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Electronic Spectroscopy of the AlSb Molecule: A Theoretical Study
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Relativistic configuration interaction calculations are carried out to study the electronic spectrum of the AlISb

molecule. Potential energy curves of 44 electronic states within 6 eV of energy are constructed. Spectroscopic

constants 1, we, Te, De, o) Of the low-lying A-S states are computed. The equilibrium bond length and
vibrational frequency of the ground state®gX) of AISb are estimated to be 2.79 A and 249 émmespectively.
Effects of the spir-orbit coupling on the spectroscopic properties and potential energy curves of states that
correlate with the lowest two dissociation limits are investigated. The computed dissociation energy of the
ground-state spin component3.) is 1.44 eV. Transition moments of several electric dipole-allowed and
spin-forbidden transitions are computed from Cl wave functions. Radiative lifetimes of the low-lying excited
states of AISh at the lowest three vibrational levels= 0, 1, 2) are estimated. Transitions from th&Ig
component to all lower states withQ = 0, +1 are predicted. At' = 0, the 3I1y+ component has a lifetime

of about 1.2€us. The electronic states of AlSb are also compared with those of isovalent AlIP, GaAs, GaSb,
and InSb molecules.

I. Introduction experimental data on the electronic structure and spectroscopic
properties of the AISb molecule. For the first time, we report
computational results on the potential energy curves and
spectroscopic constants of low-lying electronic states of AlSb.

band structure information has been reported for the simple Many dipole-allowed and spin-forbidden transitions are dis-

. cussed. Radiative lifetimes of the excited states are also
binary compounds InSb, InAs, GaSb, InP, GaAs, AISb, and GaF_’ estimated. We hope the present results may stimulate experi-

In the solid state. The compounds of these molecqles and the"mentalists to study the spectroscopy of AlSb in the near future.
ions are well known for their semiconducting properties. Smalley

. P .
and his group® did pioneering work on many cluster com- Il. Method of Calculations
pounds of group Il and V elements. Many other workers have _ o ] )
been able to isolate diatomic molecules of these compounds in  The semi-core relativistic effective core potentials (RECP)
the gas phase as well as in rare-gas matrices. Lemire’et al. Of Al and Sb are taken from Pacios and Christiad$emd
studied jet-cooled GaAs by resonant two-photon ionization LaJohn et al*8 respectively, for the present calculations of AlSb.
spectroscopy. Neumark and co-workeid employed negative ~ The 383p valence electrons of Al and #¥8°5p* electrons of
ion zero-electron kinetic photodetachment spectroscopic tech-Sb are kept in the active space, while the remaining electrons
niques to study these types of compounds. Using the laser-are replaced by these pseudopotentials, which include major
vaporizing method, Li et &t observed infrared absorption relativistic corrections other than the spiarbit coupling. The
spectra of InP, InAs, and InSbh molecules. However, no attempts Primitive Gaussian basis functions (4s4p) of Pacios and Chris-
have been made so far to study the electronic spectrum of thetianser” are augmented with two sets of d-polarization functions
AISb molecule either in the gas phase or in rare-gas matrices.0f exponents 0.32%2 and 0.09 % Thus, the basis set for
Complete active space SCF (CASSCF)/CI calculations have the aluminum atom is (4s4p2d). Similarly, the 3s3p4d basis set
been carried out on several neutral and ionic molecules of group©f the Sb atom, as recommended by LaJohn &t falr the use
Il and V elements by Balasubramanian and co-work&r with RECP, is enhanced by adding two s functions of exponents
These authors have reported a number of electronic states of0-078 and 0.018,% and two sets of p functions of exponents
AlXm (X = P, As) and their positive and negative iGAs24:26 0.03ay72 a_nd 0.0R972. The final basis set of Sb becomes
However, studies of ABh, molecules have not been attempted. (555p4d) in the uncontracted form. The exponents of the
Meier et al?’ performed large-scale multireference Cl calcula- 2dditional basis for the Sb atom are taken from the work of
tions on the low-lying electronic state of the isovalent AIP Alekseyev et af? It is expected that the present basis is sufficient
molecule. Potential energy curves, transition energies, dipole {0 polarize the 5p orbitals of Sb. _ _
moments, ionization potentials, and dissociation energies of low- ~ The symmetry-adapted molecular orbitals (MOs), which are
lying valence states of AIP have been reported by these authorsUsed as basis functions for carrying out Cl, are obtained from
Recently?8-36 ab initio-based large-scale Cl calculations on the SCF calculations at each internuclear separation farthe
other isovalent moleculesGaP, GaAs, GaSb, InP, InAs, InSb, 3=~ state. Using pseudopotentials, the number of valence
etc—have been performed. So far there exist no theoretical or €lectrons is reduced to 18, and there are 72 SCF-MOs available
for CI calculations. However, preliminary investigations show
* Author to whom correspondence should be addressed. E-mail: that Afdo electrons do not participate in the ASb bonding, at
ju_daskalyan@hotmail.com; kalyankd@vsnl.net. least in the low-lying electronic states of the molecule. To reduce

