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The electronic spectrum of the indium arsenide molecule is studied by using an ab initio based multireference
singles and doubles configuration interaction (MRDCI) method. Relativistic effective core potentials (RECP)
of In and As atoms are used in the calculations. Potential energy curves/of38tates of InAs have been
reported. There are at least A9S states that are bound within 42 000 ¢rof energy. Spectroscopic constants

(Te, re, andwe) of these states are estimated. The obserwgtbr the ground state of the molecule agrees
very well with the computed value, while the calculated transition energy offheexcited state is
underestimated. The ground-state dissociation enddgy df InAs is calculated to be 1.31 eV, which is
comparable to that of InP. In the spiorbit treatment, all 22\-S states that correlate with the lowest two
dissociation limits are included. The computed zero-field splitting of the ground state of InAs agrees well
with the observed value. Transition dipole moments of many transitions are computed. Transition probabilities
of ASIT—X32~, ASIT-3T1, 3=F—301, 4'="—13F, and 4="—2'=" transitions are comparatively high. In the
spin—orbit level six transitions from the &Iy+ component, which survives the predissociation, are studied.
The radiative lifetimes of excited states are also estimated. The spectroscopic properties of InAs have been
compared with those of the isovalent InP and InSb molecules.

I. Introduction found to be 119 cmt, estimated from a very weak absorption

in argon matrix. The band at 180.6 cfrhas been assigned to
InAs, while the absorption at 176.9 cis for the triatomic
InAs,. The harmonic force constant for the InAs molecule has
been also reported. In the high-frequency region of the infrared
spectrum of InAs in argon matrix, two progressions of bands
with (0, 0) located at 3542.8 and 3650.8 Thare observed.
However, one set of bands with (0, 0) at 3645.0 &is reported

in neon matrix. These are assigned to the vibrational progression

In recent years; 33 there has been considerable interest to
study the electronic spectrum of semiconductor clusters and
small molecules of groups Il and V. Experimental studies of
these types of molecules are outnumbered by limited theoretical
work. The simple diatomic molecules such as GaP, InP, GaAs,
InAs, GaSb, InSb, etc., and their ionic and neutral clusters of
different sizes are important materials because of their techno-

logical usefulness. Of these, molecules and clusters of gallium s X :
. . . . of the low-lyingIT state. No other theoretical or experimental
arsenide are most widely studied. An extensive work on GaAs . : o
studies of InAs are available for verification of these spectra.

clusters after generating supersonic molecular beams by laser . . N
An extensive review on relativistic effects for molecules and

vaporization of the pure crystals has been carried out by Smalley ;
and co-workerd=® The characterization of these molecular clusters has_ been mgde by Bglasuprama%ﬁé?”Experlmental
beams has been done by laser photoionization and time-of-flight"’mOI theoretical studies on diatomic molecules such as GaP,

mass spectrometric measurement. The resonant two-photonGaAS’ InP, and InSb are relatively well known. However,

ionization spectroscopy for the electronic structure and spec- theoretical studies on the InAs molecule are not attempted so

A0 i -
troscopic properties of the jet-cooled GaAs molecule have beenffm' I_:eng ar!d Balasubrama_n}&ﬁ have performed configura
carried out by Lemire et dThe3[—X35~ band system located tion interaction (Cl) calculations on clusters such ag4rand

in the range 23 00824 800 cm! has been observed. Photo- In2P; and triatomic molecules such as; Ink, In:P", and
dissociations of2 = 2, 1, 0- components of the A1 state for InP,*. Electronic states and their potential energy curves of the
' > 1 of GaAs have been observed. while & Wy component isovalent gallium series are also calculated by these authds.

of the molecule is found to be stable. Similar predissociations Re%engy,lag wgtg')a\CI IcaSI(E)uIatlcénzogglﬁtomlg mOIGCU;es sughl
are expected for the isovalent molecules of group-Vil as &ar, I, S, INSh, and >ash have been performed in

2—-26 —X33— _
elements. Small clusters of Ga and P have been characterizetﬁ’ﬁr Iabcg:fr)ﬁ. | Belcauhse ”E)e Al )é = bzn_d f?]r tEe gasl .
recently® The negative ion zero-electron kinetic photodetach- phase $ molecule has been observed in high-resolution
ment spectroscopic technique has been applied by Neumark andPectroscopic measurements, caICl_JIanons of the transition prop-
co-worker§~13to probe the electronic states of the neutral group erties of A-X for group lll—V semiconductor molecules are

i ; ; ; 7-29
IV and group lI-V clusters. These studies provide information .SUbJeCt.Of much discussions in recent Yezé@‘ IF would be .
about the low-lying electronic states to which dipole-forbidden interesting to compare the spectroscopic properties of InAs with

or spin-forbidden transitions may take place. The infrared thos_e of isoyalent InP and InSb molecules. Meier éfakave
absorption spectra of the diatomic InX (¢ P, As, Sh) studled_the isovalent AIP by a large scale ClI caIcuIat|_ons. Othe_r
molecules, which are prepared by laser-vaporization of their phosphides such as AsP and SbP have been theoretically studied

crystals in rare gases and condensed on the gold surface at 4prl T?sganof a”Ol' Russé. /;\jdditiol?allyl, IO(I:aI spi?] density
have been observed by Li et'ISimilar studies for the gallium E:a ::u aXlolns gré us'frsGan Smf‘ mobecu es suc (j@sbsmé
series have been made by these autifoFae zero-field splitting uln, Agin, CuGa, AgGa, etc. have been reported by Russo

