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Relativistic configuration interaction calculations are carried out to study the electronic spectrum of the AlSb
molecule. Potential energy curves of 44 electronic states within 6 eV of energy are constructed. Spectroscopic
constants (re, ωe, Te, De, µe) of the low-lying Λ-S states are computed. The equilibrium bond length and
vibrational frequency of the ground state (X3Σ-) of AlSb are estimated to be 2.79 Å and 249 cm-1, respectively.
Effects of the spin-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 component (X3Σ0+

- ) is 1.44 eV. Transition moments of several electric dipole-allowed and
spin-forbidden transitions are computed from CI wave functions. Radiative lifetimes of the low-lying excited
states of AlSb at the lowest three vibrational levels (V′ ) 0, 1, 2) are estimated. Transitions from the 33Π0+

component to all lower states with∆Ω ) 0, (1 are predicted. AtV′ ) 0, the 33Π0+ component has a lifetime
of about 1.26µs. The electronic states of AlSb are also compared with those of isovalent AlP, GaAs, GaSb,
and InSb molecules.

I. Introduction

The electronic structure and spectroscopy of small molecules
and clusters of group III and V elements have been the subject
of numerous experimental and theoretical studies.1-35 Reliable
band structure information has been reported for the simple
binary compounds InSb, InAs, GaSb, InP, GaAs, AlSb, and GaP
in the solid state. The compounds of these molecules and their
ions are well known for their semiconducting properties. Smalley
and his group1-6 did pioneering work on many cluster com-
pounds of group III and V elements. Many other workers have
been able to isolate diatomic molecules of these compounds in
the gas phase as well as in rare-gas matrices. Lemire et al.7

studied jet-cooled GaAs by resonant two-photon ionization
spectroscopy. Neumark and co-workers8-13 employed negative
ion zero-electron kinetic photodetachment spectroscopic tech-
niques to study these types of compounds. Using the laser-
vaporizing method, Li et al.14 observed infrared absorption
spectra of InP, InAs, and InSb molecules. However, no attempts
have been made so far to study the electronic spectrum of the
AlSb molecule either in the gas phase or in rare-gas matrices.

Complete active space SCF (CASSCF)/CI calculations have
been carried out on several neutral and ionic molecules of group
III and V elements by Balasubramanian and co-workers.15-26

These authors have reported a number of electronic states of
AlnXm (X ) P, As) and their positive and negative ions.21-24,26

However, studies of AlnSbm molecules have not been attempted.
Meier et al.27 performed large-scale multireference CI calcula-
tions on the low-lying electronic state of the isovalent AlP
molecule. Potential energy curves, transition energies, dipole
moments, ionization potentials, and dissociation energies of low-
lying valence states of AlP have been reported by these authors.
Recently,28-36 ab initio-based large-scale CI calculations on
other isovalent moleculessGaP, GaAs, GaSb, InP, InAs, InSb,
etc.shave been performed. So far there exist no theoretical or

experimental data on the electronic structure and spectroscopic
properties of the AlSb molecule. For the first time, we report
computational results on the potential energy curves and
spectroscopic constants of low-lying electronic states of AlSb.
Many dipole-allowed and spin-forbidden transitions are dis-
cussed. Radiative lifetimes of the excited states are also
estimated. We hope the present results may stimulate experi-
mentalists to study the spectroscopy of AlSb in the near future.

II. Method of Calculations

The semi-core relativistic effective core potentials (RECP)
of Al and Sb are taken from Pacios and Christiansen37 and
LaJohn et al.,38 respectively, for the present calculations of AlSb.
The 3s23p valence electrons of Al and 4d105s25p3 electrons of
Sb are kept in the active space, while the remaining electrons
are replaced by these pseudopotentials, which include major
relativistic corrections other than the spin-orbit coupling. The
primitive Gaussian basis functions (4s4p) of Pacios and Chris-
tiansen37 are augmented with two sets of d-polarization functions
of exponents 0.328a0

-2 and 0.09a0
-2. Thus, the basis set for

the aluminum atom is (4s4p2d). Similarly, the 3s3p4d basis set
of the Sb atom, as recommended by LaJohn et al.38 for the use
with RECP, is enhanced by adding two s functions of exponents
0.07a0

-2 and 0.013a0
-2, and two sets of p functions of exponents

0.03a0
-2 and 0.01a0

-2. The final basis set of Sb becomes
(5s5p4d) in the uncontracted form. The exponents of the
additional basis for the Sb atom are taken from the work of
Alekseyev et al.39 It is expected that the present basis is sufficient
to polarize the 5p orbitals of Sb.