The electronic structure and spectroscopy of small molecules
and clusters of group Il and V elements have been the subject
of numerous experimental and theoretical studiésReliable
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TABLE 1: Correlation between the A-S States and Atomic
States of AlSb

atomic states relative energy/cmt

A-S states Al + Sb expt calcd
3y, 31, 55, 511 2p 443 0 0
I3F 137(2), T1(3), *A(2), '@, P+2D 9352 12 377
33F, 327(2), °T1(3), *A(2), 3@
134(2), 1=, T1(2), *A, P+2P 17 948 18 402

8¥%(2), 327, °T1(2), °A
@ Moore’s table in ref 50; energies are averaged gver

the computational labor without losing much accuracy, we have
frozen d-electrons in the Cl step. Therefore, the remaining eight
active electrons are allowed to excite in the generation of
configurations by using the MRDCI package of Buenker and
co-workers'®-45 For the lowest few roots, the MRDCI calcula-
tions include 96-200 reference configurations which generate
a large number of symmetry-adapted configuration state func-
tions. Eight roots are optimized for singlets and triplets, while
four roots of quintets are computed in each spatial symmetry.
A configuration selection with a threshold of 2 hartree

reduces the total number of configurations in the Cl space below

50 000. Energy extrapolation and Davidson’s corre¢fidh
provide an estimate of the full Cl energy. The AlSb molecule
has been kept along theaxis, keeping Al at the origin, and
the SCF/MRDCI calculations are carried out in @ subgroup
of the main group in which the molecule belongs. The sums of
the squares of the coefficients of reference configurations for
the lowest few roots in the chosen selection threshold remain
above 0.90.

The spin-orbit operators of Al and Sb, as derived from the

corresponding RECPs, are also taken from Pacios and Chris-

tiansed” and LaJohn et af8 respectively. All states correlating
with the 2Py(Al) + 4S,(Sh) and?Py(Al) + 2Dy(Sb) limits are
allowed to mix through the spirorbit coupling. TheA-S
eigenfunctions are used as the basis for the -spribit ClI
calculations. The estimated full Cl energies are placed in the
diagonal of the Hamiltonian matrix, whereas off-diagonal matrix
elements are obtained by employing pairs of selected Cl wavi
functions withMs = S and applying spin-projection techniques
and the WignerEckert theorem. The sizes of the secular
equations of A, A, and B blocks are 45, 46, and 46,
respectively, for some selected roots of theéS symmetries.
The details of the spinorbit treatment may be found else-
where?8 Potential energy curves are fitted into polynomials in
one-dimensional nuclear Scliinger equations for numerical
solutions?® Spectroscopic constants of bathS andQ2 sym-

metries are then estimated from the potential curves. Einstein’s
spontaneous emission coefficients are calculated from the
transition dipole moments and transition energies. The radiative

lifetimes of excited states at different vibrational levels are
obtained by summing over the Einstein coefficients with all
lower-lying levels and inverting.

I1l. Results and Discussion

Potential Energy Curves of Low-Lying A-S States.Two
quintets and two triplets oE~ and IT symmetries of AISb
correlate with the lowest dissociation limit, AK)) + Sh('S,).
The second asymptote, AR,) + Sb@D,), can be reached by
18 A-S states of the singlet and triplet multiplicities. Several
high-lying singlets and triplets converge with the next dissocia-
tion limit, Al(2Py) + Sb@P,). Experimental energies of the
dissociation limits shown in Table 1 are averaged gvdihe
computed relative energy of the second dissociation limit is
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Figure 1. Potential energy curves of the triplet and quimes states
of AISh.

higher than the observed value by about 3000 trBiscrep-
ancies of similar magnitude have also been noted for other group
[l =V moleculed®33 at the same level of MRDCI calculations.
The energy of the third asymptote, however, is overestimated
only by about 500 cmt. All 34 states of theA-S symmetries
correlating with the lowest three dissociation limits of AISb are
studied. In addition, some higher-lying states of singlet, triplet,
and quintet spin multiplicities are reported. The computed
potential energy curves of singlets, triplets, and quintets are

eplotted in Figures 1 and 2.

Table 2 summarizes the spectroscopic parametgrse( we,
De, andue) of 25 A-S states, along with the leading configu-
ration for each state. Like all other group HY diatomic
molecules, the ground-state symmetry of AlSb i&X The
bond length in the ground state is calculated to be 2.79 A. The
MRDCI-estimatedv, of the ground state of AlSb is about 249
cmL. The ground state is described by an open-shell config-
uration. In the FranckCondon regiong is mainly a weakly
bonding MO comprising s orbitals of Al and Sbh. But the
contribution of the s(Al) atomic orbital is substantially smaller
than that of the s(Sb) orbital. The next orbital is a strongly
antibonding combination of s(Al) and g(Bb) atomic orbitals.
The thirdo MO, which is designated as, is of the strongly
bonding type. The s and; jatomic orbitals of both Al and Sb
contribute almost equally in the MO. In the equilibrium bond
length region, the first occupied MO is purely nonbonding,
consisting of py atomic orbitals of Sb. The next* orbital is,
however, antibonding in character. The ground-state configu-
ration also generatedA and 2=* states, as shown in Table 3.
A closed-shell configuration and an open-shell one of the type
o*?737* also contribute substantially in the representation of
the 2=+ state. Energetically,'\ is located about 5500 crh
below the 2=* state. The 1A state dissociates in&P,(Al) +
2Dy(Sh), while Z=* converges with the next higher asymptote.
Both 11A and 2= states are strongly bound, with estimated
binding energies of 2.04 and 2.1 eV, respectively. TRE™2
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Figure 2. Potential energy curves of the singletS states of AlSb.

