attention on the?H state only. Keeping an analogy
with the observed AT state of GaAs, we have designatédl3
as the A state. For GaBi, the®H state is weakly bound with
the calculated binding energy of about 1700@ronly. The
computedr. and we of the AT state of GaBi are 3.02 A and
110 cntl, respectively. The AT—X3=" band of GaBi is
expected to be around 20 262 tPrevious MRDCI calcula-
tions on GaX (X= P, As, Sb) at the same level have shown
that the transition energies of thélA state follow the expected
trend asT¢(GaP)> T(GaAs) > T{GaSh)> T(GaBi). In the
Franck-Condon region of the potential energy curve, thgIA
state remains pure with 84% contribution of the dominant

minimum is characterized mainly bya?o*20'%z7*. When the
diabatic curve is fitted, the estimatedandwe of the 4=+ state

are approximately 2.80 A and 148 cfn respectively. The
minimum is located at a very high energy with ~ 34 137
cm~L. There exists no other strongly bound singlet states at least
up to 45 000 cm?! of energy.

A set of high-lying strongly bound quintet state-curves is
noted in Figure la. All of these quintets dissociate into higher
asymptotes. Only the FranekCondon region of the curves of
these high-lying quintets are shown in Figure la. Ti¥ Ztate
is stable at 2.96 A it = 31 283 cm! andwe = 131 cnT™.

As seen in Table 2, the state is represented by #ie* 20’ o572
configuration, in which thes MO has some Rydberg character

configuration (see Table 2). Because GaBi is comparatively of 7s atomic orbital of Bi. Because we have not used any
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TABLE 3: Dissociation Relation betweenQ States and TABLE 4: Spectroscopic Constants of Low-LyingQ States
Atomic States of GaBi of GaBi

atomic states relative energy/cin state Tem? rdA wdcmt

Q state Gat Bi exptad calc. X3%,. 0 2.90 133
0%, 07, 1(2), 2 %Py + 1Sy 0 0 X2 463 281 149
0(2), 0°(2), 1(3), 2(2), 3 2Py + S 826 860 I 1332 2.73 164
0,07, 1(2), 2 Py, + 2Dy, 11419 12185 ot 5147 2.75 163
07(2), 0°(2), 1(3), 2(2), 3 Py, + 2Dy, 12245 13215 JL 9156 2.83 137
0,0, 1(2), 2(2), 3 P+ Ds, 15438 16981 ZF(II?I) 11;??83 22577 11(%77
0%(2), 07(2), 1(4), 2(3), 3(2), 4 2P3,+ 2D 16264 17932 :
( )| ( )1 ( )| ( )1 ( )| 3/2 5/2 0+(|V) 15283 275 200
aReference 50. (o(11)] 15921 3.01 136
0t (V) 20368 3.24 78

additional Rydberg function in the basis set, the spectroscopic A °Ilo+ 25200 3.27 71
properties of this state, obtained in our calculations, may not ) ]
be very accurate. BotA=* and Z=+ states are found to be Figure 2 parts &d show the calculated potential energy
strongly bound. These two states have similaandwe values ~ curves of a few low-lyingQ states of 0, 07, 1, 2, 3, and 4
with an energy separation of about 7330 énThree configura- ~ Symmetries. There are 82 states arising out of 23-S states
tions such as 020*2727*2, .. 020* o' 3, and ..0%0* o' w22 interacted in the spinorbit coupling. Spectroscopic parameters
contribute strongly in the description of bof&* and =+ of 11 boundQ states are reported in Table 4. Two sporbit

states. Table 2 shows the actual contribution of each configu- c0mponents of the ground state of GaBi are separated by 463
ration, which does not contain any Rydberg type orbital. There ¢M™*. The X’=7o" state is found to be lower in energy than the
are three closely spacéill states, which are strongly bound ~Other component. The zero field splitting&{(1X;)—°<"-

and dissociate into higher limits. An avoided crossing between (0*X1)] of the isovalent lighter molecules such as GaP, GaAs,
the potential curves of521 and 311 states is also noted. The ~and GaSb are much smaller than that of GaBi. Thand we