The symmetry-adapted molecular orbitals (MOs), which are
used as basis functions for carrying out CI, are obtained from
the SCF calculations at each internuclear separation for theπ2

3Σ- state. Using pseudopotentials, the number of valence
electrons is reduced to 18, and there are 72 SCF-MOs available
for CI calculations. However, preliminary investigations show
that 4d10 electrons do not participate in the Al-Sb bonding, at
least in the low-lying electronic states of the molecule. To reduce
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the computational labor without losing much accuracy, we have
frozen d-electrons in the CI 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.40-45 For the lowest few roots, the MRDCI calcula-
tions include 90-200 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 2.0µhartree
reduces the total number of configurations in the CI space below
50 000. Energy extrapolation and Davidson’s correction46,47

provide an estimate of the full CI energy. The AlSb molecule
has been kept along thez-axis, keeping Al at the origin, and
the SCF/MRDCI calculations are carried out in theC2V 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-
tiansen37 and LaJohn et al.,38 respectively. All states correlating
with the 2Pu(Al) + 4Su(Sb) and2Pu(Al) + 2Du(Sb) limits are
allowed to mix through the spin-orbit coupling. TheΛ-S
eigenfunctions are used as the basis for the spin-orbit CI
calculations. The estimated full CI energies are placed in the
diagonal of the Hamiltonian matrix, whereas off-diagonal matrix
elements are obtained by employing pairs of selected CI wave
functions withMs ) S, and applying spin-projection techniques
and the Wigner-Eckert theorem. The sizes of the secular
equations of A1, A2, and B1 blocks are 45, 46, and 46,
respectively, for some selected roots of theΛ-S symmetries.
The details of the spin-orbit treatment may be found else-
where.48 Potential energy curves are fitted into polynomials in
one-dimensional nuclear Schro¨dinger equations for numerical
solutions.49 Spectroscopic constants of bothΛ-S andΩ 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.

III. Results and Discussion

Potential Energy Curves of Low-Lying Λ-S States.Two
quintets and two triplets ofΣ- and Π symmetries of AlSb
correlate with the lowest dissociation limit, Al(2Pu) + Sb(4Su).
The second asymptote, Al(2Pu) + Sb(2Du), can be reached by
18 Λ-S states of the singlet and triplet multiplicities. Several
high-lying singlets and triplets converge with the next dissocia-
tion limit, Al( 2Pu) + Sb(2Pu). Experimental energies of the
dissociation limits shown in Table 1 are averaged overj. The
computed relative energy of the second dissociation limit is

higher than the observed value by about 3000 cm-1. Discrep-
ancies of similar magnitude have also been noted for other group
III -V molecules28-33 at the same level of MRDCI calculations.
The energy of the third asymptote, however, is overestimated
only by about 500 cm-1. All 34 states of theΛ-S symmetries
correlating with the lowest three dissociation limits of AlSb 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
plotted in Figures 1 and 2.

Table 2 summarizes the spectroscopic parameters (Te, re, ωe,
De, andµe) of 25 Λ-S states, along with the leading configu-
ration for each state. Like all other group III-V diatomic
molecules, the ground-state symmetry of AlSb is X3Σ-. The
bond length in the ground state is calculated to be 2.79 Å. The
MRDCI-estimatedωe of the ground state of AlSb is about 249
cm-1. The ground state is described by an open-shell config-
uration. In the Franck-Condon region,σ is mainly a weakly
bonding MO comprising s orbitals of Al and Sb. But the
contribution of the s(Al) atomic orbital is substantially smaller
than that of the s(Sb) orbital. The nextσ* orbital is a strongly
antibonding combination of s(Al) and s,pz(Sb) atomic orbitals.
The thirdσ MO, which is designated asσ′, is of the strongly
bonding type. The s and pz atomic orbitals of both Al and Sb
contribute almost equally in theσ′ MO. In the equilibrium bond
length region, the first occupiedπ MO is purely nonbonding,
consisting of px,y atomic orbitals of Sb. The nextπ* orbital is,
however, antibonding in character. The ground-state configu-
ration also generates 11∆ and 21Σ+ states, as shown in Table 3.
A closed-shell configuration and an open-shell one of the type
σ*2π3π* also contribute substantially in the representation of
the 21Σ+ state. Energetically, 11∆ is located about 5500 cm-1

below the 21Σ+ state. The 11∆ state dissociates into2Pu(Al) +
2Du(Sb), while 21Σ+ converges with the next higher asymptote.
Both 11∆ and 21Σ+ states are strongly bound, with estimated
binding energies of 2.04 and 2.1 eV, respectively. The 21Σ+

TABLE 1: Correlation between the Λ-S States and Atomic
States of AlSb

relative energy/cm-1

Λ-S states
atomic states

Al + Sb expta calcd
3Σ-, 3Π, 5Σ-, 5Π 2P + 4S 0 0
1Σ+, 1Σ-(2), 1Π(3), 1∆(2), 1Φ, 2P + 2D 9 352 12 377

3Σ+, 3Σ-(2), 3Π(3), 3∆(2), 3Φ
1Σ+(2), 1Σ-, 1Π(2), 1∆, 2P + 2P 17 948 18 402

3Σ+(2), 3Σ-, 3Π(2), 3∆
a Moore’s table in ref 50; energies are averaged overj.