" 2,33
[35-(1X5)—35-(0*X1)] in the ground state of InAs has been and co-workers: . o
The present paper is an attempt, for the first time to report

* Author for correspondence; e-mail: kalyankd@hotmail.com; fax: 91- the electronic spectrum of InAs from ab initio based ClI
33-473-1484. calculations using relativistic pseudopotentials of the constituting
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atoms. Effects of the spirorbit interactions on the potential  orbit operators for In and As derived from RECPs by LaJohn
energy curves and spectroscopic properties of the low-xir& et al3* and Hurley et al3? respectively, are used in this study.
states of the molecule are explored in detail. We also report The spin-orbit matrix elements between pairs of appropriately
transition probabilities of dipole-allowed transitions with a spe- selected Cl wave functions are computed by using the spin-
cial emphasis on the 3[—X3=~ transition analogous to the  projection method and WigneiEckart theorem. Tha-S full-
observed transition of the isovalent GaAs molecule. The radi- Cl energies are kept in the diagonals of the Hamiltonian matrix.
ative lifetimes of excited states are also the subject of the presentThe dimensions of the secular equations in A,, and B
study. representations of they, 2 group are 42, 42, and 43, respectively.
Energies and compositions ©f states are obtained after solving
these secular equations explicitly. In the present calculations,

Ab initio based ClI calculations of molecules with a large  gpin—orbit components of all 22\-S states, which correlate
number of electrons have now become feasible because of thyith the lowest two dissociation limits of InAs, are included

development of pseudopotential methods that reduce the numbegy; the spin-orbit interactions.

of active electrons participating in the configuration space. The  pgiential energy curves of both-S and Q states are
4d-%5s5p* electrons of In and 384s4p® electrons of As are  geparately fitted into polynomials that are subsequently used
kept in the valence space, while the remaining inner electrons ., solving one-dimensional nuclear Sctinger equationé

are replaced by the semi-core RECPs of the correspondinggpeciroscopic parameters of bound states are estimated from
atoms. The effective core potentials of In are taken from La g6 results. The vibrational energies and wave functions are
John et al*" while those for As are obtained from Hurley et ;seq for the calculations of transition moments for all possible
al® The 3s3p4d primitive Gaussian basis sets of indium and jnsje_allowed transitions. Einstein coefficients and radiative

i 35 e - o :
arsenic, taken from La_ John et %I.gnd Hurley et al? . lifetimes are computed from transition probabilities of various
respectively, are the starting basis sets in the present calculatlons[‘.)airS of vibrational states.

