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The Ground and Valence Excited States of GaBr: A MR-CISD+Q Study

Xinzheng Yang, Meirong Lin,* and Baozheng Zhang

Institute of Modern Optics, Optoelectronic Information Science and Technology Laboratory,
EMC, Nankai Uniersity, Tianjin 300071, P. R. China

Receied: January 11, 2004; In Final Form: March 2, 2004

Ab initio calculations on the ground and valence excited states of the GaBr molecule have been performed
by using the entirely uncontracted all-electronic aug-cc-pVQZ basis sets and the internally contracted
multireference singles and doubles configuration interaction method with Davidson size-extensivity correction
and Douglas-Kroll scalar relativistic correction. The potential energy curves of all valence states and the
spectroscopic constants of bound states are fitted. It is the first time that the enfzesR8es generated

from the 12A—S states of the GaBr molecule are studied in a theoretical way. Calculation results well
reproduce most of the experimental data. The effects of the-gpbit coupling and the avoided crossing

rule betweerf? states of the same symmetry are analyzed. The observed diffuse absorption bands near 36000

cm! can be contributed to the transitions from the C1(ll) and other higher shallow potential well excited
states, lying at the region of about 346E88000 cm?, to the ground state. The transition properties of the
Alll,, and B, states to the ground-state transitions are predicted for the first time, including the transition
dipole moments, the FranelCondon factors and the radiative lifetimes. The lifetime of ti¥€I4 state of

the GaBr molecule is of the order of milliseconds, while that of tFid Bstate is of the order of microseconds.

1. Introduction of GaBr. Grabandt et &f measured and calculated the ionization
energy of GaBr by using He(l) photoelectron spectroscopy and
the Hartree-Fock—Slater method, respectively. Venkatasubra-
manian et al® reported new visible emission spectra of GaBr,
GaCl and InCl and forecasted the prospects of these molecules
as an efficient excimer laser system. It's obvious that most of
these experimental studies were focused on the ground and the
low-lying A%[To, and BT, excited states. Only diffuse absorp-
tion bands at about the 36000 thposition indicate the
existence of the &1, state and nearby higher excited stétés.

With the development of ab initio methods and computer
technology, some calculations on the electronic state structures
of GaBr have been reported in recent yedrs3 However, most
of these theoretical studies focused on the ground state, and
g none of these previous calculations had included the effect of
spin—orbit coupling (SOC). It's well known that the SOC plays
an important role in the spectroscopy and dynamics of mol-
ecules, even in the light molecules that contain only atoms of
the first row of the periodic table. For instance, coupling of
excited states of different spin multiplicities in regions where
the corresponding potentials are nearly degenerate can lead to
predissociation. Experimental data show that the -spibit
splitting energy between the®H,, and BI1; states of GaBr is
greater than 370 cm,’2 and the splitting energies of the ground
2p states of Ga and Br atoms are 826.24 £and 3685 cm?,24
respectively. These results mean that the SOC effect will
strongly affect the shapes of potential energy curves (PECSs)
and the dissociation energy of the GaBr molecule. Besides being
heavy elements, the relativistic effects of gallium and bromine
atoms are expected to be very important. Therefore, both the
SOC and the scalar relativistic correction have to be included
in calculation, to compare with the experimental and theoretical

Gallium monohalides have been attracting interest in their
unique physical and chemical properties for a long time. They
have been playing important roles in the development of new
semiconductor devices in high frequency and in optoelectronic
applications. In chemical vapor deposition techniques such as
the Effer process, gallium monohalides act as gas-phase
transporters of semiconductor matertaléin a word, they have
been of great value in searching for new laser media and
semiconductors. There are many experimental and theoretical
studies on the ground and low-lying electronic states of gallium
monohalides, which have extended and deepened the compre
hension of the properties of the electronic states of these
molecules.