Figure 1. Potential energy curves of the triplet and quintetΛ-S states
of AlSb.
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state has a shorter bond length and a largerωe as compared
with those of 11∆. This is mainly due to a strong avoided
crossing between the curves of 11Σ+ and 21Σ+ states near 5.3a0.
Although such a crossing is not evident from the potential curves
(Figure 2), the CI coefficients at different bond distances in the

curves confirm it. The spectroscopic parameters of these two
1Σ+ states in Table 2 are obtained by fitting the adiabatic curves.
The 11Σ+ state has the shortest Al-Sb bond length (re ) 2.42
Å) of all low-lying states reported here. The state has almost
the sameωe value as in 21Σ+. An open-shell configuration,π3π*
(c2 ) 0.22), is also important in the representation of 11Σ+

at re.
The first excited state,3Π, which lies only 1777 cm-1 above

the ground state, is a result of theσ′ f π excitation. The 13Π
state of AlSb has a bond length (re ) 2.57 Å) shorter than that
of the ground state. The 13Π state is strongly bound, with
ωe ) 301 cm-1 andDe ) 1.18 eV. The 11Π state arising from
the same excitation as in the triplet counterpart has a transition
energy of 5296 cm-1. It has an even shorter bond length and a
larger vibrational frequency. The 11Π state has a larger binding
energy than 13Π because they correlate with different dissocia-
tion limits.

The minimum in the potential curve of 23Π is essentially
due to a strongly avoided crossing between the curves of the
lowest two roots of the3Π symmetry. In the shorter bond length
region, the 23Π state is described byσ′π2π*, while in the longer
bond length region, it is dominated by theσ′π3 configuration.
As a result, the estimated equilibrium bond length is much
longer (re)3.25 Å) and the vibrational frequency is considerably
small. Hence, the 23Π state does not undergo a strong transition
either to the ground state or to the 13Π state. Besides 23Π, nine
otherΛ-S states originate from the sameσ′ f π* excitation.
The calculations show that the 11Φ state is repulsive, while 13Φ
is weakly bound, with an approximate binding energy of 0.17
eV. The potential minimum of the 13Φ state is located around
2.94 Å. Both of these states dissociate into the second asymptote.
Of the remaining seven states, the repulsive 15Π state correlates
with the lowest dissociation limit. Potential energy curves of
three triplets, 33Π, 43Π, and 53Π, and three singlets, such as
21Π, 31Π, and 41Π, are shown in Figures 1 and 2. The 33Π
state is bound by about 0.49 eV, and its computed transition
energy at equilibrium is 19 753 cm-1, with re ) 2.86 Å andωe

) 200 cm-1. A reasonably strong 33Π-X3Σ- transition is
expected to take place around 20 000 cm-1. The potential curve
of the 43Π state is repulsive in nature, while 53Π has a shallow
potential minimum, with an estimated transition energy of
27 885 cm-1. Of three excited singletΠ states arising out of
the σ′π2π* configuration, only 21Π is reasonably strongly
bound, while 31Π and 41Π states have repulsive potential curves.
The equilibrium bond length of the 21Π state is comparable
with that of the ground state. The computed transition energy
of the 21Π state is about 21 022 cm-1. The potential energy
curve of the 51Π state is repulsive.

The lowest state of the3Σ+ symmetry lies very close to 33Π.
However, the 13Σ+ state has a comparatively shorter bond length
(re ) 2.58 Å). The higher excited3Σ+ states have some typical
features in their potential curves. Potential energy curves of the
second and third roots of the3Σ+ symmetry cross around 5.0a0.
This has created a double minimum in the adiabatic curve of
23Σ+. The lower energy state, atre ) 3.03 Å, is denoted by
23Σ+(I), while the higher energy, short-distance minimum is
designated as 23Σ+(II). The estimated transition energies of these
two states are 26 573 and 28 591 cm-1, respectively. Atre, the
23Σ+(II) state has two more configurations in addition to the
leading one reported in Table 2. A barrier in the potential curve
of 33Σ+ aroundr ) 6.0a0 is due to another avoided crossing
with its next higher root.

Potential energy curves of third and fourth roots of1Σ+

undergo an avoided crossing near 5.6a0, which is confirmed

Figure 2. Potential energy curves of the singletΛ-S states of AlSb.