The basis sets of In are augmented with one diffu§e=s(.02
a2 and p€ = 0.0145a,7?) function, which are taken from  lll. Results and Discussion
Balasubramaniaff Similarly, the atomic basis set for arsenic A-S Potential Energy Curves and Their Properties.The
is extended by adding one diffuse s and p function, whose interaction of (5%p!) 2P In with (484p%) 4S As in their ground
exponents of 0.012 and 0.046 2, respectively, are taken from  states generates fouk-S states of quintet and triplet spin
Buenker et af’ The final basis sets of both atoms are 4s4p4d multiplicities. EighteenA-S triplet and singlet states correlate
type in the uncontracted form. Moreover, these basis sets arewith the InGPHAs(2D) dissociation limit. The next higher limit
compatible with the corresponding effective core potentials.  In(2P)}+As(2P) correlates with 12 triplet and singlAtS states
Self-consistent-field molecular orbital (SCF-MO) calculations of =+, -, I1, andA symmetries. Neither of the excited states
for the ..0%72 3~ ground state with 28 valence electrons are of the As atom in the above three limits has any Rydberg
carried out at each internuclear distance of InAs. At least 60 character.
bond distances are chosen from 3.0 to 1& 0f the potential The computed potential energy curves of all triplet and quintet
curve. The SCF calculations generate 80 symmetry-adaptedstates of InAs are shown in Figure 1a, while singlet-state curves
MOs that are used as one-electron functions in the CI calcula- are given in Figure 1b. There are at leastA:$5 bound states
tions. All calculations have been carried outin @ symmetry  within 42 000 cn? of energy. Spectroscopic properties, namely,
group. In the Cl step, 48electrons of In and 34 electrons of re, Te, and we Of these states as obtained from the present
As are kept frozen as these electrons remain localized on theMRDCI calculations are reported in Table 1. The most stable
corresponding atoms. So, only eight electrons are allowed to electronic state (¥-) of InAs is obtained from the a?o*20'272
excite for the generation of configurations. The MRDCI codes configuration. In the FranckCondon region, the orbital is
of Buenker and co-worke¥$4® are used throughout the mainly the s orbital localized on As. However, a weak bonding
calculations, which are done in two steps. In the first stejs character with the In) atomic orbital is noted. The* orbital
states are obtained without any spiorbit coupling but with is antibonding comprising s(In) and s(fs) orbitals, while the
all other relativistic effects through RECP, while the sparbit next occupieds’ orbital is strongly bonding of s, fin), and
interactions are introduced in the second stage. The lowest eightp,(As) orbitals. The highest occupiedMO at the ground-state
roots are computed for singlet, triplet, and quintet spin multi- equilibrium distance is almost purgporbitals. The lowest
plicities of a givenA-S symmetry. A set of important reference  unoccupiedz* MO is strongly antibonding consisting of,p
configurations is chosen for the entire potential energy curve orbitals of In and As. The equilibrium bond length and
of eachA-S symmetry. All single and double excitations are vibrational frequency of the ground-state InAs are 2.76 A and
allowed from these reference configurations. The generated179 cnt?, respectively. Li et al* have assigned the 180.6 tin
configuration-space becomes of the order of million. The sizes absorption band to InAs and 176.9 chiband to the’s stetching
of the secular equations are efficiently reduced by using a mode of the triatomic IsAs. The harmonic force constant of
perturbative selection procedure of Buenker and co-woRefs.  InAs calculated from the observed data is reported to be 8.72
The configuration-selection threshold in the present calculations x 10* dyn/cm. Therefore, the agreement of the calculated
has been kept at Lhartree. The sums of the squares of vibrational frequency with this experimental result is very good.
coefficients of reference configurations for the lowest roots The ground-state dissociation ener@g) of InAs is estimated
remain above 0.90. The energy-extrapolation technique has beeno be 1.31 eV from the MRDCI energy of the molecule at
employed to estimate energies at the unselected level of15 aywithout considering any d-electron correlation and spin
treatment. Effects of higher excitations are incorporated through orbit interaction. Although there are no experimental or theoreti-
Davidson correctiotf#>to obtain an accurate estimate of the cal data available for comparison, we may expect that the
full CI energy. The computations use Table CI algorithm of observed value would be somewhat larger than the present value.
Buenker and co-workers. Earlier calculatior® on the isovalent InSb molecule at the same
In the next step, th&-S Cl wave functions are employed as level have shown the discrepancy between the calculated and
basis for the inclusion of the spitorbit coupling. The spir observed, value is about 0.23 eV. In general, some disagree-

II. Computational Details
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Figure 1. (a) Potential energy curves of triplet and quintet states

of InAs. (b) Potential energy curves of singlAtS states of InAs
(ground-state curve is shown by the dotted line for comparison).
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TABLE 1: Spectroscopic Constants of theA-S States of
InAs

state Tdem ! rdA wdem1
X35 0 2.76 179(180.6)
[T 1916 })36503 2.56 218
[3000

71 6524 2.52 243
>+ 8285 2.42 244
A 8530 2.75 189
213+ 13912 2.63 253
2311 17162 3.27 101
A3I1 21076 2.79 163
>+ 21616 2.56 190
25~ 22657 3.95 57
2111 22801 2.81 143
233H(1) 28530 3.13 122
3=+ 28897 3.71 55
255~ 30478 3.01 100
233H(I1) 31470 2.46 227
413+ 31495 2.67 162
55+ 33717 2.69 175
SA 40421 2.48 205
255+ 42156 2.75 189

aReference 14 Vertical transition energy.

and larger vibrational frequency of thé>? state are mainly
due to a strong avoided crossing between the curvesXf 2
and Xt states around 5.8;. The Cl wave functions of these
two lowest'>" states at different bond distances confirm this
avoided crossing. At the bond length 6@ the =" state is
dominated by the ¢?0*?0'%7? configuration, while the &*
state is characterized by the mixture of two important configura-
tions such as ¢?0*?7%7* and ..0%0*?%r.4

The first excited state of InAs iSIT, which is mainly
generated from a single excitation suchdas— 7. Although
the ..0%0*20' 73 configuration dominates in the description of
the 3I1 state, a second configurationo?e* 20’ 7%7*, which is
due to another single excitatiart — z*, contributes signifi-
cantly. According to our MRDCI results, the transition energy
of the 3IT state is found to be only 1916 cth However, Li et
all*have observed a FraneikCondon envelope with (0,0) band
at 3650 cm! in argon matrices ta4 K and assigned to the
vibrational progression of the lowed state. There seems to
be no other data available for further confirmation of this state.
Earlier calculation®-250on isovalent molecules such as InP and
InSb at the same level of approximation have shown that
transition energies of their lowe#i states are 2288 and 2654
cm~1, respectively. Therefore, the calculaf&dof °IT for InAs
is somewhat smaller than the expected value. The vertical
transition energy of this state for INnAs computed in this study
is about 3000 cmt.

Table 1 shows that the second excited state of InAs is the
singlet counterpart ofIl. In the Franck-Condon region, the
T state arises from the same excitatioh-- ) as that ir°IT.