2511 state withT, = 39 280 cml is composed of a dominant ~ Values of the two components ofX", obtained by fitting their
configuration .o%0* 20’721 (c? = 0.8), where ther MO is the adiabatic curves, differ considerably because of their different

nonbonding py(Bi) atomic orbitals andz’ is a bonding magnitudes of the spinorbit matrix elements. Table 5 dem-
combination of p, atomic orbitals of Ga and Bi. ThéH state onstrates the compositions of boufXdstates in their adiabatic

is described by many configurations of whickw?a* o' 2727* curves at four representative bond distances. In the Franck
is the dominant one. The estimated transition energy oftfle 4 Condon region, &7¢* is composed of two strongly interacting
state is 44 123 cni, while r. andwe are 3.08 A and 144 cm, components such as’X ¢+ and*X"o+, whereas for the X7,
respectively. The configuration, which dominates tP 4tate, ~ State, the mixings of X2, with °IT; and*I1, are also found to

arises from a double excitations’ 272 — ...’ mr* 2. Other excited be sufficiently large. As a result, the equilibrium bond length
configurations also contribute to a small extent to the charac- Of X°Z71 becomes shorter and larger than the X7
terization of this state. The remaining two quintet states, namely, counterpart. At the shorter bond distance region (say,4.5
33~ and®A, are also found to be strongly bound. THE3 &) of the adiabatic potential curve of 34, the3I1; component
state is lying very close toPBI and 311, whereas the transition ~ dominates, but X7, and Iy components also contribute
energy of théA state is estimated to be 46 028 chiThe Ga- strongly.

Bi bond in the®A state is unusually short with, = 2.76 A. ~ The spin components 611 split as 2, 0, 1, and 0 in the

The MRDCI wave functions show that the dominant configu- increasing order of energy. As expected, the magnitude of the
ration for the description of theA state is .0%0* o’ 73n* (2 = spin—orbit coupling is considerably large. Although none of
0.8). Some spin-forbidden transitions from the spin components these states remains as péfk we have designated 27(l),

of these quintets are expected to take place. 1, and 0 as components dfil. The largest splitting between

Low-Lying @ States and Their Spectroscopic Properties. Iz and®[lo~ components is computed to be 8729 ¢nMany
Effects of the spir-orbit coupling on the spectroscopic proper- avoided crossings exist in the potential energy curves of these
ties of the GaBi molecule will be discussed in this section. The components. Throughout the curve of the low@st= 2 state,
spin—orbit interaction is introduced by the inclusion of the spin ~ the dominant®[T, component interacts strongly withA..
orbit operators derived from REGP4OAIl 22 A-S states, which ~ However, other components such®asz, 2°I1,, and°Il, begin
correlate with the lowest two dissociation limits, are allowed 0 couple with®II, at longer bond distances. Spectroscopic
to interact through the spirorbit coupling. The lowest two ~ constants o_f all four componentsﬁﬂ_are estimated by fitting
limits split into six asymptotes. Table 3 displays relative energies the adiabatic curves. Th#lo* state is located at 5147 crh
of the dissociated atoms with whic® states correlate. The ~ With re = 2.75 A andwe = 163 cm™. At re, this state is
computed energies are found to be overestimated as comparedominated by3[1, but the mixings with 257,(31%) and

with the observed data. The experimental sginbit splitting X3%,.(5%) components are considerably large. As seen from
for the2P state of Ga agrees well with the value of the splitting Table 5, the contribution ofIlo+ decreases, whereas the
obtained from the MRDCI calculations at= 15 a. The X3%,. component begins to dominate in the shorter bond-
computed {Ds;,—2D3)2) separation for the Bi atom is found to  length region. The secon@ = 1 state is described predomi-
be around 4700 cm, whereas the experimental splitthids nantly by theS3ITl; component, but a strong coupling with