TABLE 2: Spectroscopic Constants of the Low-LyingΛ-S
States of AlSb

state Te/cm-1 re/Å ωe/cm-1 De/eV µe/D

(σ′2π2) X3Σ- 0 2.79 249 1.40 -0.98
(σ′π3) 13Π 1 777 2.57 301 1.18 -1.27
(σ′π3) 11Π 5 296 2.53 336 2.27 -1.50
(π4) 11Σ+ 6 805 2.42 348 2.09 -1.81
(σ′2π2) 11∆ 7 250 2.76 265 2.03 -0.42
(σ′2π2) 21Σ+ 12 741 2.65 348 2.12 -0.13
(σ′π2π*) 23Π 16 865 3.25 129 0.85 -0.46
(π3π*) 13Σ+ 19 573 2.58 265 0.52 -0.25
(σ′π2π*) 33Π 19 753 2.86 200 0.49 1.16
(σ′π2π*) 21Π 21 022 2.82 209 0.33 0.10
(σ′π2π*) 13Φ 22 307 2.94 153 0.17
(σ′2ππ*) 23Σ+(I) 26 573 3.03 216 0.43
(σ′2ππ*) 31Σ+ 27 652 3.61 119 0.26
(σ′π2π*) 53Π 27 885 2.85 198 0.23
(σ*σ′π4) 23Σ+(II) 28 591 2.44 376 0.14
(π2π*2) 41Σ+ 30 094 2.67 231
(σ*σ′π3π*) 5Σ+ 31 389 2.70 240
(σ′σ5π2) 25Σ- 32 213 2.85 208
(σ*σ′2π2π*) 25Π 34 320 3.02 185
(σ*σ′π3π*) 15∆ 37 455 2.63 284
(π2π*2) 25Σ+ 38 385 2.75 270
(σ′π2π3) 35Π 39 870 2.82 195
(σ*σ′π3π*) 35Σ- 40 103 2.72 188
(σ′σ5π2) 41Σ- 41 044 2.74 300
(σ′π2π*) 45Π 42 250 3.03 215

TABLE 3: States Resulting from Low-Lying Configurations

configuration states

σ′2π2 X3Σ-, 11∆, 21Σ+

σ′π3 11Π, 13Π
π4 11Σ+

σ′π2π* 21Π, 31Π, 41Π, 11Φ, 23Π, 33Π, 43Π, 53Π, 13Φ, 15Π
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from the CI compositions of 31Σ+ and 41Σ+ at various points
in the potential curves. The 31Σ+ state has a shallow potential
well with a longer equilibrium bond length of 3.61 Å, while
the 41Σ+ state has a sharp potential minimum atr ) 2.67 Å.
The diabatic curve of 41Σ+ dissociates into the higher asymptote,
while the 31Σ+ state correlates with the third dissociation limit.
In the Franck-Condon region, the 41Σ+ state is far more
complicated, and several configurations contribute strongly.

Three higher roots of the1Σ- symmetry are also reported in
this study. There is a shallow minimum at 3.0 Å in the potential
curve of 21Σ-, and it is bound only by 350 cm-1. The avoided
crossing with the next higher root around the bond length of
6.5a0 forces the 21Σ- state to predissociate into2Pu + 2Du, while
the 31Σ- state dissociates into the higher asymptote. The 41Σ-

state is strongly bound, but the potential energy curves of 31Σ-

and 41Σ- undergo avoided crossing nearr ) 5.0a0. The
transition energy, bond length, and vibrational frequency of
41Σ-, estimated from the adiabatic curve, are 41 044 cm-1, 2.74
Å, and 300 cm-1, respectively. Both 21∆ and 31∆ states are
repulsive in nature.

Besides the repulsive 15Π and 15Σ- states, there is a bunch
of bound excited quintets between 30 000 and 40 000 cm-1.
The lowest 15Σ+ bound state lies 31 389 cm-1 above 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 the 25Σ+ state atre

) 2.75 Å is 38 385 cm-1, with ωe ) 270 cm-1. A strong
interaction between the 15Σ+ and 25Σ+ states is predicted. At
their respectivere values, almost the same set of configurations
represents both states. However, theσ*σ′π3π* configuration
dominates in 15Σ+, while the largest contribution in 25Σ+ comes
from σ*2π2π*2. In the longer bond length region, the situation
is reversed, which justifies the avoided crossing between them.
There are two strongly bound excited states of the5Σ-

symmetry. The 25Σ- state is situated 32 213 cm-1 above the
ground state, while 35Σ- has a transition energy of 40 103 cm-1.
There andωe values of these two states are similar in magnitude.
Three high-lying bound states, 25Π, 35Π, and 45Π, have
transition energies of 34 320, 39 870, and 42 250 cm-1,
respectively. The remaining 15∆ state is 37 455 cm-1 above
the ground state. The computed equilibrium bond length of this
state is even shorter than the ground-statere.

The ground-state dissociation energy (De) of AlSb is 1.40
eV, obtained from the MRDCI calculations at a large bond
length without the d-electron correlation and the spin-orbit
coupling. At the same level of CI calculations,32 the De value
of the heavier GaSb has been reported to be 1.30 eV. Earlier
CI calculations by Meier et al.27 on the isovalent AlP molecule
underestimated the ground-stateDe by about 0.34 eV. Although
there is no reliable experimentalD0

0 value for AlSb, the
d-electron correlation, the enhancement of the AO basis size,
and the reduction of the configuration selection threshold are
expected to increase the dissociation energy to some extent.
Moreover, the use of pseudopotentials plays an important role
in the computation of dissociation energies.