The U1 state has even shorter bond length= 2.52 A) and

ment is always expected because of the use of effective corelonger vibrational frequencyue = 243 cnt?) as compared with

potential approximation and the neglect of the d-correlation.
The ..0%0*20'%7? configuration is known to generate three
A-S states: X=-, 1A, and 2Z*, which are strongly bound.
TheA state correlates witfD, while 2'=* converges with the
excited?P state of the As atom. Thé2" state in the Franck
Condon region is found to be less pure tHan The excited
configuration .o%c*2737* (c? = 0.13) and the closed shell
configuration .0%0*27* (c? = 0.11) contribute significantly in
the formation of the &+ state atr.. The spectroscopic
parameters of th&A state are found to be comparable to those
of the ground state. This state is lying about 8530 tabove
the ground state. The adiabatic transition energy of th& 2
state is computed to be 13 912 tinThe shorter bond length

the corresponding triplet state. The calculated splittikig([TT1—
3[)] is about 4608 cm!. The I state dissociates into the
excited D) arsenic atom, whereas tRH state correlates with
the ground-state A$§). As a result, thélT state is more strongly
bound (binding energy= 2.26 eV) than its triplet counterpart.
This is attributed to the increase in the delocalizationof
molecular orbitals.

The MRDCI transition energy of th&™ state is 8285 crm.
The In—As bond in this state is shorter than the ground-state
bond by 0.34 A. Similar to all other group HV diatomics,
the 1=* state of InAs has the shortest bond length among the
low-lying states. Theve value of the!=" state is about 65 cni
larger than that of the ground state. At the dominant closed
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shell ..0%0*27* configuration has only 44% contribution. Three
open shell configurations such asy?a*2r3z* (c2 = 0.29),
..0%0* o' (¢ = 0.08), and .a%0*20"%72 (c? = 0.02) are also
important to describe th&* state, which, however, undergoes
an avoided crossing with the next highH&r state.

A broad and shallow potential well for thélZ state has been
shown in Figure la. This state is bound by about 7660%cm
and the potential minimum is located around &g The
vibrational frequency at the minimum is only 101 tihThe
compositions of Cl wave functions of the lowest two roots of
the 3B, irreducible representation at different bond distances
reveal the existence of a strong avoided crossing betilden
and 211 state-curves. In the shorter bond length region, &g 2
state is represented mainly byo%0*%0'727*, while the
contribution of this configuration diminishes with the increase
in bond length and the?c*20'7® configuration dominates.
Therefore, the appearance of the potential minimum in #he 2
state-curve is purely due to such avoided crossing.

The ¢’ — 7* excitation generates folAll states, of which
2311 and 311 states are bound, while®|d and SI1 states are
repulsive in nature. We designate th&13state as All in
analogous with the A state of the GaAs molecule for which the

Dutta et al.

cmL. At the equilibrium bond length, the state is represented
by a dominant configuration a20* 20’ 727*. It may be pointed

out that theo’ — z* excitation creates a total of 18-S states,

of which 211, AT, 431, and 511 are already discussed. Of
threeIT states, only AT is bound, while 3T and 411 states

are repulsive in nature (see Figure 1b). The remaining three
states such akb, 3@, and®II are also found to be repulsive.
The®I1 state dissociates into the ground-state limit, whilé®
states correlate with the next highest dissociation limit.

The characteristics of 12t and 4=+ states of InAs are
interesting to note. As seen in Figure 1b, there is a sharp avoided
crossing between these two states at 5.6 ap. The shallow
and weakly bound minimum at = 3.71 A is assigned to the
3=t state, which correlates with the #R()+As(P) limit. The
Cl wave functions at. show that the = state is generated
mostly from az — z* excitation. The high-energy state is
designated as'Z'. Because the interaction betweeix3 and
413+ states is considerably small, we have fitted the diabatic
curve of the 4" state for the estimation of spectroscopic
constants. ThelZ" state is strongly bound and dissociates into
the higher limit. The Cl-estimated transition energy of this state
at re is about 31 495 cmt. The In—As bond in this state is

A3[T—X 3%~ band has been observed in the resonant two-photonfound to be shorter than the ground-state bond.

ionization study. The AT state of InAs is comparatively weakly
bound by about 3800 cm. Its potential minimum is located at
2.79 A withwe = 163 cntl. It is expected to observe théB—
X3=~ band for InAs in the region of 21 076 crh However,

Although two low-lying IT and 52~ states are repulsive
correlating with the ground-state dissociation limit, some of the
high-lying quintets are strongly bound and dissociate into higher
limits. The present calculations show that tAE2state is bound

there are no experimental or other theoretical data available forby 1800 cn! with a longer equilibrium bond length and smaller

confirmation. MRDCI calculatiorf8-2° of other isovalent indium

vibrational frequency. The next most staBE" state is lying

molecules at the same level show that the transition energies33 717 cnt! above the ground state, while the transition energy

for the ASII state follow the expected treffd(INP) > T¢(InAs)
> T(InSb). A similar trend has been observed for the corre-
sponding gallium isomers. The?H state in the FranckCondon
region is represented by nearly a pure?a*20’7%z* config-
uration (& = 0.79). Because of the importance of thl Bstate
with reference to its A-X transition, the spir-orbit effect on
this state requires special attention.