4019 cntl. The discrepancies are, therefore, within the limit X3=~; shifts the equilibrium bond length to the longer value
of accuracy for the RECP-based MRDCI calculations. Relative (r. = 2.83 A) andwe to a larger value of 137 cnd. The 3[1;
energies of the four limits of G&,) + Bi(?Dy) are calculated state is shifted up by a large extent because of the strong
to be higher than the observed values by 73000 cntl. coupling. The transition energy of tRH; state, estimated from
However, at the same level of MRDCI calculations, energies the adiabatic curve, is found to be 9156 dmiThe lowest root

of the dissociation limits for GaBi show considerably smaller of Q = 0~ symmetry is seen to have a very shallow minimum
discrepancies than those for GaP, GaAs, and GaSb. around 2.77 A, and it holds only two vibrational energy levels.
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TABLE 5: Compositions of  States of GaBi at Four Representative Bond Lengths

Chattopadhyay et al.

composition (in percentage contribution)

state r=4.53 r=5.0a r=re r=7.0a

X33, S[1(41),X3=(28), X827(65),1=(13), X32=(73)11(6), X327(72),1=7(13),
13+(25) 5 11(2) STI(7) °T1(3) 13(14) S11(3) 5T1(4),21=%(2),6°T1(3)

X337 311(46),X 3=~(27), X827(43)11(34), X82~(50)711(28), X827(60),3I1(12) 'T1(8),
11(22) T1(17) T1(14) 2T1(4) 5T1(4), 52 (1)

1, 311(86),!A(10) S[I(79)A(15) SII(77)IA(17) S[1(55),1A(14),5=7(9),

2°11(6),3'A(4) ST1(3)

S+ X3=~(47), 8[1(52),2'=%(32), 3[1(58),2=%(31), 8[1(69),21=7(9),31=(8),
213%(28) T1(16) X3=(9) X327(5) £11(4),5T1(4)

ST, 3[1(48),X 3=~(40), S[1(51),X 3=~ (44), 8[1(55),X 3=~(39), 5T1(62),2%=7(11),43=(5),
T1(8) STI(1) T1(2) °T1(2) 3337(2),£11(2),511(2)

o 811(96),3%=%(1) S[1(95),2'=(1) S[1(90),211(4), 5T1(62), °11(7),5°11(6),

2137(3) 233%(6),A%I1(3),2=(3)

2(11) ST1(64) 2A(10), ST1(61),2A(10), 1A(76),°11(18), 527(29),211(24) f11(11),
21A(6),2A(5), IA(5),2A(4), 2A(2) 3'A(8),6°T1(7),5°T1(4),
5°11(4),A%T1(3) 3[1(4),5°T1(4) IA(3),°T1(3),£11(2)

0*(1V) T1(70), 211(12), 13(46) fT1(40), 137(69) °T1(19), 137(40),2T11(39),
5°11(8),X 3= (3) 211(5) ST1(3),X 3= (3) X 327(8),£11(5)

(o (11)] 2°3[1(40),3=7(39), 2I1(52),°=7(24), 2T1(50)11(16), 537(78),3%=7(11),6T1(8)
13(7),AT1(5), 2'37(10) 11(6), 831(12),2=-(10),
2137(4) \I1(3) 137(2),2327(2) 23H(5)

0*(V) 2°[1(38),21=7(30), ZT1(55) °T1(20), 2T1(41),5T1(23), STI(25),AT1(19), ZI1(12),
ASII(10) 3T1(9), AST1(11),21=7(7), ATI(13), 21=%(8), 2137(12),23=7(10),
ST1(6),X 3= (5) 51(2),2%2(2) 33(6),23=(5) 13%(9),31=(5)

AT+ ASII(79),211(7), AI1(76),211(17) AT1(52),2827(12), ATI(55),2%27(20),

At re, the state is almost purdl (90%), whereas the state

3154(6),2154(3),
59T1(3)

changes its character to the dominéy- component in the

3=H(7),1Z4(6),
S[1(5),£11(4)