Spin-Orbit Coupling and Its Effect on the Spectroscopic
Features.All Λ-S states dissociating into the lowest two limits
are allowed to mix through the spin-orbit coupling. The
dissociation correlations between the atomic andΩ states of
AlSb, corresponding to Al(2Pu) + Sb(4Su) and Al(2Pu) + Sb-
(2Du), which split into six limits, are shown in Table 4. The
computed spin-orbit splitting of the ground state of Al is in
the range 175-416 cm-1, as compared with the experimental
value of 113 cm-1. The observed2D5/2-2D3/2 splitting of the

Sb atom is 1342 cm-1, while the value obtained from the present
calculations lies between 1310 and 1500 cm-1. Table 4 shows
that all four calculated limits arising from Al(2Pu) + Sb(2Du)
are higher than the experimental ones by more than 3000 cm-1.
This is mainly due to the underestimation of the ground-state
dissociation energy. Potential energy curves of states withΩ
) 0+, 1, 3 are shown in Figures 3 and 4. Since the components
with Ω ) 0-, 2, 4 are not important from the spectroscopic
point of view, their potential energy curves are not shown.
Spectroscopic parameters of 22 bound states within 25 000 cm-1

of energy are given in Table 5. The spin-orbit components of
the ground state of AlSb are separated by about 224 cm-1, with
the 0+ component lying below the other component. However,
the re and ωe values of these two components do not differ
significantly. The contribution of 13Π in X3Σ1

- around the
equilibrium bond length is somewhat larger than that in the other
component. The spin-orbit splitting of the 13Π state takes place
in the inverted order. The largest splitting between 13Π2 and
13Π0- components is about 2389 cm-1. These two components
remain unperturbed by the spin-orbit mixing, as there are no
nearby components withΩ ) 2 and 0- for coupling. On the
other hand, 13Π1 and 13Π0+ are strongly coupled with the
respective components of X3Σ-. As a result, the spectroscopic
constants of 13Π1 and 13Π0+ change considerably. Bond lengths
of both of the components are reduced by about 0.05 Å. The

TABLE 4: Dissociation Relation between theΩ States and
Atomic States of AlSb

relative energy/cm-1

Ω state
atomic states

Al + Sb expta calc

0+, 0-, 1(2), 2 2P1/2 + 4S3/2 0 0
0+(2), 0-(2), 1(3), 2(2), 3 2P3/2 + 4S3/2 113 175
0+, 0-, 1(2), 2 2P1/2 + 2D3/2 8 512 11 450
0+(2), 0-(2), 1(3), 2(2), 3 2P3/2 + 2D3/2 8 625 11 866
0+, 0-, 1(2), 2(2), 3 2P1/2 + 2D5/2 9 854 12 946
0+(2), 0-(2), 1(4), 2(3), 3(2), 4 2P3/2 + 2D5/2 9 967 13 177

a Reference 50.

Figure 3. Potential energy curves of the low-lyingΩ ) 0+ states of
AlSb.
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only component of 11Π is not much perturbed by the spin-
orbit coupling. For the next three singlet components, 11Σ0+

+ ,
11∆2, and 21Σ0+

+ , there andωe values remain unchanged, while
their transition energies are increased by 1200-1800 cm-1. The
potential curve of the 11Σ0+

+ component undergoes two avoided
crossings, one with 13Π0+ in the shorter bond length region
(∼4.5a0) and the other with 15Π0+ at the longer bond distance
(∼5.7a0). The curve of the 21Σ0+

+ component is also subjected
to several avoided crossings (Figure 3).

The 2, 1, and 0- components of the repulsive 15Σ- state play
a key role in the interaction with some of the low-lying states.
The spin components of the 23Π, 13Σ+, and 33Π states are
strongly perturbed by the components of 15Σ-. It may be

recalled that the potential minimum of 23Π originates from a
strongly avoided crossing between the lowest two states of the
3Π symmetry. All four components of 23Π get mixed up
strongly with other components of the same symmetry. As a
result, their potential energy curves become complex in nature.
The 23Π0- state predissociates easily through the repulsive
15Σ0-

- component. Spectroscopic constants of 23Π0+ are ob-
tained from the adiabatic potential curve. The bond length of
23Π0+ is shortened, whileωe is increased considerably as
compared with that in the 23Π state. The potential curve of the
33Π state crosses the repulsive curve of 15Σ- at 6.0a0, which is
longer than there of 33Π by about 0.6a0. Therefore, the spin-
orbit components of 15Σ- perturb the corresponding
33Π2,1,0- components in the longer bond length region. The
33Π0+ component suffers fewer spin-orbit interactions, and
hence survives any predissociation. The compositions of the
other three components of 33Π are more complicated. The 33Π0+

component is reasonably strongly bound, and the computed
transition energy is around 20 535 cm-1. Transitions from 33Π0+

to the low-lying components with∆Ω ) 0, (1 may be observed
experimentally. The spectroscopic constants of all four com-
ponents of 33Π, obtained by fitting the adiabatic potential curves,
are given in Table 5. There and ωe values of the 33Π2

component are least perturbed. Unlike heavier group III-V
molecules, the 2, 1, 0- components of 33Π of AlSb do not
predissociate through the interactions with the components of
15Σ-. The Ω ) 4 component of 13Φ remains unperturbed, as
there are no nearby components of the same symmetry for
coupling. However, the 13Φ2 component is strongly correlated
with the neighboring components such as 13∆2, 21∆2, 23∆2 etc.
As a result, the 13Φ2 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 33Π, 23Π, and 13Σ+ states, are
reported here. In addition, several singlet-singlet transitions
from 41Σ+, 21Π, and 21Σ+ with ∆Λ ) 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 cm-1

of energy.
Among the triplet-triplet transitions, 33Π-X3Σ- and 33Π-

13Π are expected to take place in the region 18 000-20 000

Figure 4. Potential energy curves of the low-lyingΩ ) 1 andΩ )
3 states of AlSb (curves with dashed lines are forΩ ) 3).