TABLE 2: Spectroscopic Constants of the Low-LyingA-S

States of AlSb

state Tdem?t  rdA wdem  DdeV  udD
(0'212) X33~ 0 279 249 140 -0.98
(o'7% 1311 1777 2.57 301 1.18 -1.27
('7%) 1M1 5206 253 336 227 —1.50
(7 11=F 6805 242 348 209 -181
(022 1A 7250 276 265 2.03 —0.42
(0"%m?) 21=F 12 741 2.65 348 212 -0.13
(0’ %m*) 2311 16865 3.25 129 0.85 —0.46
(78*) 132F 19573 258 265 0.52 -0.25
(o' %) 3311 19753 2.86 200 0.49 1.16
(o' 7%m*) 21 21022 2.82 209 0.33 0.10
(0'7%*) 130 22307 294 153 0.17
(02w 234(l) 26573 3.03 216 0.43
(02) 31+ 27652 361 119 0.26
(o' %) 5311 27885 2.85 198 0.23
(o*o'n%) 2°=+(1l) 28591 244 376 0.14
(%m*?) 41=F 30094 2.67 231
(0*o'73m*) 5=+ 31389 2.70 240
(0 os72) 255~ 32213 285 208
(0* 0'?m?m*) 2511 34320 3.02 185
(0* o' 78n*) 15A 37455 2.63 284
(7%m*?) 252 F 38385 2.75 270
(0 7%3) T1 39870 282 195
(0*0'73m*) 352 40103 2.72 188
(0 os?) 413 41044 274 300
(o' %) 4511 42250 3.03 215

TABLE 3: States Resulting from Low-Lying Configurations

configuration states
o'’m? X327, 1IA, 2'3F
o' 1M1, 1811
at 1>+
o' mm* 21, 3T, 41, 1'®, 2°T1, 31, 4311, 5°11, 13®, 1511

state has a shorter bond length and a lakgeras compared
with those of fA. This is mainly due to a strong avoided

crossing between the curves d&t and 2= states near 523.

Although such a crossing is not evident from the potential curves

J. Phys. Chem. A, Vol. 107, No. 31, 2008049

curves confirm it. The spectroscopic parameters of these two
I3+ states in Table 2 are obtained by fitting the adiabatic curves.
The 1=+ state has the shortest-A8b bond lengthrg = 2.42

A) of all low-lying states reported here. The state has almost
the samew, value as in 2. An open-shell configurationg3z*

(c2 = 0.22), is also important in the representation &£
atre.

The first excited state€I1, which lies only 1777 cm! above
the ground state, is a result of toe— x excitation. The 1
state of AlSb has a bond length. & 2.57 A) shorter than that
of the ground state. The®ll state is strongly bound, with
we = 301 cnT! andD, = 1.18 eV. The 11 state arising from
the same excitation as in the triplet counterpart has a transition
energy of 5296 cmt. It has an even shorter bond length and a
larger vibrational frequency. Théll state has a larger binding
energy than 3T because they correlate with different dissocia-
tion limits.

The minimum in the potential curve of is essentially
due to a strongly avoided crossing between the curves of the
lowest two roots of théll symmetry. In the shorter bond length
region, the 2I1 state is described hyz27*, while in the longer
bond length region, it is dominated by thér® configuration.

As a result, the estimated equilibrium bond length is much
longer (¢=3.25 A) and the vibrational frequency is considerably
small. Hence, the®FI state does not undergo a strong transition
either to the ground state or to thi{lLstate. Besides®Pl, nine
other A-S states originate from the same— 7* excitation.
The calculations show that théd: state is repulsive, while3®

is weakly bound, with an approximate binding energy of 0.17
eV. The potential minimum of the3® state is located around
2.94 A. Both of these states dissociate into the second asymptote.
Of the remaining seven states, the repulsitld &tate correlates
with the lowest dissociation limit. Potential energy curves of
three triplets, 31, 431, and 511, and three singlets, such as
21, 31, and 4TI, are shown in Figures 1 and 2. ThélB
state is bound by about 0.49 eV, and its computed transition
energy at equilibrium is 19 753 crh with re = 2.86 A andwe

= 200 cmrl. A reasonably strong3BI—X3Z~ transition is
expected to take place around 20 000 ¢énThe potential curve

of the #I1 state is repulsive in nature, whilél% has a shallow
potential minimum, with an estimated transition energy of
27 885 cntl. Of three excited singlell states arising out of
the o'7?7* configuration, only 2I1 is reasonably strongly
bound, while 3T and 411 states have repulsive potential curves.
The equilibrium bond length of the'l state is comparable
with that of the ground state. The computed transition energy
of the 21T state is about 21 022 crh The potential energy
curve of the BIT state is repulsive.