15+(9),2%[1(6),435(3)

As a result of the strong spirorbit coupling, all four
components of I change their characteristics to a large extent.

longer bond length region because of the avoided crossing (sedn the adiabatic curve of the third root 6f = 0~, a minimum

Figure 2b). However, we have designated this lovéest 0~ has been located at 3.01 A with, = 136 cnmL. The potential

state as’Ily-. Spectroscopic constants,(we, andTe) of the minimum of the adiabatic qlIl) curve holds six vibrational

%[y~ state are also obtained by fitting the adiabatic potential nodes. Above 6.2 @athe 07(lll) state dissociates through a

curve. The calculations show that the sporbit coupling is channel, which is dominated by the repulsh¥ state. Table

so strong that thélly- component is pushed up by 7514 ¢in 5 shows how the compositions of the adiabati¢l0) curve

and the computed transition energy%fo- is 10 061 cm™. change at different bond distances. As seen in Figure 2a, the
The potential energy curve of the thi€dl = 2 state, whichis fifth root of Q = 0* is weakly bound and is designated as

designated as 2(lll), shows a couple of strong avoided crossingsg* (V). The minimum of G°(V) is lying 20 368 cn! above the

in Figure 2c. In the present calculations, the adiabatic curve ground state at. = 3.24 A. In the Franck Condon region, the

has been fitted, and the estimated spectroscopic parameters ofy+(v) state is found to be dominated by thélZy* component.

2(lll) are displayed in Table 4. The 2(Ill) state rt= 2.87 A However, the contributions of other components sucf ks,

is mostly the pure component b, whereas at the shorterbond 15+ As[1y+, 23114+, etc. are significant as demonstrated in

distances, the presence 1, dominates (see Table 5). In the Tat?le 5.

longer bond length regiorf2 = 2 components of other states

such as®z~, 3[1, 2311, etc. contribute strongly. The largest

contribution of the5z~, component to the 2(Ill) state at=

7.0 @ is 29%. The only spirrorbit component of a strongly

boundIT state undergoes predissociation. Figure 2d has shown

avoided crossings in the potential curve of the third roofof

= 1. In the shorter bond length region of this curve, the state is

dominated by théll; component. Instead of forming a potential

minimum, the 1(lll) curve quickly falls through a dissociative . ’ .

channel, which is dominated by the repulsitid state. An constants estimated from the adiabatic curve @i are shown

avoided crossing between the curves of third and fourth root of " Table 4. The compositions of the°Hy- state at four
Q = 0* around 5.0 @ahas been noted in Figure 2a. We have epresentative bond distances show that the contributior§Idf A

fitted the adiabatic curve of the fourth root of Owhich is is always more than 50%. Therefore, thé[R+ component
designated as'@IV). Analyzing the wave function, it is found ~ Should survive any predissociation, but the state is bound only

The ASIT states of all group IH-V diatomic molecules draw
a special attention. In general, three components it 2,
1, and O interact strongly with those of the repulsi¥®™ state.
For GaBi, the spir-orbit coupling is so strong that the’B, ; g
components mix up strongly, and there are no bound states with
Q =1 and 0, which are dominated by #lI. Like other group
[11 -V diatomic molecules, the &ly+ component, which is the
seventh root of the Osymmetry, is bound. The spectroscopic

that °I1y+ and 12; components undergo avoided crossing as

illustrated in Table 5. At 5.0 @of the adiabatic curve, the ) )
0*+(1V) state is composed of almost two equally important states Subject of this study.
Transition Dipole Moments and Radiative Lifetimes of

such as=* and®I1, whereas in the shorter bond length region,

the state is represented by the domirditstate. The equilib-
rium bond length of the adiabatic-(V) state is estimated to

be 2.75 A, and the fittedbe is found to be somewnhat larger

because of the avoided crossing.

by 600 cntl. The dipole allowed transitions from3Hgy+ to
the lowest two components$X,, and XX, are also the