TABLE 5: Spectroscopic Constants of the Low-LyingΩ
States of AlSb

state Te/cm-1 re/Å ωe/cm-1 composition nearre
a

X3Σ0+
- 0 2.78 232 X3Σ-(90), 13Π(5), 11Σ+(3)

X3Σ1
- 224 2.75 222 X3Σ-(85), 13Π(11), 11Π(3)

13Π2 1 192 2.58 296 13Π(96), 11∆(4)
13Π1 3 127 2.64 320 13Π(74), X3Σ-(25), 11Π(1)
13Π0+ 3 375 2.62 322 13Π(77), X3Σ-(15), 21Σ+(7)
13Π0- 3 581 2.58 293 13Π(99)
11Π1 6 654 2.55 312 11Π(92), 13Π(4), X3Σ-(3)
11Σ0+

+ 8 069 2.44 355 11Σ+(90), 13Π(9)
11∆2 8 370 2.76 264 11∆(94), 13Π(6)
21Σ0+

+ 14 366 2.66 336 21Σ+(91), 13Π(5), X3Σ-(3)
23Π0+ 17 902 2.92 229 23Π(80), 21Σ+(12), 33Π(2)
33Π1 19 881 2.84 161 33Π(83), 21Π(7), 23Π(4), 51Π(2)
33Π0- 19 982 2.74 182 33Π(63), 13Σ+(28), 23Π(6)
33Π2 20 263 2.84 211 33Π(97), 23∆(1)
33Π0+ 20 535 2.91 183 33Π(90), 23Π(3)
13Σ1

+ 20 821 2.74 286 13Σ+(67), 21Π(13), 33Π(7), 23Π(5),
23Σ-(3), 43Π(2)

21Π1 22 105 2.86 181 21Π(72), 13Σ+(10), 33Π(7), 43Π(4),
13∆(3)

13Φ4 23 316 2.95 152 13Φ(99)

a Numbers in parentheses are percentage contributions.

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

lifetime of the upper state

transition V′ ) 0 V′ ) 1 V′ ) 2
total lifetime of

upper state atV′ ) 0

41Σ+-11Σ+ 1.1(-7) 1.8(-7) τ(41Σ+) ) 109(-9)
41Σ+-21Σ+ 5.5(-7) 4.4(-7)
41Σ+-21Π 1.56(-5) 1.63(-5) 1.73(-5)
41Σ+-11Π 6.2(-5) 5.2(-5) 4.8(-5)
21Π-11∆ 6.38(-6) 6.60(-6) 6.84(-6) τ(21Π) ) 1.11(-6)
21Π-11Π 1.36(-6) 1.41(-6) 1.69(-6)
21Π-11Σ+ 2.01(-4) 3.09(-4) 3.74(-4)
21Π-21Σ+ 2.4(-4) 2.3(-4) 2.1(-4)
21Σ+-11Π 7.97(-6) 7.97(-6) 7.96(-6) τ(21Σ+) ) 6.15(-6)
21Σ+-11Σ+ 2.7(-5) 4.6(-5) 4.3(-5)
33Π-X3Σ- 0.65(-6) 0.68(-6) 0.72(-6) τ(33Π) ) 650(-9)
33Π-13Π 1.54(-4) 0.38(-4) 0.19(-4)
33Π-23Π 1.03(-3) 0.93(-3) 0.85(-3)
23Π-X3Σ- 2.2(-5) 2.5(-5) 2.9(-5) τ(23Π) ) 22.0(-6)
23Π-13Π 85 4.6 0.5
13Σ+-13Π 2.22(-6) 2.27(-6) 2.36(-6) τ(13Σ+) ) 2.22(-6)

a Numbers in parentheses are the powers to the base 10.
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cm-1. The former transition is stronger than the latter. Both the
33Π-13Π and 33Π-23Π 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
33Π, the total radiative lifetime of the 33Π state atV′ ) 0 is
estimated to be 650 ns. There are two possible transitions from
the excited 23Π state. The 23Π-X3Σ- transition is stronger than
the other transition, 23Π-13Π. The Franck-Condon overlap
terms for the 23Π-13Π transition are very small because of a
large difference between there values of the 13Π and 23Π states;
hence, the transition becomes fairly weak. The computed total
radiative lifetime of 23Π is about 22µs. The 13Σ+-13Π
transition is expected to occur around 17 800 cm-1, with a
computed lifetime of 2.22µs atV′ ) 0 for the 13Σ+ state.