The lowest state of th&* symmetry lies very close to*HlL.
However, the &+ state has a comparatively shorter bond length
(re=2.58 A). The higher excitet* states have some typical
features in their potential curves. Potential energy curves of the
second and third roots of tH&" symmetry cross around &g
This has created a double minimum in the adiabatic curve of
235*. The lower energy state, at = 3.03 A, is denoted by
23=*(1), while the higher energy, short-distance minimum is
designated as®Z*(ll). The estimated transition energies of these
two states are 26 573 and 28 591 dnrespectively. Ate, the
233 7(ll) state has two more configurations in addition to the
leading one reported in Table 2. A barrier in the potential curve
of 33=* aroundr = 6.0a is due to another avoided crossing
with its next higher root.

Potential energy curves of third and fourth roots af

(Figure 2), the CI coefficients at different bond distances in the undergo an avoided crossing neard,8nhich is confirmed
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from the CI compositions of & and 4X* at various points ~ TABLE 4: Dissociation Relation between theQ States and
in the potential curves. Thel3* state has a shallow potential ~Atomic States of AlSb

well with a longer equilibrium bond length of 3.61 A, while atomic states relative energy/crmt
the 4=* state has a sharp potential minimumrat 2.67 A. Q state Al +Sb expt calc

Thg diabatic curve of &£+ dissocigtes into the higher .as'ymp.tot.e, 0", 0.,1(2), 2 P+ S 0 0
while the 3X* state correlates with the third dissociation limit. 0(2), 0°(2), 1(3), 2(2), 3 2P, + 4,1 113 175
In the Franck-Condon region, the X state is far more 0+,07,1(2), 2 P, + 2Dy, 8512 11 450
complicated, and several configurations contribute strongly.  0%(2), 0(2), 1(3), 2(2), 3 *Psy;+?Daz 8625 11 866

Three higher roots of th&~ symmetry are also reported in 8:' 20 ’;(%)' 21(31)’ g 2 32 4 zgmi 285/2 gggé ig %g
this study. There is a shallow minimum at 3.0 A in the potential (2, 0°(2). 1(4), 2(3). 3(2). 32 s
curve of 22~, and it is bound only by 350 cmd. The avoided 2 Reference 50.
crossing with the next higher root around the bond length of

35000
6.5a forces the 2=~ state to predissociate int8, + 2D, while

the 3~ state dissociates into the higher asymptote. Ths 4

state is strongly bound, but the potential energy curves®f 3 30000

and 4=~ undergo avoided crossing near= 5.0a. The
transition energy, bond length, and vibrational frequency of
413, estimated from the adiabatic curve, are 41 044%12.74

A, and 300 cm?, respectively. Both A and 3A states are 25000 +
repulsive in nature.

Besides the repulsive’ll and FZ~ states, there is a bunch
of bound excited quintets between 30 000 and 40 000cm 20000 +
The lowest $=* bound state lies 31 389 crhabove the ground
state. At the equilibrium bond length, the state has a multicon-
figuration character, and the leading configuration is shown in
Table 2. The computed transition energy of tRE2state af
= 2.75 A is 38385 cm!, with we = 270 cnTl. A strong
interaction between the’I* and 2=* states is predicted. At 10000 -
their respective. values, almost the same set of configurations
represents both states. However, they'737* configuration
dominates in 3=, while the largest contribution irPZ* comes 5000 -
from o*2727*2. In the longer bond length region, the situation
is reversed, which justifies the avoided crossing between them.

15000 —

Energy / cm™

There are two strongly bound excited states of fx 0

symmetry. The &~ state is situated 32 213 crhabove the — T T T T T T T T
ground state, while%Z~ has a transition energy of 40 103 ctin 3 4 S5 6 7 8 9 10 11 12
There andwe values of these two states are similar in magnitude. Bond Length/a

Three high-lying bound states°I2, 31, and &II, have Figure 3. Potential energy curves of the low-lyir@ = 0* states of
transition energies of 34320, 39870, and 42250 tm  AISb.

respectively. The remaining®A state is 37 455 ct above gp 510m is 1342 e, while the value obtained from the present
the gr_ound state. The computed equilibrium bond length of this calculations lies between 1310 and 1500énTable 4 shows
state is even shorter than the ground-state that all four calculated limits arising from AR,) + Sb@D)