The first spectrum of GaBr was observed by Petrikalm an
Hochberg§ in absorption. Miescher and Werhli studied the
GaCl, GaBr, and Gal spectra and attributed the observed band
of GaBr to two electronic transitions. The bands in the region
of 260—300 nm were attributed to thellI—XI=* transition
system, the bands in the region of 34860 nm were attributed
to the3[1—X=" transition (with two subsystems 3By, — X1+
and BI1;—X!=%), and vibrational constants were determined.
Subsequently, Barret and Man#lalbserved the microwave
rotational spectra of GaBr. Bulewicz et %aland Barrow?®
reported the dissociation energy of GaBr. Savithry et'al.
reported the emission band spectrum of GaBr in the regior-340
370 nm. Most of these early studies had been summarized by
Herzbergt? In recent decades, Nair et ‘&l.measured the
millimeter-wave rotational spectrum and molecular constants
of GaBr. Burnecka et al*1” measured the rotational structure
of the A%ITp, —X=* and BII;—X!Z* transition systems and
revised the exact vibrational constants of the A, B, and X states

data.
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ence configuration interaction (MRCI) methods have played an
important role for the description of potential energy surfaces
of both ground and excited states. Usually, for a correct
description of excited states, the multiconfiguration self-
consistent field (MCSCF) wave functions are required first, then
the MRCI wave functions are needed for taking account of the
dynamic electron correlation effect, and finally, the size-
extensivity correction is needed after the MRCI calculation. The
multireference singles and doubles configuration interaction with
Davidson size-extensivity correcti®? (MR-CISD+Q) is a
widely used quantum chemistry ab initio method developed for
dealing with the excited states of small molecules. Knowles and
Werne#’~2% had performed an internally contracted scheme, in
which the rapid increase of the number of configurations with
the increase of the size of basis sets can be avoided efficiently.
The main goal of this paper is to study the electronic state
structures and the transition properties of the GaBr molecule,
especially the effect of SOC, by using the internally contracted
MR-CISD+Q method. The 232 states generated from the 12
A—S states of GaBr are studied for the first time. Their potential
energy curves and the spectroscopic constants are obtained aft
considering the avoided crossing rule between states of the sa
point group symmetry. The transition properties of tHeIs, —
X1%; and BIL,—X1Z; transitions are predicted for the first
time, including the transition dipole moments (TDMs), the
Franck-Condon (FC) factors and the radiative lifetimes.

2. Computational Details

All of our calculations are performed with MOLPR®ab
initio programs package release 2002.6 on a PC LINUX
platform with 2.2 GHz Pentium IV CPU and 1 GB memory.
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Figure 1. Potential energy curves of the ground and the singlet excited
A—S states of GaBr.

C,, symmetry at the same time. All of the 12 valente-S
states of GaBr are obtained from the three roots of the Al

efrepresentation and the two roots of the B1l, B2, and A2
m‘?epresentations of th@,, symmetry, for the singlet and triplet

states, respectively. In this total of 18 roots calculated in the
C,, symmetry, all roots of the B1 and B2 representatiofs (
states) and one root of the A1 and A2 representatiarstgtes)

are degenerate in our calculation. The PECs are plotted by
connecting the calculated points with the aid of the avoided
crossing rule between electronic states of the same point group
symmetry. The spectroscopic constants, including the equilib-
rium internuclear distandg,, the harmonic vibrational constants
we andweye, the relative electronic energy referred to the ground

The spectroscopic constants and the FC factors are evaluate§tat€Te and the dissociation ener@, can be derived by fitting

by using Le Roy’s LEVEE! program.

For a series of given bond lengths, the ground state molecule
orbitals (MOs) are calculated first by using the spin-restricted
Hartree-Fock (RHF) method. Then the state-averaged complete
active space MCSCF (CASSCF) calculations are carried out
using previous RHF orbitals as starting values for orbital
optimization. Utilizing the CASSCF energies as reference
values, the energies of the—S states are computed by using
the internally contracted MR-CISEQ method. Gallium and
bromine being heavy elements, both their electronic correlation
and relativistic effects are expected to be very important. On
one hand, the Douglas-Kré#*3scalar relativistic one-electron
integrals have been taken into account, and additionally;-spin
orbit matrix elements and eigenstates are computed using t
Breit-Pauli (BP) operatéf after electron correlation calculations.
The state-interacting method is employed for SOC calculations,
which means that the spirorbit eigenstates are obtained by
diagonalizingHe + Hso on the basis of eigenfunctions bify.