Excited Electronic States.The MRDCI calculations predict
several dipole allowed transitions for GaBi. Experimentally or
theoretically, no transition has been reported so far. ArtHe
level, two transitions from A, and another two fromZ™,
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Figure 2. (a) Potential energy curves of the low-lyifgj= 0" states of GaBi. (b) Potential energy curves of the low-lyéhg= 0~ states of GaBi.
(c) Potential energy curves of the low-lyifgy = 2 and 4 states of GaBi. (d) Potential energy curves of the low-Iging 1 and 3 states of GaBi.

are possible to take place. The calculated transition momentshand, the transition such a2 —1>" is comparatively weak.

of these transitions such as’lA-X3=~, ASII-311, 21>+—101, The computed total lifetime of the’2" state at' = 0 is found
and 2X*—13* are plotted in Figure 3a as a function of the to be 7.6us.

Ga—Bi bond distance. The computed partial lifetimes of the . : :

upper states, namely 3H and 22*? at thrge lowest vibrational o-tr:rfti ;It rgrr:grspli:lj)rrj);ts Cé) ounpsl:gg racgla ngrehsa%? Qgﬂrz n?af ntthe
levels are reported in Table 6. The transition-moment curve for Eas been fou% to be an importani/lstate from WEiCh many
the A—X transition shows a maximum. Although the transition " _

moments of 2+~ are higher throughout the curve, the trans_|t|ons tp the stable lower states V\Mk =0, +1 are made
ASIT—-X32" transition is found to be strongest of all. In the pOSS|_b_Ie. Figure 3b shows the transition momgnts of four
Franck-Condon region, transition moments of théIA-3I1 Fran5|t|ons frqm the Allo* ComPF’”e”t as g.functlon of the
transition are computed to be small and the transition becomesinternuclear distance. The transition probability of thélAy—
weak. The partial lifetime of AT is computed to be 6.2 ms at  X°Z. transition is found to be larger than that of #lo*—

v = 0. Adding transition probabilities of &AI-X32~ and X327y, The Ao+ —3Ilo+ transition is considerably strong, and
A3II-3I1 transitions, the total radiative lifetime of 3N is the partial lifetime of the upper state#t= 0 is about 0.83:s.
estimated to be 2.0@s at the lowest vibrational level. The The transition is, therefore, expected to be observed in the region
213>+—11 transition is considerably strong, and the partial of 20 000 cntt. The A¥Tly+—2I1; transition is predicted to be
lifetime of the 2=" state at’ = 0 is 9.16us. On the other very weak because of the negligible Fran€kondon overlap
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TABLE 6: Radiative Lifetimes(s) of Some Excited States at

Few Lowest Vibrational Levels of GaB#p

Chattopadhyay et al.

TABLE 7: Computed Oscillator Strengths (f,,) for
Transitions from A°SI+(2'"") to X3Z;, and X3X4(")

Components of GaB#

transition 4 v'=0 V=1 V=2
AT+ — X33, 0 0.1608(5) 0.7793(5) 0.2106(4)
1 0.1023¢4) 0.3672(4) 0.6965(4)
2 0.3567¢4) 0.9064(4) 0.1085(3)
AIg+—X327; 0 0.1464¢7) 0.1068(6) 0.4379(6)
1 0.1499¢6) 0.9518(6) 0.3363(05)
2  0.7668(6) 0.4175¢5) 0.1247(4)

aValues in parentheses are the powers to the base 10.