The ground-state dissociation enerdye) of AlSb is 1.40 are higher than the experimental ones by more than 3000.cm
eV, obtained from the MRDCI calculations at a large bond Thjs is mainly due to the underestimation of the ground-state
length without the d-electron correlation and the spmbit dissociation energy. Potential energy curves of states Qith
coupling. At the same level of ClI calculatiofisthe De value = 0%, 1, 3 are shown in Figures 3 and 4. Since the components
of the heavier GaSb has been reported to be 1.30 eV. Earlierwith Q = 0*, 2, 4 are not important from the Spectroscopic
Cl calculations by Meier et &l on the isovalent AIP molecule point of VieW, their potentiaj energy curves are not shown.
underestimated the ground-stétgby about 0.34 eV. Although  Spectroscopic parameters of 22 bound states within 25 008 cm
there is no reliable experimentddy value for AISb, the  of energy are given in Table 5. The spiarbit components of
d-electron correlation, the enhancement of the AO basis size,the ground state of AISh are separated by about 224 owith
and the reduction of the configuration selection threshold are the 0" component lying below the other component. However,
expected to increase the dissociation energy to some extentthe ro and w. values of these two components do not differ
Moreover, the use of pseudopotentials plays an important role significantly. The contribution of A1 in X3z, around the
in the computation of dissociation energies. equilibrium bond length is somewhat larger than that in the other

Spin—Orbit Coupling and Its Effect on the Spectroscopic component. The spirorbit splitting of the 21T state takes place
Features.All A-S states dissociating into the lowest two limits  in the inverted order. The largest splitting betweéhls and
are allowed to mix through the spiorbit coupling. The 131y~ components is about 2389 cfn These two components
dissociation correlations between the atomic &hdtates of remain unperturbed by the sphorbit mixing, as there are no
AlISb, corresponding to A¥P,) + Sb{S,) and Al@GP,) + Sb- nearby components witR2 = 2 and O for coupling. On the
(®Dy), which split into six limits, are shown in Table 4. The other hand, 31; and PI1y+ are strongly coupled with the
computed spirrorbit splitting of the ground state of Al is in  respective components offX~. As a result, the spectroscopic
the range 175416 cnt?, as compared with the experimental constants of I1; and £I1y+ change considerably. Bond lengths
value of 113 cm. The observedDs;,—2D3); splitting of the of both of the components are reduced by about 0.05 A. The



Electronic Spectroscopy of the AlISb Molecule

El

Energy / cm

35000

30000

25000 —

20000

15000 —

10000 —

J. Phys. Chem. A, Vol. 107, No. 31, 2008051

TABLE 6: Radiative Lifetimes (s) of Low-Lying Singlet and
Triplet A-S States of AISB

lifetime of the upper state

total lifetime of

transition v'=0 V=1 ' =2 upperstate at' =0
43115+ 1.1(-7) 1.8(7) 7(41=) = 109(-9)
AZT-23T  55(=7) 4.4(7)
A3T-2UT  1.56(5) 1.63(5) 1.73(5)
AST—-1T  6.2(-5) 5.2(5) 4.8(5)
21-1'A 6.38(-6) 6.60(-6) 6.84(-6) 7(21I)=1.11(-6)
2111 1.36(-6) 1.41¢6) 1.69(6)
AM-11=t  2.01(4) 3.09¢4) 3.74(4)
2UI-21=t 2.4(-4) 23(F4) 214
25511 7.97(-6) 7.97¢6) 7.96(6) t(2'=")=6.15(-6)
2i3t-113+  2.7(-5) 4.6(-5) 4.3(-5)
3%[1-X32 0.65(6) 0.68(-6) 0.72¢6) 7(3°I1) =650(-9)
3P1—-1°11 1.54(=4) 0.38¢4) 0.19¢4)
3PI1—-2°11 1.03(-3) 0.93¢3) 0.85(3)
23[1-X3% 2.2(-5) 2.5(5) 2.9(5) 7(2°M) = 22.0(-6)
2I1-1°%I1 85 4.6 0.5
TIH—181 2.22(-6) 2.27(6) 2.36(-6) t(13=%)=2.22(-6)

5000 i

Bond Length / a;

Figure 4. Potential energy curves of the low-lyif@ = 1 andQ =
3 states of AISb (curves with dashed lines are@r= 3).

TABLE 5: Spectroscopic Constants of the Low-Lying®2

States of AlSb

state Tdem?® rdA wdcm composition nearg?

X5, 0 278 232 X=(90), BII(5), 1'=*(3)

X35, 224 275 222  R=(85), PII(11), 1I(3)

[, 1192 258 296  AI(96), TA(4)

B, 3127 264 320 AL(74), X=-(25), 1I1(1)

Py 3375 2.62 322 AI(77), X3=(15), 234(7)

L[, 3581 258 293 IAI(99)

11, 6654 255 312 MI(92), BII(4), X3=(3)

1's, 8069 244 355 I5%(90), FII(9)

1A, 8370 2.76 264 IA(94), BII(6)

s/ 14366 2.66 336 Z(91), FII(5), X°T(3)

2T+ 17902 2.92 229  FI(80), 25+(12), FI1(2)

P, 19881 2.84 161  JI(83), 2I1(7), 2II(4), 5T1(2)