A double excitation ¢2 — zz*) from the ground state
generates thé&" state, which is the next bound state of InAs.
The CI wave functions of th&" state in the FranckCondon

of the 2> state is 42 156 cnt. There andwe values of both

53+ states are comparable with those of the ground state. Three
configurations participate considerably for the description of
both 5= and 2=* states in the FranekCondon region. The
remaining®A state is strongly bound wittye = 205 cn1! and

Te = 40 421 cmL. The bond length at the potential minimum

of this state is shorter than that of the ground-state by about
0.28 A. The state is dominantly represented by théo* o’ 737*
configuration.

The ground-state dissociation ener@g)of InAs computed

region have shown that several other open shell configurationsfrom MRDCI calculations, which do not include any d-electron

contribute to a smaller extent. The potential well of fa&
state-curve is deep by 2770 chwith a vibrational frequency
of 190 cnt!. The MRDCI calculations show that the-t\s
bond in this state is comparatively shaig€ 2.56 A). Potential
energy curves of highéE" states, in particular’Z* and 3=+,

correlation and spirnorbit coupling, is found to be 1.31 eV.
Although no experimental or other theoretid of InAs is
available for comparison, we may expect the present value to
be underestimated to some extent. Earlier calculations on
isovalent molecules of group HV at the same level have

are shown in Figure 1a. Because of the strong avoided crossingshown that the calculatdd, values are expected to be smaller

between the curves of2" and 3+ states around 539, there
exists a double minima in the adiabatic curve &2 The long-
distant minimum at 3.13 A is designated as tRE'Zl) state,
which is bound by about 1300 crh The second minimum at
2.46 A is denoted as®2*(ll). The estimatedy, for the B5+-

(I1) state curve is 227 cnt. The potential barrier from the short-
distant minimum of the curve of*Z* is only 400 cm™. The
potential well of the 2=7(ll) state consists of only one
vibrational level. The compositions of Cl wave functions &£2

and 3="states at different bond distances confirm the avoided

than the observed values by 6:8.5 eV. An improvement of

D¢ by about 0.2 eV for GaAs has been reported because of the
d-electron correlation. In the present study,'%dnd 3d°
electrons of In and As, respectively, are not correlated in the
Cl step. The present computations have been carried out with
a sufficiently large basis set and small configuration-selection
threshold. Therefore, we do not expect any significant improve-
ment by increasing the size of the basis set and reducing the
selection threshold further. However, some disagreement is
expected because of the use of effective core potential ap-

crossing that results in an apparent minimum in the adiabatic proximations.

curve of the 8= state.

The potential energy curves of bot32 and 3=~ states
correlate with théD state of the arsenic atom. These two curves
show a very strong avoided crossing. However, tfe Xtate
has a shallow minimum near 3.95 A and is bound by 2000'cm
The transition energy of a strongly bountiPstate is 22 801

Potential Curves and Spectroscopic Constants @2 States.
The inclusion of the spirorbit interaction in the Hamiltonian
through the spirrorbit operators derived from RECPs results
in splitting of A-S states into variou® components. The mixing
amongQ states of the same symmetry will change the electronic
spectrum of the low-lying states of InAs. In the present
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TABLE 2: Dissociation Correlation between Q States and
Atomic States of InAs

atomic states  relative energy/cin

Q state Int+ As expt? calc.
0%,07,1(2), 2 Pyp+4S, 0 0
07(2), 07(2), 1(3), 2(2), 3 Py + 4S5, 2213 2087
0+, 0, 1(2), 2 2P1/2 + 2D3/2 10593 14077
0%, 07,1(2),2(2),3 2Py + D5, 10915 14461
07(2), 0(2), 1(3), 2(2), 3 %P3+ 2Dz, 12806 16083
07(2), 0(2), 1(4), 2(3), 3(2),4 P32+ 2Dsp 13128 16488

a Reference 47.

TABLE 3: Spectroscopic Constants ofQ States of InAs

state TJecm! rdA  wdemt composition ate
X3, O 2.764 180 R5-(98)
(176.9%

X3, 92 2.764 180 ~ 3%7(99)

(119%
31, 1480 2.565 218 311(99)
[y 2014 2.564 219 ST1(93)
[+ 2680 2570 216 3S[1(99)
S[l,- 2688 2.569 217 ST1(99)
I, 6790 2526 243 '[1(98),%11(2)
15t 8531 2431 241 '7(99)
A2 8678 2.743 190 1A(99)
2123+ 14179  2.632 252 2(99)
2M, 16984 3.275 102 1(60),55(38
20, 17324 3227 121 31(84).52-(11), T1(2), STI(1)
2r, 17675 3.227 97 71(94),52-(2)
2°Mlp+ 17819  3.225 110 I1(99)
A3Iy+ 20918 2.845 148 A1(95), 2I1(4)
ast 21567 2593 203 35H(73), ATI(22), 25-(2), BII(1)
A3, 21736  2.757 160 A1(98)
syr 21875 2551 199 3%¥(72), A°MI(28)
21, 23267 2.792 148 71(84), ASTI(11),35+(3)

a Reference 14.

calculations we have included all 22 S states which dissociate
into the lowest two atomic limits for the spirorbit interaction.
These two lowest limits split into six asymptotes whose
experimental and calculated energies are given in Table 2.
Symmetries of allQ states correlating with these asymptotes
are also reported in the same table. The calculated-split
splitting for the?P state of the indium atom agrees very well
with the experimental value of 2213 cf The 2Ds;,—2D3)2
energy separation for As computed in this study differs from
the observed value by less than 100 énHowever, a large
discrepancy of about 3500 crhbetween'S and?D states of

the arsenic atom persists, even after the inclusion of the-spin
orbit coupling. Therefore, energies of all four limits arising from
In(?P)+-As(?D) are 3500 cm! higher than the observed values.