TABLE 8: Comparison of Spectroscopic Properties of GaX
(X = P, As, Sb, Bi) Molecules at the Same Level of MRDCI

Calculations

property* GaP GaAs$ GasH GaBi
rd(x3=), A 2.50 2.67 2.82 2.90
we(X3Z7), et 268 236 203 176
De(X%27), eV 1.69 1.30 1.30 1.24
1e(X35), D 1.86 2.27 2.22 1.29
Te(3IT), cm? 782 1066 1573 2547
ro(3I), A 2.26 2.40 2.57 2.68
AE(MI — °IT), cmrt 4725 4875 4394 4121
T(A3ID), cmt 24 145 22 250 21508 20 262
r(ASI), A 2.50 2.72 2.90 3.02
we(A3IT), et 228 135 113 110
zfgcmte 5 76 218 463
Te(A%TIo+), et 24 215 22178 21771 25 200
re(ASlop+), A 2.48 2.76 3.03 3.27
we(A3Ty+), 229 125 89 71
7a%m, us 0.19 0.45 0.56 2.0
TA3Ig+, US - 1.05 1.93 0.42

a2 The subscript e refers to the parametercaif the corresponding
state.? Reference 33% Reference 349 Reference 35 Zero field split-
ting [B=7(1Xp) — 3=7(0"Xy)].

of two important transitions such asBAq+—X3%;, and A1y —
X3%71. The f values for the ©—0" transition are found to be

lifetime of the upper state

total lifetime of
the upper state

transition v'=0 V=1 V=2 aty' =0

ASII— X35~  2.06(-6) 2.11¢6) 2.16(6)

ASIT — 3[1 6.203) 1.60(-3) 8.31(4) 7(A31)=2.06(-6)
213+t —1q1 9.16(-6) 9.18(-6) 9.21(6)

213t — 13+ 4.59(-5) 4.61¢5) 4.63¢5) 7(21=+)=7.6(—6)
A3y — X33, 0.98(-6) 0.89(6) 0.71(6)

Ay — X321 6.33(-6) 6.83(6) 7.01(6)

Adllg+ — 3Mlp+  0.83(6) 0.706) 0.84(6) t(A 3[1p+)=0.42(—6)

aValues in parentheses are the powers to the base 10.

term, which is due to the smalleg of IT; as compared with
there of ASTIy+. On the other hand, the potential curve of the
3[1o+ component is more strongly bound with many vibrational
levels, and it makes the 3Ny+—3[1g+ transition reasonably
strong. The estimated total radiative lifetime of thd &+ state,
which survives the predissociation, is about 042 In Table

7, we have provided the data for the oscillator strengths)(

larger than the values for the"81 transition, which makes
the latter transition difficult for investigation. Although no
experimental data are available as yet, these data might be useful
to the experimentalists.

The dipole moments of the lowest two electronic states,
namely, X=~ and®[1 of GaBi, are also shown in Figure 3a as
a function of the bond length. Both of the curves are found to
be very smooth. At the equilibrium bond length € 5.48 &)
of the ground state, the computed dipole moments&fXand
S[1 are —0.536 and—0.573 eg, respectively. The negative
values correspond to the G&i~ polarity. The appearance of a
minimum in the dipole curve of th&1 state is mainly due to
the avoided crossing of the potential curvesdfwith 2°IT as
seen in Figure 1a. It may be noted that for #ié state the
o'm?r* configuration starts mixing strongly with the main
configuration ¢'7%) at the longer bond length region. The
MO is purely nonbonding and localized on the bismuth atom,
whereast* is an antibonding MO with its charge center away
from the Bi atom. As a result, the dipole moment curve of the
3[1 state shows the minimum (Figure 3a).

Comparative Study of the Electronic Spectrum of GaX
(X = P, As, Sb, Bi).Electronic structures and spectroscopic
features of GaP, GaAs, and GaSb molecules are extensively
studied in recent yeai%3° by using ab initio based MRDCI
calculations at the same level. In this section, we shall compare
different spectroscopic properties of these molecules with GaBi.
Some of the computed properties of these molecules are
summarized in Table 8. At thé\-S level, the ground-state
symmetries of all four gallium molecules aréX, which is
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represented by the dominant configuration?a*20'%72. The IV. Conclusion
ground-state equilibrium bond lengths and vibrational frequen-
cies follow the desired trend. As expecteglyalues increase

from GaP to GaBi, whereas,s show the opposite trend. The analogous to other isovalent molecules of gallium in group V