P, 19982 2.74 182  FI(63), B=(28), Z11(6)

P, 20263 2.84 211 JI(97), ZA(1)

F,r 20535 2.91 183  FI(90), 2TI(3)

1By 20821 274 286 E(67), 2T1(13), FIL(7), 2I1(5),
2337(3), #11(2)

201, 22105 2.86 181 HI(72), BE+(10), FI1(7), £II(4),
13A(3)

13®, 23316 295 152  ID(99)

a Numbers in parentheses are percentage contributions.

only component of [T is not much perturbed by the spin
orbit coupling. For the next three singlet component& 1,
1'A,, and 22@, ther andwe values remain unchanged, while
their transition energies are increased by 120800 cnt!. The
potential curve of thelﬁoﬁ component undergoes two avoided
crossings, one with 3Ig+ in the shorter bond length region
(~4.530) and the other with T+ at the longer bond distance
(~5.7ag). The curve of the &;. component is also subjected
to several avoided crossings (Figure 3).

The 2, 1, and 0 components of the repulsivé3l™ state play
a key role in the interaction with some of the low-lying states.
The spin components of the’lZ, 13X+, and 311 states are
strongly perturbed by the components ¢&21. It may be

a3 Numbers in parentheses are the powers to the base 10.

recalled that the potential minimum ofIZ originates from a
strongly avoided crossing between the lowest two states of the
SIT symmetry. All four components of 3Pl get mixed up
strongly with other components of the same symmetry. As a
result, their potential energy curves become complex in nature.
The Zlly- state predissociates easily through the repulsive
152, component. Spectroscopic constants éflg are ob-
tained from the adiabatic potential curve. The bond length of
2%[1,y+ is shortened, whilew, is increased considerably as
compared with that in the3HI state. The potential curve of the
3301 state crosses the repulsive curve &1at 6.0, which is
longer than the, of 3°IT by about 0.8,. Therefore, the spin
orbit components of 52~ perturb the corresponding
31,1, components in the longer bond length region. The
31+ component suffers fewer spiorbit interactions, and
hence survives any predissociation. The compositions of the
other three components ofl3 are more complicated. Thél3y+
component is reasonably strongly bound, and the computed
transition energy is around 20 535 tinTransitions from 31y
to the low-lying components withQ = 0, -1 may be observed
experimentally. The spectroscopic constants of all four com-
ponents of 3T, obtained by fitting the adiabatic potential curves,
are given in Table 5. Thee and w. values of the 1,
component are least perturbed. Unlike heavier group\ll
molecules, the 2, 1, 0components of 1 of AlSb do not
predissociate through the interactions with the components of
153-. The Q = 4 component of ¥ remains unperturbed, as
there are no nearby components of the same symmetry for
coupling. However, the®D, component is strongly correlated
with the neighboring components such da4 2!A,, 2°A; etc.
As a result, the ¥, component predissociates through the
dissociative channel.

Transition Moments, Dipole Moments, and Radiative
Lifetimes of Excited States.Experimentally or theoretically,
no electronic transition is known for AlSb. In the absence of
any spin-orbit coupling, six triplet-triplet transitions, which
originate from the excited 3BI, 2°[1, and B=" states, are
reported here. In addition, several singisinglet transitions
from 4=+, 21, and 2" with AA = 0, +1 are also discussed.
Table 6 shows partial lifetimes of the upper states at the lowest
three vibrational levels involving transitions within 25 000¢ém
of energy.

Among the triplet-triplet transitions, SIT-X32~ and 31—
1311 are expected to take place in the region 18-620 000
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cmL. The former transition is stronger than the latter. Both the
3BI1—1811 and 3T1—2%11 transitions are comparatively weak.
However, the transition dipole moments of these two transitions
as a function of the bond length show a smooth behavior. The
radiative lifetimes for these two transitions in the lowest
vibrational levels are in the order of milliseconds. Summing
the transition probabilities of three transitions originating from
3°[1, the total radiative lifetime of theSBl state at’ = 0 is

estimated to be 650 ns. There are two possible transitions from33[y,:— 1117,

the excited 2T state. The IT—-X3Z" transition is stronger than
the other transition, #1—13[1. The Franck-Condon overlap
terms for the 3[1—1311 transition are very small because of a
large difference between thgvalues of the AT and 211 states;
hence, the transition becomes fairly weak. The computed total
radiative lifetime of 2I1 is about 22us. The £="—13I1
transition is expected to occur around 17 800 ¢mwith a
computed lifetime of 2.2s aty' = 0 for the =" state.