It is expected that the ground-state dissociation energy is
underestimated by this amount. The exact amount of such

discrepancy cannot be confirmed because of the nonavailability ¢ yrve

of any experimental result. Earlier calculatiéhg® at the same
level on diatomic molecules of group HV show similar
discrepancies.

Potential energy curves of all 5@ states are shown in
Figures 2a-d, while the estimated spectroscopic constants and
compositions of the bounf® states are tabulated in Table 3.
The zero-field splitting3=~(1X,)—3=~(0*X1)] for the ground-
state InAs is computed to be 92 ciwhich agrees well with
the observed value of 119 crhin argon matrices. The cal-
culations show that the &, component lies below the other
component X2, . At the equilibrium bond distance, both the
components remain almost puré3, while at long distances
the components of the repulsivEl state begin to mix. There
are no changes in. and we values because of the spiorbit
coupling. The XX, state-curve in Figure 2a shows sharp
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avoided crossings with the curves g+ and 1S3, compon-

ents at the shorter bond distances. Similar crossings are also
noted in the curve of the other componen€X; (see Figure

2c).

The spin-orbit components of th&l T state split as 2, 1,9
and O in the increasing order of energy. The largest spin
orbit splitting in this state has been computed to be 1208'cm
At equilibrium bond lengths, these components are not strongly
influenced by any nearby state and the spectroscopic constants
remain almost unchanged. Analyzing the CI wave functions at
the longer bond distances, it is seen that the componenig of
start mixing with those of thélT state. However, several sharp
avoided crossings are noted near the potential minin¥lgf
and?®IT1; curves, while the curves &Iy~ and®IT, components
are not perturbed in the FranekCondon region. We have
estimated spectroscopic constants of these components by fitting
the diabatic curves. The only componenthfdoes not change
much due to the spiaorbit coupling. The influence of thd1;
component to the spectroscopic parametef§Iafis negligibly
small because of the large energy gap of about 4780 erhich
prevents them to mix up significantly. Three successive singlet
components such a&;,, A, and 23, remain almost
unperturbed by the spiforbit interaction. The potential curve
of 1252 in Figure 2a undergoes three sharp avoided crossings:
first one with the®[1o+ curve around 4.2 and the other two
with the curves of X5, and STIg+ near 4.5 and 5.4,
respectively. Another crossing with thél2y+ state-curve is also
noticeable at the longer bond distance. Similarly, the potential
energy curve of %Eoﬂ undergoes several avoided crossings.
Figure 2d shows that there are two avoided crossings in the
curve of!A,, one with the curve ofll, and the other with that
of 5%, aroundr = 5.9 and 6.7ay, respectively.

Three spir-orbit components@ = 2, 1, and 0) of the
repulsive®=~ curve play an important role in determining the
spectral behaviors of th@ components of AT and AIT. It is
already discussed that the appearance of the minimum in the
potential curve of A1 is due to an avoided crossing with the
low-lying °IT state. With the inclusion of the sphorbit
interaction, the AT state splits as 2, 1,70 and 0 in the
ascending order of energy. The estimated spectroscopic con-
stants of the diabatic potential curves of these components are
shown in Table 3. Of the four components of thé[Rstate,
the components with2 = 07, 1, and 2 interact with the
corresponding components of the repulsi¥e state, leading
to the predissociations of these substates. The diabatic curves
of A3[1y- and AT, could not be fitted due to their complexiety
in the Franck-Condon region. Therefore, only the3Hg*
component survives the predissociation, and the corresponding
is less complicated. Two transitions such as
ASIp+—X3%, and ATl—X3%] are important to study.

Transition Dipole Moments and Radiative Lifetimes of
Excited States.There are no experimental or theoretical data
available for transition moments of any dipole allowed transition
in InAs. The radiative lifetime of any low-lying excited state is
also not known so far. Transition probabilities of many electric
dipole allowed transitions are computed in the present study.
In the absence of the spitorbit coupling, transitions involving
AT, 2°T1, 3=, 283F(Il), 21=*, 21, and 4%t states are
considered. The computed transition moments of triptieplet
and singlet-singlet transitions as a function of the internuclear
distance are plotted in Figures 3a and 3b, respectively. These
transition dipole moment functions are used for the estimation
of transition probabilities, and hence the radiative lifetimes of
the upper states at different vibrational levels. Two possible
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Figure 2. (a) Potential energy curves of low-lyir@ = 0" states of InAs. (b) Potential energy curves of low-lyi@g= 0~ states of InAs. (c)
Potential energy curves of low-lyin@ = 1 and 3 states of InAs (the curve with dashed line is®o+ 3). (d) Potential energy curves of low-lying
Q = 2 and 4 states of InAs (curves with dashed lines areC¥or 4).