For MRCI wave functions, the full BP spirorbit operator is
used merely for computing the matrix elements between internal
configurations (no electrons in external orbitals); a mean-field
one-electron fock operator is employed for contributions of the
external configurations. The error caused by this approximation
is less than 1 cmt.3* Because of the limitation of MOLPRO
program package;,, point group symmetry has been consid-
ered for GaBr molecule although it belongs to a higher
symmetry group. The numbering of ti®, point group is Al,

B1, B2, and A2. The transform relationship between g
andC,, groups isX* = Al, X~ = A2, I1 = B1 + B2, andA

= Al + A2. In other words, thél andA states are degenerate
in the C,, symmetry. Thell state can be represented by B1
and B2, while theA state can be represented by Al and A2 of

he>

the PECs.

The entirely uncontracted aug-cc-pVQZ Gaussian all-electron
basis sets are used for both atoms (Ga: 22s17p13d3f2g, Br:
22s17p13d3f2dY in the calculations ofA—S states. Because
the SOC is treated as a perturbation for the energies-e6
states, and the spitorbit integral program in the MOLPRO
program package is restricted to basis functions With= 3
(f functions), we therefore use uncontracted cc-pVTZ all-electron
basis sets for both atoms (Ga: 20s13p9d1f, Br: 20s13p¥d1f)
in the SOC calculations. This reduces the computational costs
drastically without losing much accuracy. The difference of SOC
splitting energies between the calculations using larger and
smaller basis sets is less than 2@ff In the CASSCF and
ubsequent MR-CISBQ calculations, nine molecular orbitals
are selected as active space, which corresponds to the Ga 4s4p5s
and Br 4s4p shells. The outermost4ys- electrons of Ga and
424p° electrons of Br are placed in the active space. The 10
electrons in the 3d shell of the Ga atom are used for some-core
valence correlations, while the rest of the inner electrons are
frozen. That is to say, there are altogether 20 electrons in the
correlation energy calculations.

3. Results and Discussion

3.1. Results and Analysis of theA—S States. Twelve
valenceA—S states of the GaBr molecule are computed in this
paper, which are obtained from the interaction of the ground-
state Ga{P, 4%4p') with the ground-state BPP, 484p°). The
computed PECs of singlet—S states are shown in Figure 1,
while the curves of tripleA—S states are plotted in Figure 2.
There are eight bound states!EX, 311, 3=+, 1A, SA, IZH(1l),

13-, and3z") in all of these 12 valencAA—S states. Their
spectroscopic constants are fitted and summarized in Table 1.



Ground and Valence Excited States of GaBr J. Phys. Chem. A, Vol. 108, No. 19, 2004343

3
50000 - (D 50000 -
i n i Ga(zps/z) * Br(zpm)
3o Ga(’P,)+Br(P )
40000 Ga(’P) + Br(’P) 40000 4 1n 12
g ’g Ga(’P, )+ Br(P, )
3 30000 4 £ 30000 Ga(ZP )+ BI‘(ZP )
O 3 3 > A31_[ 1/2 372
5] n A > o
& z
20000 - W 20000
100004 1 ,";(12+ 10000
’ X's" a0
0 T - "’ T T T T T T T N T N 0 T T T T T T T T T T T T
2 3 4 5 6 7 8 2 3 4 5 6 7 8
R (&) RA)

Figure 2. Potential energy curves of the ground and the triplet excited Figure 3. Potential energy curves of t@ = 0* states of GaBr.
A—S states of GaBr.