Transitions from the &7, 211, and 2= states to the lower-
lying singlets are also studied. It is noted that there is a double
well in the adiabatic potential curve of thé33 state due to a
strong interaction between the third and fourth roots of'iie
symmetry. The higher-energy potential well holds at least two
vibrational levels. So, there is a strong possibility of having
four transitions, viz., &=t—113+, 415+ -2+ 415+ -2, and
43T —11. At the minimum of 4=, the computed transition
moment for the £+—1'3 transition is about 0.84ag, while
that for 42" —213" is nearly half. The estimated partial lifetimes
of these two transitions at = 0, 1 are in the range of 160
600 ns. Other transitions, such a<£4—11 and 4>+—211,
are comparatively weak. The/2"—11 transition is weaker
due to smaller FranckCondon overlap terms. The radiative
lifetime for 44=T—211 is 15.6us atv’ = 0, while that for the
A1+ —1T transition is nearly 4 times higher. Adding all four
transition probabilities, the total radiative lifetime of>4 at
the lowest vibrational is about 109 ns.

Four symmetry-allowed transitionstl2— 1=+, 21[1-21=F,
2T1—1'A, and 2TT—11, involving the 211 state are possible.
The calculations show that the first two transitions are relatively
weak. The transition moments ofIZ—1=" are significantly
small throughout the FranelCondon region. The partial
radiative lifetimes at’ = 0 for the 2ZIT-11=* and 2I1-2!=*
transitions are 201 and 2465, respectively. Both thelPl—
11T and 2T1—1!A transitions are expected to have considerable
intensities. The partial lifetimes of these two transitions are in
the range of +7 us at the lowest few vibrational levels. The
computed total radiative lifetime of thé'ld state at' = 0 is
about 1.11us. Two dipole-allowed transitions from thé>"
state are also reported here. The transition moment of'Ere-2
1+ transition shows a maximum aroune- 5.0ay, and it falls
rapidly with the increase im. The transition moment of the
213111 transition varies slowly, and the transition is
somewhat stronger than2 —11=". The total lifetime of 2=+
is calculated to be 6.15s.

Although many transitions witiAQ2 = 0, +1 are possible,
we have focused only on the transitions from th&lg
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TABLE 7: Radiative Lifetime (s) of the 3°II,y+ State of AISK?

lifetime of the upper state total lifetime of
/=0 /=1 /=2 upperstateat’ =0

1.15(5) 1.21¢5) 1.30(5) 7(31o) = 1.26(-6)
1.47(-6) 2.26(-6) 3.04(-6)
4.99(-5) 1.49(-5) 0.93(-5)
3.20(-3) 0.55(-3) 0.18(-3)
1.34(-3) 0.65(-3) 0.45(-3)
4.95(-3) 1.77¢-3) 1.23(-3)
4.60(-4) 4.75(4) 4.82(-4)

transition

Ty — X35,
Pl —X3S,
33I]c|+ - :|_3rlg‘r
:.'-‘;BI—I(Tr —13[1 1

Pl —1157,

Pl — 2155,
aNumbers in parentheses are the powers to the base 10.
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Figure 5. Dipole moment functions of 10 low-lying states of AISb.

S5, 3Mp—11;, and 3MIy+—2!%;,, are also studied here.
The partial radiative lifetimes of these transitions are of the order
of milliseconds. The total lifetime of the®Blo+ component at

v = 0 is about 1.26:s.

Dipole moment functions of at least teh 10 lowAsS states
of AISb are shown in Figure 5. The ground-statés estimated
to be—0.98 D, where the negative sign refers to the ABb~
polarity. The 3IT state has a positive dipole moment throughout
the curve, indicating the opposite polarity. A the dipole
moment of the &[T state is 1.16 D. It may be recalled that the
3°[1 state arises from the727* configuration in which ther*
MO is localized more strongly on the Al atom. So, the electron
density is shifted toward Al, and it changes the dipole polarity
of the molecule in the 31 state. The dipole moment of the
ground state is maximum-@ D) near the bond length of &g

component as it is less perturbed by the nearby componentsThe dipole moment curves offl, 1!A, 1=+, and 211 states

Seven transitions from®Bly+ to the lower states, wit = 0"

and 1, are shown in Table 7. It is noted that tREI@— X3,
transition is at least 10 times weaker thatiIg-—X3%; . This

is mainly due to the presence of a largéfllcomponent in
X35 . Transition dipole moments of bot3g+— 131+ and
3*1+— 1311, transitions are rapidly varying functions of the
bond length. The former transition is somewhat weaker than
the latter. Three spin-forbidden transitions, nameffI3—1%

have identical patterns in the longer bond length region. The
dipole moment of the #T state changes very sharply in the
region of 5.5-7.5ay, and atre the value is—0.46 D. Both the
131 and 21T states have somewhat larger negatine The
dipole moments of &+ and 211 are, however, slowly varying
functions.