Transitions from the 41Σ+, 21Π, and 21Σ+ states to the lower-
lying singlets are also studied. It is noted that there is a double
well in the adiabatic potential curve of the 31Σ+ state due to a
strong interaction between the third and fourth roots of the1Σ+

symmetry. The higher-energy potential well holds at least two
vibrational levels. So, there is a strong possibility of having
four transitions, viz., 41Σ+-11Σ+, 41Σ+-21Σ+, 41Σ+-21Π, and
41Σ+-11Π. At the minimum of 41Σ+, the computed transition
moment for the 41Σ+-11Σ+ transition is about 0.84 ea0, while
that for 41Σ+-21Σ+ is nearly half. The estimated partial lifetimes
of these two transitions atV′ ) 0, 1 are in the range of 100-
600 ns. Other transitions, such as 41Σ+-11Π and 41Σ+-21Π,
are comparatively weak. The 41Σ+-11Π transition is weaker
due to smaller Franck-Condon overlap terms. The radiative
lifetime for 41Σ+-21Π is 15.6µs atV′ ) 0, while that for the
41Σ+-11Π transition is nearly 4 times higher. Adding all four
transition probabilities, the total radiative lifetime of 41Σ+ at
the lowest vibrational is about 109 ns.

Four symmetry-allowed transitions, 21Π-11Σ+, 21Π-21Σ+,
21Π-11∆, and 21Π-11Π, involving the 21Π state are possible.
The calculations show that the first two transitions are relatively
weak. The transition moments of 21Π-11Σ+ are significantly
small throughout the Franck-Condon region. The partial
radiative lifetimes atV′ ) 0 for the 21Π-11Σ+ and 21Π-21Σ+

transitions are 201 and 240µs, respectively. Both the 21Π-
11Π and 21Π-11∆ transitions are expected to have considerable
intensities. The partial lifetimes of these two transitions are in
the range of 1-7 µs at the lowest few vibrational levels. The
computed total radiative lifetime of the 21Π state atV′ ) 0 is
about 1.11µs. Two dipole-allowed transitions from the 21Σ+

state are also reported here. The transition moment of the 21Σ+-
11Σ+ transition shows a maximum aroundr ) 5.0a0, and it falls
rapidly with the increase inr. The transition moment of the
21Σ+-11Π transition varies slowly, and the transition is
somewhat stronger than 21Σ+-11Σ+. The total lifetime of 21Σ+

is calculated to be 6.15µs.
Although many transitions with∆Ω ) 0, (1 are possible,

we have focused only on the transitions from the 33Π0+

component as it is less perturbed by the nearby components.
Seven transitions from 33Π0+ to the lower states, withΩ ) 0+

and 1, are shown in Table 7. It is noted that the 33Π0+-X3Σ0+
-

transition is at least 10 times weaker than 33Π0+-X3Σ1
-. This

is mainly due to the presence of a larger 13Π component in
X3Σ1

-. Transition dipole moments of both 33Π0+-13Π0+ and
33Π0+-13Π1 transitions are rapidly varying functions of the
bond length. The former transition is somewhat weaker than
the latter. Three spin-forbidden transitions, namely, 33Π0+-11

Σ0+
+ , 33Π0+-11Π1, and 33Π0+-21Σ0+

+ , are also studied here.
The partial radiative lifetimes of these transitions are of the order
of milliseconds. The total lifetime of the 33Π0+ component at
V′ ) 0 is about 1.26µs.

Dipole moment functions of at least teh 10 lowestΛ-S states
of AlSb are shown in Figure 5. The ground-stateµe is estimated
to be-0.98 D, where the negative sign refers to the Al+-Sb-

polarity. The 33Π state has a positive dipole moment throughout
the curve, indicating the opposite polarity. Atre, the dipole
moment of the 33Π state is 1.16 D. It may be recalled that the
33Π state arises from theσ′π2π* configuration in which theπ*
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 33Π state. The dipole moment of the
ground state is maximum (-3 D) near the bond length of 7.0a0.
The dipole moment curves of 11Π, 11∆, 11Σ+, and 23Π states
have identical patterns in the longer bond length region. The
dipole moment of the 23Π state changes very sharply in the
region of 5.5-7.5a0, and atre the value is-0.46 D. Both the
13Π and 11Π states have somewhat larger negativeµe. The
dipole moments of 13Σ+ and 21Π are, however, slowly varying
functions.