3[1 state is found to be thg first excited state of. all four ¢ ch as GaP, GaAs, and GaSb. The computed ground-state r
molecules. The.GaX bonds in thelT state are cons[stently andwe of GaBi are 2.90 A and 152 crf, respectively. Although
shorter than their ground-state bonds by 8:227 A. Thishas 1o experimental or theoretical spectroscopic constants of GaBi
been found to be the general feature of group-Wldiatomic are available, the absence of d correlation and the use of RECP
molecules because of the increase in delocalization through thein the CI| calculations are known to introduce some errors in
occupancy ofr molecular orbitals. Théll states of these  the spectroscopic parameters reported here. However, a com-
molecules are represented predominantly wfa*20’z%. The parison among the properties of GaP, GaAs, GaSb, and GaBi
AE(TI-310) splittings of GaP and GaAs are comparable in shows the expected trend. The ground state is found to be
magnitude. The smallest splitting of 4121 chinas been noted  composed of a dominant electronic configurationa* 20'272.

for the heavier GaBi molecule. Potential energy curves of the There are at least 18-S states, which are bound within 46 000
low-lying A-S states of all four molecules are quite similar. c¢cm Y. The computed potential energy curves show some
The calculated ground-state dissociation enefdy o6f GaBi strongly bound quintet states above 35 000 &riThe ground-

has been found to be the smallest, and that of GaP is the largestState dissociation energy of GaBi is estimated to be 1.24 eV,
whereas for both GaAs and GaSb, the compiDestalues are which is somewhat smaller than the mass spectrometric value

about 1.3 eV. The experimenlﬁg values are always found to of 1.6+ 0.17 eV. The discrepancy is due to the neglect of the
be higher than the computed values by 6-8070 eV. d-electron correlation and the use of effective core potentials

Th ti tant ited state of th M for Ga and Bi atoms. The transition energy of théBstate of
€ most important excited state of the group GaBi is the lowest among other members of the group. A strong
molecules is AT, which is the third root of théll symmetry.

o . spin—orbit coupling changes the nature of potential energy
Only for GaAs, the A-X transition has been experimentally  .,es and spectroscopic propertiestotates of GaBi. The

identified. However, the MRDCI calculations suggest that the ;er0-field splitting of the ground state of GaBi is 463 ¢m
ASII—X32" transition for other GaX molecules should be \yhich is considerably large compared with other Gax=6p,
observed in the range 20 06@5 000 cn* as well. The smallest s, Sb) molecules of group V. Most of the-S states interact
transition energy is noted for the heavier GaBi molecule. The very strongly through the spirorbit coupling. As a result, none
re andwe values of the AIT states of these four GaX molecules  of the Q states remains purd-S character. Several strong
also show the expected trend. The-X transitions for all four avoided crossings result many states predissociative. Like other
molecules are found to be strong. In the absence of the-spin isovalent group IV molecules, the ASlly+ component of
orbit coupling, the radiative lifetimes of the’H state increase ~ GaBi survives the predissociation and becomes a suitable
from GaP to GaBi. Effects of the spirorbit coupling on the candidate for strong transitions to the ground-state compo-
electronic spectrum are largest for GaBi. Several avoided curvenents. The present calculations predict thafllg—X3Z,,,
crossings change the spectroscopic properties of GaBi to a largeA3I1o+—X32™;, and Ally+—3I1y+ transitions are reasonably
extent in comparison to those of GaP, GaAs, and GaSh. Becausstrong to be observed experimentally. The estimated radiative
it is a lighter molecule, the spectral features of GaP do not show lifetime of the A °[l,- state of GaBi is 0.42s at the lowest
any significant change because of the sginbit coupling. For ~ Vibrational level.
GaBi, the ground-state zero-field splitting has been found to
be 463 cm, which is the largest among four gallium molecules _ Acknowledgment. The authors are grateful to Prof. Dr.
compared here. The GaP molecule shows almost no zero-fieldRobert J. Buenker, Wuppertal, Germany for his permission to
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