Comparison with Isovalent Molecules. The electronic
spectra of the antimonides of Al, Ga, and In, and smaller
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TABLE 8: Comparison of the Computed Spectroscopic 3%[1 cross the curve of the’X™ state identically. In some cases,

Parameters of Isovalent Molecules the 07, 1, and 2 components of3@ may predissociate.
property AIP®  GaAs AISb GaSH InSk However, due to the shorteg of the FII state in AlSb, the

rd(X3), A > 45 267 279 582 3.02 avoided crossing t{ikes _pla}ce at the longer t_)ond distance, which

wdX357), et 359 179 249 161 139 prevents the predissociations of these spin components from

De(X327), eV 1.88 1.30 1.40 1.30 1.22 occurring. The Ty+ components of these molecules undergo

Te(2°I0), et 887 1066 1777 1573 2654 many spin-forbidden transitions to the lower &nd 1 compo-

re(1°0), A B 2.26 2.39 2.57 2.57 2.81 nents. The MRDCl-estimated total lifetimes IR+ at' =0

AE(IMI-2°T),cm™* 3468 4875 3519 4394 4351 -

TLUSH), e 5404 6690 6805 7450 9002 are 1.05, 1.26, 1.96, and 2.5 for the respective GaAs, AlSb,

re(115+), A 212 221 242 241 270 GaSb, and InSb molecules. The same for AIP has not been

Te(3°I0), cmi? 21857 22250 19753 21508 20108 computed so far.

reo(3300), A 254 272 286 290 3.07

wo(3M), e 213 135 200 113 111 IV. Summary and Conclusion

zfs, cnrtf 76 224 218 429

Te(3*Ig+), cm? 22178 20535 21771 20094 Ab initio-based multireference CI calculations using pseudo-

re((3;TIIIo+)S'E‘\: - §-2756 %931 3503 f(-)126 potentials have demonstrated, for the first time, the electronic

w ), L

73§Ho+,/35 105 196 1.03 250 spectrum of the AISb molecule within 45 000 ch At least

25 bound states of th&-S symmetry have been reported. The
2 The subscript e refers to the parametereaif the corresponding  computedr. and we values of the ground-state molecule are
state.” Reference 27 Reference 28! Reference 32¢ Reference 31. 2.79 A and 249 cm, respectively. There are several excited
" Zero field splitting PX"(Xe1) — *=(X0")]- quintets which sometimes play a key role in changing the
chracteristics of the low-lying bound states through the -spin
orbit coupling. A strong interaction between the lowest #&6
tates of the AISb molecule increases the vibrational frequency
of the Z=* state. An avoided crossing between the potential
curves of 3" and 4" results in a double minimum. The
é112+ state is short-lived, and several symmetry-allowed transi-
tlons are expected to take place from it. The broad potential
minimum of the 2IT state is due to the interaction between a
strongly bound A1 state and the next repulsive root of the same
symmetry. The T state is important from the spectroscopic
point of view, as the ¥T—-X3Z~ transition is found to be very
strong. The 1 state is also short-lived, with a lifetime of about
650 ns. The ground-state AlSb molecule has 834 polarity
with ue = —0.98 D. The ground-state molecule dissociates into
2P, + 43, with a dissociation energy of 1.40 eV.

isovalent molecules AlP, GaAs, etc., are very similar. The GaAs
molecule has been experimentally well-studied. For others, only
ground-state dissociation energies are known. However, a serie
of theoretical calculations on these molecules at the MRDCI
level has been performed in recent ye&rs? In Table 8, we
have compared some important spectroscopic constants of thes
isovalent molecules. The equilibrium bond length increases and
the vibrational frequency decreases from AlSb to InSb due to
the increase in mass. The lighter molecule AIP has a shortest
bond length. In general, the ground state of the heavier molecule
is expected to have a smaller dissociation energy. The calcula-
tions show the correct trend of the ground-state dissociation
energies of these molecules. The computes(1TT—1°11)
splittings of GaShb and InSb are comparable in magnitude, while
the lighter AISb molecule has a somewhat smaller splitting of : - .
3519 cnrl. A greater stability of the I state is noted in GaAs. The zero-field splitting of the ground state of AISb is only
The equilibrium bond length of the®lI state is always shorter 224 ¢nT*, with the X*Z,, component lying lower than %, .
than the ground-statg by 0.20-0.28 A. The closed-shellE+ The FII state splits in the inverse order due to the sgrbit
state has the shortest bond length of all the low-lying states of oupling. The largest spirorbit splitting in IT is about 2400
these molecules. Thelll state is far more stable thadI, cm-*. The interactions of 2, 1,0components of both321_and
and the relative stability increases with the mass of the molecule. 3°I1 With the corresponding components of the repulsitg1
The heavier InSb molecule has the larget*t-13I1 energy state make the potenthl curves rather compllcated: Some.of
separation. A strong interaction betweéR1and 25+ is noted these components predissociate through different dissociative
in all the isovalent molecules compared here. The energy gapchannels. The &I+ component undergoes several strong
between the second and third roots'Bf is sufficiently large transitions to the low-lying 0and 1 components. The computed
that no mixing between them takes place. The avoided crossing'adiative lifetime of 8Io+ at» = 0 is about 1.2Gus.
between the curves of the third and fourth roots of ke
symmetry is a common feature for these molecules. The shapes. Acknowledgment. The authors are grateful to Prof. Dr. R.
of the potential curves of'I* and 43+ states are also quite 9+ Buenker, Germany, for allowing us to use his CI codes.
similar. The 4=* state is strongly bound for all of these
molecules.
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