TABLE 1: Theoretical Spectroscopic Constants of the 50000 -

Bound ValenceA—S States of GaBr Ga(’P, )+ BrCP, )
A-S Te e we De Ga(P, ) + Br(P,)
states (cm™ A (cm) (cm?) (eV) 40000

Xzt 0 2.3536 2695 062 4377 i GaCP_)+ Br(P.)

ST 28437.2 2.2972 2721 1.48 0.851 S 30000 Ga(sz) +Br(2PJ/2)

D 34507.8 3.4663 76.8 2.74 0.099 3 1”2 n

A 34740.2 3.5663 52.9 1.69 0.070 §

A 34863.7 3.5223 71.8 2.89 0.054 W 200004

(1)} 35008.4 4.0178 28.2 0.88 0.036 | )

13- 35116.5 3.5972 44.2 1.63 0.023 ;

DX 35171.6 3.5918 47.0 2.13 0.016 100004

XY Q=0

The entire 12 valencé—S electronic states of the GaBr 0 .\ B ——,
molecule are dissociated to the (Ga 4p)t 2P (Br 4p) atomic 2 3 4 5 6 7 8
state. By analyzing the compositions of MRCI wave functions, R(A)

it has been found that the ground-stat&X is characterized
mainly by the closed-shell electronic configuratiarf2o?17*30%-
279, where the & and 2r MOs are dominated by thgorbitals TABLE 2: Dissociation Relationships of ValenceQ States of
of bromine and gallium, respectively. For the ground state, the GaBr

Figure 4. Potential energy curves of th¢ = 0~ states of GaBr.

Re result is only about 0.001 A greater, thg andweye results energy (cm?)
are only about 3 cmt greater and 0.1 cm less, and thé, atomic state  Q state m
result is only about 0.05 eV higher than experimental values. (Ga+ Br)
There are two state$1 andIT arising from the first excited 2'31/2 + zPS/z 2,1,1,0,0° - 0 0
electronic configuration d22021*301271. Experimentally, the 2P3’2+ 2P3’2 3,221,1,1,00%0,0 833 826
3 Pu2 + P2 1, 0, 3657 3685
AS3[1y, and BII; states were found at 28163.2 and 28534.2 Pypt2P, 21,100 2490 4511

cm 1,1 respectively. Our theoreticdk result of the®II state is

28437.2 cmt, between the experimental values of that of the yiterent after considering the effects of SOC and the avoided
A and B states. The errors of theoreti®] we, andwgye results crossing rule between tHe states of same symmetry.

are less than 0.002 A, 2 crth and 0.2 cm. . .

. 3.2. Results and Analysis of th& States.Once the SOC is
solrge(:(:)rt];r:rSth?gr:Zig(;egtggggﬂall\Xe! Etigf(ﬁfﬁggdgfa introduced into the calculation, different—S states which have
35— which lie at about 35000 cm. have ,only rather shallow common states become mixed. Table 2 shows the dissociation
poténtial wells De < 0.1 eV). B’ecause of their very low limits fo.r the possibleQ stgtes and the correspondlng energy
vibrational frequencies and fairly larg&. values, it can be separations. Compared .W'.th “Z?ﬁ“.s state calculat|20n reS.UItS’
predicted that their transition bands to the ground state will .the ground-state d|ssomat|gn limit of G&°f + Br (*P) _sphts

into four asymptotes, of which the G2P{,,) + Br (2Psy) is the

overlap each other and form a weak continuum. Miesthad > , X Wo 1A
observed some diffuse absorption bands near 36000cm lowest. The successively higher dissociation limits are?Bgg)

indicating shallow upper state potential curves, which matches T Br (*Par2), Ga €P) +Br (P12, and GatPsp) + Br (Pyy).

well with our calculated results. In addition to these shallow The calculated atomic energy splittings are 833f — *Pa
potential well bound states, four oth&r-S states!IT, 3=*(1l), of Ga) and 365775, — 2Py, of Br), being in good agreement
3[1(11), and I(I1), at higher position are repulsive in nature. with the observed values of 826 and 3685 ¢#f respectively.