Comparison with Isovalent Molecules. The electronic
spectra of the antimonides of Al, Ga, and In, and smaller

TABLE 7: Radiative Lifetime (s) of the 33Π0+ State of AlSba

lifetime of the upper state

transition V′ ) 0 V′ ) 1 V′ ) 2
total lifetime of

upper state atV′ ) 0

33Π0+-X3Σ0+
- 1.15(-5) 1.21(-5) 1.30(-5) τ(33Π0+) ) 1.26(-6)

33Π0+-X3Σ1
- 1.47(-6) 2.26(-6) 3.04(-6)

33Π0+-13Π0+ 4.99(-5) 1.49(-5) 0.93(-5)
33Π0+-13Π1 3.20(-3) 0.55(-3) 0.18(-3)
33Π0+-11Σ0+

+ 1.34(-3) 0.65(-3) 0.45(-3)
33Π0+-11Π1 4.95(-3) 1.77(-3) 1.23(-3)
33Π0+-21Σ0+

+ 4.60(-4) 4.75(-4) 4.82(-4)

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

Figure 5. Dipole moment functions of 10 low-lying states of AlSb.
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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 series
of theoretical calculations on these molecules at the MRDCI
level has been performed in recent years.27-32 In Table 8, we
have compared some important spectroscopic constants of these
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 AlP 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 computed∆E(11Π-13Π)
splittings of GaSb and InSb are comparable in magnitude, while
the lighter AlSb molecule has a somewhat smaller splitting of
3519 cm-1. A greater stability of the 13Π state is noted in GaAs.
The equilibrium bond length of the 13Π state is always shorter
than the ground-statere by 0.20-0.28 Å. The closed-shell 11Σ+

state has the shortest bond length of all the low-lying states of
these molecules. The 13Π state is far more stable than 11Σ+,
and the relative stability increases with the mass of the molecule.
The heavier InSb molecule has the largest 11Σ+-13Π energy
separation. A strong interaction between 11Σ+ and 21Σ+ is noted
in all the isovalent molecules compared here. The energy gap
between the second and third roots of1Σ+ is sufficiently large
that no mixing between them takes place. The avoided crossing
between the curves of the third and fourth roots of the1Σ+

symmetry is a common feature for these molecules. The shapes
of the potential curves of 31Σ+ and 41Σ+ states are also quite
similar. The 41Σ+ state is strongly bound for all of these
molecules.

A broad potential well of the 23Π state with a longer
equilibrium bond length looks very similar for these molecules.
The well is obtained because of the interaction between a
strongly bound 13Π state with its next higher repulsive root.
The 33Π state is located in the energy range 19 500-22 250
cm-1 for all of these molecules. The 33Π-X3Σ- band in GaAs
has been experimentally observed, and the 33Π state is denoted
as A3Π. The same band is expected to be observed for other
molecules. The computed partial lifetimes for this transition in
GaAs, AlSb, GaSb, and InSb molecules are 440, 650, 563, and
530 ns, respectively. The repulsive 15Σ- state plays a key role
in the predissociations of some of the spin-orbit components
of the excitedΠ states. The potential curves of both 23Π and

33Π cross the curve of the 15Σ- state identically. In some cases,
the 0-, 1, and 2 components of 33Π may predissociate.
However, due to the shorterre of the 33Π state in AlSb, the
avoided crossing takes place at the longer bond distance, which
prevents the predissociations of these spin components from
occurring. The 33Π0+ components of these molecules undergo
many spin-forbidden transitions to the lower 0+ and 1 compo-
nents. The MRDCI-estimated total lifetimes of 33Π0+ at V′ ) 0
are 1.05, 1.26, 1.96, and 2.5µs for the respective GaAs, AlSb,
GaSb, and InSb molecules. The same for AlP has not been
computed so far.

IV. Summary and Conclusion

Ab initio-based multireference CI calculations using pseudo-
potentials have demonstrated, for the first time, the electronic
spectrum of the AlSb molecule within 45 000 cm-1. At least
25 bound states of theΛ-S symmetry have been reported. The
computedre and ωe values of the ground-state molecule are
2.79 Å and 249 cm-1, respectively. There are several excited
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 two1Σ+

states of the AlSb molecule increases the vibrational frequency
of the 21Σ+ state. An avoided crossing between the potential
curves of 31Σ+ and 41Σ+ results in a double minimum. The
41Σ+ state is short-lived, and several symmetry-allowed transi-
tions are expected to take place from it. The broad potential
minimum of the 23Π state is due to the interaction between a
strongly bound 13Π state and the next repulsive root of the same
symmetry. The 33Π state is important from the spectroscopic
point of view, as the 33Π-X3Σ- transition is found to be very
strong. The 33Π state is also short-lived, with a lifetime of about
650 ns. The ground-state AlSb molecule has a Al+Sb- polarity
with µe ) -0.98 D. The ground-state molecule dissociates into
2Pu + 4Su, with a dissociation energy of 1.40 eV.

The zero-field splitting of the ground state of AlSb is only
224 cm-1, with the X3Σ0+

- component lying lower than X3Σ1
-.

The 13Π state splits in the inverse order due to the spin-orbit
coupling. The largest spin-orbit splitting in 13Π is about 2400
cm-1. The interactions of 2, 1, 0- components of both 23Π and
33Π with the corresponding components of the repulsive 15Σ-

state make the potential curves rather complicated. Some of
these components predissociate through different dissociative
channels. The 33Π0+ component undergoes several strong
transitions to the low-lying 0+ and 1 components. The computed
radiative lifetime of 33Π0+ at V′ ) 0 is about 1.26µs.
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