dipole allowed transitions such aslA—X3Z~ and A1—3I1 Of two symmetry allowed transitions involving’, the
are significant for group IHV diatomic molecules. The  23[1—X3Z" transition is reasonably strong, while thd2-3I1
transition-moment curves for both transitions are very smooth transition has a very low transition probability. As seen in Figure
with a maximum in the FranckCondon region. In general, 3a, the largest value of the transition moment for tRE[2
transition moments of the former transition are always much X3~ transition is about 0.1%ay atr = 5.5 a,. The partial
larger than the latter. As a result, théIA—X3X" transition is lifetime of the 2I1 state is estimated to be 12u8. Although
found to be stronger than the’M—3I1 transition. Table 4 shows  the transition dipole moments for thé[2—3I1 transition are
the estimated radiative lifetimes of the upper triplet and singlet calculated to be large throughout the potential curve, the
states at lowest three vibrational levels. The present calculationsFranck-Condon overlap terms are negligibly small because of
predict the total lifetime of the AT state at’ = 0 of the order the appearance of the potential minimum of tH&€l Xtate at

of 250 ns. Although not yet observed, one would expect a strong the longer bond distance region. At the lowest vibrational level,
A—X band around 21 000 cr. total radiative lifetime of the ¥T state remains at 128s. A
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TABLE 4: Radiative Lifetimes of Some Excited Triplet and transition is the strongest among all. Transition dipole moment
Singlet A-S States of InAs at Lowest Three Vibrational functions of all six transitions are shown in Figure 3c. In the
Levelst Franck-Condon region, the transition moments of th& iy+—
- litetimes(s) of the upper stat€ ) jifetimes(s) of upper X3%, transition show a broad maximum, and the values are
transion /=0 /=1 =2 state av’ = 0 much larger compared to those oflAg+—X3%;,. Therefore,
ﬁgg—gﬁ‘ i-gg?gg %Zgggg g-gg((:g (ATT) = 2.48(-7) the former transition is found to be comparatively strong. It
PM-X35-  1.28(-5) 116(5) 1.06(5) 5(231_[) —1.28(5) may be noted that the3Ny+—3ITg+ transition has also very high
33311 1.12(-6) 1.14(-6) 1.16(-6) 7(3=*) = 1.12(-6) transition moments. But the smaller FrargRondon overlap
ggig::g:ig g-ggg:g g-ggggg g-gg((:g terms due to the shorteg of the upper state as compared with
B —AIT 4.75(-3) 7.26(-4) 2.56(-4) 7(22SH(Il)) = 2.72(-7) the lower ;t{ite redugq the transition probabilities to some extent.
PORERN 6.39(-6) 6.39(-6) 6.39(-6) The remaining transitions from the’Ho+ state are found to be
giﬁ*_—lg* %-ig(:?) i-g;ﬁg) i-gg(—g) 7(2'Z%) = 5.04(-6) considerably weak. After adding transition probabilities of all
AMT—1A 3:965,6; 4:04&; 4:14&3 possible transitions, the radiative lifetime of thé[Ry+ com-
ginfgi 9.22(75) 1.82e4) LOSH) D) — 6.02 ponent at’ = 0 is estimated to be 436 ns.
4155,15 %;7O§:‘8‘§ %:71&3 %és?é‘% w211 = 6.02¢7) Comparison with InP and InSb Molecules.The electronic
41217121? 4.89(-7) 4.74C7) 4.70(7) structure and spectroscopic properties of groupVidiatomic
42 11 1.83(-5) 1.75¢5) 1.67(-5) molecules are found to be very similar. In the present context
1s+_o1 - IS+) — - . . .
42 1.20(5) 1.27€5) 1.38(5) 7(4%7) =6.59(-8) it would be relevant to compare the properties of InAs obtained
Values in the parentheses are the powers to the base 10. in the present study with those of InP and InSb molecules

reasonably strongs+—31T transition is expected to be observed studied recentK?2> at the same level of MRDCI calculations.

around 19 700 cni. The estimated lifetime of thes* state is 1 NeSe molecules have identical ground states of tRE"X
about 1.12s symmetry. As expected, the ground-statef InAs falls between

Transitions from the 3*(I) state are found to be weak re(InP) a_ndre(InSb). The equilibrium vibrational frequencies
because of its shallow potential minimum at the longer bond are also in the expected ordeg(InP) > wd(InAs) > a)e(InS_b).
distance. We have, therefore, estimated transition probabilitiesThe grou_nd-stat@e of InP and InAs are c_omparable,_whlle for
of transitions involving the Z*(Il) state, which has a shorter the heavier InSb molgcule the d|5300|at|9n energy 1S I('f\rgaer by
fe. The Z5+(11) =311 transition is much stronger than the other 0-1 8- The first excited stat€l), described by the a'x
two transitions such as32+(l)—3=* and ZS+(Il)—A%L conflguraylor?, has a greater stability than the closed-si#ll
Although the transition moments for th&2 (1) —3=* transition state. This is true fo.r. aI.I three molecules compared hfere.
in the Franck-Condon region are larger than those for tRE2 However, Sucqaftab'“ty is found to be largest for InP, which
(Il —A3II transition, the larger energy-difference makes the Nas agreate’ —II energy separation. The equilibrium bond
latter transition stronger. The overall radiative lifetime of the lengths of the'll state of InX (X= P, As, Sb) are shorter than