At the equilibrium bond length of the ground state, their vertical There are 23 SOC states wifd = 0%, 07, 1, 2, and 3 being
excitation energies are 37746, 46834, 60605, and 60853,cm  generated from the 12 —S states of GaBr molecule. The PECs
respectively. Note that all of the excited—S states will cross  of the states of2 = 0f, 0~ and 1 symmetries are plotted in
with each other with the increase of bond lengghx 3 A). Figures 3, 4, and 5, respectively, while the PECs of the states
Hence the shapes of their theoretical PECs may become ratheof Q = 2 and 3 symmetries are drawn in Figure 6.
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TABLE 3: Spectroscopic Constants of the Bound Valenc& States of GaBr

Q Te Re We WeYe De dominantA—S states at the
states (cm™) A (cm™) (cm™) (eV) correspondingdre (%)
X0*(1) 0 2.3534 267.3 0.71 4.173 1X+(99)
2.3525 266.7 0.73 432

(O ()] 28008.7 2.2975 270.8 1.69 0.699 S11(99)
AO*(I1) 28043.7 2.2967 271.7 1.61 0.799 ST1(99)

28163.2 2.29% 274.32 1.56
B1(l) 28395.5 2.3000 269.4 1.68 0.651 ST1(99)

28534.2 2.296 272.0¢ 1.6
2(1) 28809.9 2.3023 268.1 1.75 0.600 S11(99)
c1( 33560.5 3.4847 488 0.011 3[1(48),3A(33), T1(15)
o=(I1) 33931.9 3.5272 59.6 2.21 0.069 13-(50),35+ (44), 31(5)
2(11) 33951.2 3.1564 64.2 2.77 0.067 31'1(73) 1A(21),3A(5)
3(1) 33971.3 3.5241 71.5 2.90 0.064 3A(100)
o+(lln 34225.2 4.0075 26.0 0.81 0.029 ISHI)(61), 32(37), }TI(11)(2)
2(11) 34240.6 3.7712 45.1 2.61 0.031 3A(38),1A(34), 3T1(23),
(D) 34306.1 3.5679 46.4 4.07 0.023 SI(11)(4),

111(36), 35-(31), 3[1(23),
$34(9), *TI(1)(1)

o-(IIN) 37056.2 3.5002 45.9 1.95 0.030 15-(33), 311(32), 35+(23),
3I(11)(10)

(V) 37079.2 3.5067 52.7 2.86 0.027 3A(57),311(19), TI(17),
3T1(11)(6)

0 (IV) 37381.8 4.2881 38.2 0.03 0.094 3I(11)(89), 3-(9), X1+ (1)

2(1V) 37575.4 3.4683 79.3 3.53 0.070 3[1(36),3A(32), 'A(29),
STI(11)(2)

1(V) 37774.2 3.5211 51.7 2.02 0.045 33 ~(34),32+(24), T1(22),

ST1(15), 3=(11)(4)

2 Experimental values from ref 18 Experimental values from ref 10AGy2 = we — weye interval.
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Figure 5. Potential energy curves of tHe = 1 states of GaBr. Figure 6. Potential energy curves of ti¢ = 2 and 3 states of GaBr.

The spectroscopic constants of bougdstates and their  the experimental spectroscopic constants of the A and B states,
dominantA—S state compositions & are reported in Table  the theoretical results Gt are only 119.5 and 138.7 crhlower,
3. With the increasing of bond lengths, the states that have thethe R, are only 0.002 and 0.004 A longer, the are only 2.6
sameQ components will mix, and the compositions of these cm~! smaller, and theg. are only 0.05 and 0.08 crhgreater.
bound Q2 states will become more complex. For the closed- For the other twd2 components, their excitation energies are,
shell singlet ground-state 120 that is mainly composed of  respectively, 28008.7 and 28809.9 Thmand theirR. and we
XIZ*, the theoreticaRe, we, and weye results of the ground  values are rather close to those of the A and B states as well.
state with SOC correction have only a minute improvement. The transitions from them to the ground state are forbidden and
But because of the splittings of atomic ground states of Ga andhave not been observed in experiment, hence their degrees of
Br, the theoreticaD, results of the ground state X@ecrease agreement are not known.
about 0.2 eV than the %+ state after considering the SOC. It may be noted that the excitefi—S states will cross with

FourQ components, namely 900", 1, and 2 of théll state, each other at the region of 340688000 cn1! when the bond
have potential wells with depth of about 0.8 eV, of which only length is larger than 3 A. After considering the SOC, their PEC
two have been found experimentally, designated #3oAand shapes have been changed dramatically as compared with the
BI1,. Their energies increase in the order of 0%, 1, and 2 pure A—S states state as a result of the mixture of them and
near their equilibrium bond lengths. The calculated energy the avoided crossing rule betwee® states of the same
separations of Q1) —A0"(Il) and B1(I)-2(I) are about 35 and  symmetry. Although the &I state is repulsive, the C1(ll) state
410 cntl, respectively, while the splitting aA0™(1l) —B1() has a rather shallow potential well (0.011 eV) lying at 33560.5
is about 350 cml, being in good agreement with the corre- cm™! after the effect of SOC is included in calculation. At
sponding experimental value of 370 cthi® Compared with equilibrium bond length, it is composed of tfie= 1 component
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Figure 7. Transition dipole moments of the dipole-allowed bound
excitedQ states as functions of the internuclear distance.

TABLE 4: Radiative Lifetimes of the A°Il,, and B,
States at Lower Vibrational Levels to the Ground-State
Transitions

radiative lifetimes

transitions V=0 JV=1 /=2 V=3 J=4
AT, — xlz+ (ms) 2.62 2.53 2.44 2.34 2.25
B3I, — Xlzo (,us) 252.37 243.22 234.34 22471 215.32

of 3[1(48%),3A(33%), andT1(15%) states. Only two vibrational
energy levels{ = 0, 1) in the C1(ll) state have been found in
our calculation. Additionally, some other rather close botnd
states lying at the region of 340688000 cn? are found (listed

in Table 3). Except for théA; state, the SOC makes the PECs
and the compositions of ead® state much more complex,
especially for those mixef? states resulting from the avoided
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are dipole-allowed, and only the A and B states had been
observed in experiment. Figure 7 shows the computed TDMs
of these excited states to the ground™ ) state transitions as
functions of the internuclear distance. Near the equilibrium bond
length of the ground state, the TDM of the C1{)O™*
transition are much greater than that of the other transitions,
but it decreases rapidly with the increase of bond length.
The radiative lifetime is defined by

= (A"

where theA,, Einstein coefficients represent the emission
transition probabilities from the' state to theus" stages.
Assuming isotropic excitation and unpolarized dipolar radiation,
the radiative lifetime can be brought to the expres®on

3h€ c

13 (08 Gl

wherege is a statistical weight factor which usually equals to
unity except for= — IT emission; in the latter casp = 2,37
AE is the transition energy between two vibrational levels, and
teled?',0'") is the TDM between the' and v" states (as the
higher-order moments are assumed to be negligible). The
radiative lifetimes of the Allg,— X12 and BIl;— X12+
transitions at lower vibrational levels are computed and listed
in Table 4. Aty' = 0 vibrational level, the radiative lifetime of
the ATy, state is of the order of milliseconds, while that of
the BI1; state is of the order of microseconds.

The intensity distribution in a band system can largely be
explained by the FC principle. This can be illustrated by the
FC factors assuming that the electronic transition moment does

crossing rule come into being. Hence, it can be concluded thatnot vary over the band system. The FC factors of tRELA—
the transitions of these states to the ground state are hard to be(lz+ and BII,— xlzo transitions are evaluated by the

observed and analyzed in experiment.