235+ state computed after adding all transition probabilities is 1€ corresponding ground-state by about 0.2 A. This is
found to be 227 ns. generally true for all group IHV diatomic molecules because

Two transitions from the =+ state have been studied here. ©f the greater stability of the’ MO compared withr MO. The

The transition-moment curves of both transitions, namely, transition energy of théll state of InAs is somewhat smaller
215+-1[T and 23+—15+ show maxima around 5.8 (see than that expected from the corresponding energies for InP and

Figure 3b). However, the transition dipole moment of the latter "SP molecules. ThET—°I1 energy separation for InP and InAs

transition falls rapidly with the bond distance. Our calculations &€ f comparable magnitudes, while for InSb the splitting is
predict the former transition to be stronger than the latter. found to be somewhat smaller. Similar results have been noted

Combining these two transitions, the radiative lifetime of the for the gallium series of molecules.

213+ state is found to be 5.0ds. The 211 state involves four The interaction betweef=* and 2x* states looks very
possible transitions: XP1—101, 21—!A, 2113, and 2I1— similar for all three molecules and it leads to an avoided crossing
2!+, The transition dipole moments for th&[P—11 transiton ~ around 5ap, whereas a sufficient energy-gap betwe&s2and

are comparatively large, and hence this transition is stronger3'=" prevents them to mix. On the other hand, third and fourth
than the remaining three transitions. The transition-moment ‘=" states interact considerably near &%ecause of the small
function for the 2IT—1 transition shows a maximum around energy difference. The calculations show that such interaction
6.0ap. Both 2IT—1=* and 2IT—23+ transitions are compara-  increases with the mass of the molecule. As a result, the avoided
tively weak. The estimated lifetime of théIZ state is about  Ccrossing between!Z* and 4X"*state curves is found to be
0.6us. Four symmetry-allowed transitions are expected to take strongest in InSb. For all diatomic molecules of group-M,

place from 4=*. The parallel transitions, namelyX—1>+ the 4= state is found to be strongly bound. At the same level
and 45t—213* have strong transition probabilities, while of calculation, transition energies of théXstates lie in the
perpendicular transitions are weak. THE#—13* transition region of 31 508-32 500 cn. However, the existence of this

should be observed around 23 200 énBumming up transition  State is not yet known for any of group HV molecules.
probabilities of these four transitions, the total radiative lifetime  The Z2I1 states of three molecules compared here show
of the 4=" state is estimated to be only 66 ns. shallow long-distant potential minima, which arise because of
The A—X transition draws more attention for group-HV their strong interactions with the lowesiI states. The
diatomic molecules because this transition is experimentally characteristics of the3Bl state which is designated as A, are
observed for the GaAs molecule in the gas phase. After the similar for these indium series of molecules. Although no
inclusion of the spir-orbit interaction, the nature of the potential  experimental results are available yet, tHgIA-X3Z~ transitions
energy curves changes due to avoided crossings. PhRA  of all three molecules should be observed in the 20-D000
component is the only one that survives the predissociation. Thiscm-! range, with the smaller value for the heavier InSh as
component undergoes six possible transitions, which are listedexpected. The MRDCI calculations show that theatransi-
in Table 5. The calculations suggest that th&8T1a—X3%, tions for these molecules are considerably strong. The computed
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TABLE 5: Radiative Lifetimes of the A3Il;+ Component of

InAs at (¢ = O

transition partial lifetimes(s) of Ao+
A3H0+*X3ZI 6.05(—7)
A 1H0+—3H0+ 1.60(—6)
ATy —X 355, 7.42(=5)
A3l —11; 7.87(-4)
A3[Tg—2 12(‘)*‘+ 6.72(=3)
A3Ho< —3H1

Total lifetime(s) of AT+

6.29(1)
7(A3lly) = 4.36(-7)

aValues in the parentheses are the powers to the base 10.

radiative lifetimes of the AT state for InP, InAs, and InSb are
190, 249, and 530 ns, respectively. The repulsive cunazof
crosses the potential energy curves #dflzand A1 in a similar

manner for all three molecules. In the presence of the-spin
orbit coupling, the position of this crossing plays an important
role in determining the transitions from the spiorbit com-
ponents of the Al state. The components wifd = 2, 1, and

0~ of 53~ and?3II states interact strongly in a similar way for
InP, InAs, and InSb molecules. This has resulted predissocia-
tions of these components, whereas only the@mponents of
2°T1 and AII survive the predissociations. Therefore, the
ASTIp—X3%,. transition should be observed for all these
molecules. At the MRDCI level of calculation, the total
estimated lifetimes of the &Io+ component at’ = 0 for InP
and InAs molecules are comparable, while for InSb, this

component is longer lived.
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