3.3. Transition Properties Analysis.In all of the excited
boundQ states, only the transitions from AQI), B1(1), C1(ll),
ot(iny, 1(imy, 1(1v), 0 *(1V), and 1(V) states to the ground state

LEVEL program and are listed in Table 5. It is obviously that
the 0-0 bands have the maximum transition probability. Most
of our calculated FC factors are rather close to the experimental
values.

TABLE 5: Theoretical Franck —Condon Factors of the ,0?’H()+—X125r+ and B3H1—X120++ Transitions?

»"'=0 =1 V=2 »'=3 V=4 V'=5 V=6
Ao, —X1%;.
V=0 0.6418 0.2579 0.0758 0.0191 0.0044 0.0009 0.0002
(0.52) (0.27) (0.047) (0.0028) (0.0000) (0.0000) (0.0000)
v =1 0.3118 0.2094 0.2793 0.1356 0.0465 0.0133 0.0032
(0.23) (0.16) (0.36) (0.11) (0.0085) (0.0000) (0.0000)
V=2 0.0443 0.4197 0.0446 0.2181 0.1649 0.0736 0.0253
(0.068) (0.25) (0.028) (0.36) (0.17) (0.016) (0.0000)
v =3 0.0020 0.1068 0.4222 0.0017 0.1466 0.1697 0.0955
(0.016) (0.13) (0.19) (0.0000) (0.31) (0.22) (0.024)
V=4 0.0000 0.0062 0.1669 0.3905 0.0056 0.0880 0.1569
(0.0033) (0.043) (0.16) (0.12) (0.012) (0.27) (0.26)
B3I —X1%,
V=0 0.6746 0.2404 0.0654 0.0155 0.0034 0.0007 0.0001
(0.54) (0.27) (0.042) (0.0020) (0.0000) (0.0000) (0.0000)
v =1 0.2901 0.2596 0.2767 0.1214 0.0388 0.0105 0.0024
(0.23) (0.18) (0.36) (0.097) (0.0059) (0.0000) (0.0000)
V=2 0.0343 0.4128 0.0792 0.2313 0.1528 0.0624 0.0202
(0.064) (0.25) (0.042) (0.37) (0.15) (0.011) (0.0000)
V=3 0.0010 0.0842 0.4399 0.0148 0.1699 0.1637 0.0828
(0.015) (0.12) (0.20) (0.0020) (0.34) (0.20) (0.015)
V=4 0.0000 0.0031 0.1337 0.4332 0.0001 0.1146 0.1582
(0.0030) (0.039) (0.15) (0.14) (0.0043) (0.31) (0.24)

aFigures in parentheses refer to experimental values from refeténce.
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4. Conclusions (6) Miescher, E.; Wehrli, MHelv. Phys. Actal933 6, 458.
. ) ) (7) Miescher, E.; Wehrli, MHelv. Phys. Actal934 7, 331.
Internally contracted MR-CISBQ calculations using entirely (8) Barrett, A. H.; Mandel, MPhys. Re. 1958 109, 1572.

uncontracted all-electronic aug-cc-pVQZ basis sets have been  (9) Bulewicz, E. M.; Phillips, L. F.; Sugden, T. Mirans. Faraday

i 0c.1961 57, 921.
perlformled_?r? the %rounld ?n.dt.valence ?.XCIt_e(: Slzate.s ?f the Gal?rs (10) Barrow, R. FTrans. Faraday Socl96Q 56, 952.
molecule. The scalar relativistic correction is taken into account 71y sayithry, T.: Rao, D. V. K.; Murty, A. A. N.. Rao, P. Physica
by using Douglas-Kroll one-electron integrals. The sponbit 1974 75, 386.
matrix elements and eigenstates are computed using the BP (12) Huber K. P.; Herzberg, GMolecular Spectra and Molecular
operator after electron correlation calculations. The effect of ﬁg“it;?rg '\I; Zc,g‘s‘ams of Diatomic Molecujégan Nostrand: Princeton,
SOC is treated as a perturbation for the energies-e6 states. (13) Nair, K. P. R.; Pahimann, H.-U. S.; Hoeft, Ghem. Phys. Lett.
The PECs of all valence states and the spectroscopic constant$98i, 80, 149. A
of bound states are fitted. It is the first time that the entire 23 214; Bumec::a, J. B-é yinicki, W. Ph)éssaigazglggﬂ 100, 124.

15) Burnecka, J. BSpectrosc. Lettl , 887.

Q states generated from the I2-S states of GaBr molecule (16) Burecka. J. B.. gimicki, W, BUIl. Pol. Acad. Sci. Cheni.994
are studied in a theoretical way. And flnally the transition 45 64
properties of the Allp, — xlzo and BII;— xlzo transitions (17) Burnecka, J. B.; ynicki, W. Chem. Phys. Lett1995 238 346.
are predicted for the first time. The agreement between our (12)2 Grabandt, O.; Mooyman, R.; Delange, C. @hem. Phys199Q
calculation results and available experimental data is very 6

. L 19) Venkatasubramanian, R.; Saksena, M. D.; SinghChem. Phys.
satisfactory. After considering the effect of SOC, the errors of Let(t_ 1)993 210, 367. orc Y

the theoreticalle, Re, we, and weye results are less than 150 (20) Balasubramanian, K.; Tao, J. X.; Liao, D. W.Chem. Phys1997,
cm2,0.005 A, 3 and 0.1 cnt. 95, 4905. _

Calculation results show a series of rather shallow potential (2% Kim: G. B.; Balasubramanian, K. Mol. Spectrosc1992 152
well excited statese < 0.1 eV) lying in the region of about (éz) Mencone, G.; Tozer, D. Them. Phys. LetR002 360, 38.

34000-38000 cm™. The observed diffuse absorption bands near ~ (23) Yang, X.; Lin, M.; Zou, W.; Zhang, BChem. Phys. Let2002
36000 cnt? can be contributed to the transitions from them to 362 190.

(24) Moore, C. E.Atomic Energy Leel; U. S. National Bureau of
the ground state. Except for tRA; state, the SOC makes the Standards: Washington DC, 1971; p 159,

PECs _and the compon_ents of edelstate mUCh more comp_lex, (25) Langhoff, S. R.; Davidson, E. Rat. J. Quantum Chenil974 8,
especially for some mixef states, resulting from the avoided 61. _
crossing rule come into being. Their transitions to the ground __(26) Bruna, P. J.; Peyerimhoff, S. D.; Buenker, RCem. Phys. Lett.

. 1981, 72, 278.
state are hard to observe and analyze. All of these calculation (27) Werner, H.-J.: Knowles, P. J. Chem. Phys198§ 89, 5803.

results show that consideration of the S_OC effect is absolutely  (28) Knowles, P. J.; Werner, H.-Chem. Phys. Lettl988 145 514.
necessarily for the molecules that contain heavy atoms and have (29) Knowles, P. J.; Werner, H.-Jheor. Chim. Actal992 84, 95.
shallow potential well electronic states. (30) Werner, H.-J.; Knowles, P. J.; Amos, R. D.; Bernhardsson, A;

. . . Bernhardsson, A.; Berning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J.
The calculations on transition properties show that the O.; Dobbyn, A. J.: Eckert, F-.. Hampel, C.. Hetzer, G.. Korona, T.; Lindh,

radiative lifetime of the Allo, state of the GaBr molecule is R Lioyd; A. W.: McNicholas, S. J.: Manby, F. R.: Meyer, W.; Mura, M.
of the order of milliseconds, while that of the’IB; state is of E Nsicklllasl_sl, A.S; Palmiiri,JP.;TPitzer,_R.F; Re#]hut, G, SZhM+S§AhgT§Sr8
i .; Stoll, H.; Stone, A. J.; Tarroni, R.; orsteinsson, T. , a
the order of microseconds. package of ab initio programs designed by H.-J. Werner and P. J. Knowles,
. . . ver. 2002.6; 2003.
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