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Spectroscopic investigations of the low-lying electronic states of InP have been carried out by using
multireference singles and doubles configuration interaction (MRDCI) method which includes relativistic
effective core potentials (RECP) of the constituent atoms. There are at leAsS18tates which are bound
within 44 000 cm* of energy. Potential energy curves of 88S states most of which correlate with lowest
three dissociation limits have been computed. The dominant configuration of the ground &atedithe
molecule iso? o5 o2 with re = 2.71 A andw. = 248 cni. The ground-state dissociation ener@)(of

InP in the absence of the spirbit coupling is estimated to be 1.48 eV. However, after the inclusion of
the spin-orbit interaction theD. value is reduced to 1.33 eV. All 2A-S states which converge with
In(?3P)}+P(*S) and In{P)+P(D) asymptotes are allowed to interact in the spimbit CI calculations. Effects

of the spin-orbit coupling on the spectroscopic constants of lowest elglst states are studied. The zero-
field splitting of the X<~ state of InP has been estimated from the sjoirbit Cl results. Several avoided
crossings in the potential energy curves(dfstates are reported. Transition probabilities of many electric
dipole-allowed transitions have been computed. Transitions sucllas &3, 3=+ —3[1, 41>+—21=*, and
ASIT-3IT are found to be more probable. The radiative lifetimes of six excited states, nadxly2Z= (1),

33F, 2', AT, and 22" are estimated. The 3l state is short-lived with a lifetime of about 190 ns. The
A3+ component survives from the predissociation. Seven allowed transitions fébhg Avith AQ = 0,

+1 are studied. At the lowest vibrational level & 0), the lifetime of the Ally+ component is about 456

ns.

I. Introduction prepared by laser-vaporizing the corresponding crystals in rare
gases and condensed on the gold surface at 4 K. The observed
zero-field splittings =~ (1X2)—3=~ (0*X4)] in the ground states

of InAs and InSb have been found to be 119 and 473%cm
respectively. However, such splitting for InP has not been

Experimental and theoretical studies on the spectroscopy of
semiconductor clusters and small molecules having group I
and V elements have drawn considerable attention in recent

years.”* These semiconductor compounds are technologically reported by these authors. The vibrational progression of the
important materials because of their usefulness in the preparatior‘ovﬁ)’_lying KQ’H state of In. As has been ot?se?ve d The IR

of electronic devices. Among these, gallium arsenide clusters absorption spectrum of an argon mat formed by laser
are the most widely studied compounds. In this regard one must e -
y P g vaporization of the InP crystal shows two absorption bands. The

mention the pioneering work of Smalley and co-worketsvho . . .
- - harper band at 257.9 cthas been assigned to the diatomic
have made several investigations on the spectroscopy an nP. while the broader band at 249.3 chis due to I P.

electronic structure of small clusters of these semiconducting - onop . .
materials. The matrix-isolated electron spin resonance (ESR) Balasubramaniafi® has made an extensive review on
spectra of small clusters like GeSp, Sy, GaAs,, etc., have relativistic effects for molecules and clusters. Although much
been obtained by Weltner and co-workéfHowever, experi-  information on GaAs and InSb are kno#h 24 there seems to
mental studies on diatomic molecules of these semiconductorsP® Very little experimental, as well as theoretical, studies of
are seldom reported in literature. Lemire et%have studied diatomic InP and InAs. The configuration interaction (Cl) studies

the spectroscopy and electronic structure of the jet-cooled Of clusters such as 4R, and InPs, and triatomic molecules such

gallium arsenide molecule by the resonant two-photon ionization @S PP, IR, INoP™, and InB* .havse been carried out recently
spectroscopy. Recently, small clusters of Ga and P have beerPY Feng and Balasubramani&t® These authors have also
characterized experimentayy.13 Neumark and co-workets 18 calculated potential energies and structural aspects of the
have applied the negative ion zero-electron kinetic photode- €l€ctronic states of the isovalent gallium sefie¥! The only

tachment spectroscopic technigue to probe the electronic state@P initio Cl calculations on the diatomic 3GaP r?olecule have
of the neutral group IV and group MV clusters. The  Peen performed by Manna and Désthe ATI—X2™ transi-

photodetachment spectroscopy provides information about thetions of group 1=V semiconductor molecules are the subject
low-lying electronic states to which dipole-forbidden or spin- ©f much discussion in recent year. Only for the gas-phase GaAs
forbidden transitions may take place. Studies onRnim P, molecule, the vibronic band of the AX system has been
InP,, and InB species have been reported by Amold and observed by using h|gh_—resolut|on spectroscopic measuréfhent.
Neumark®® Li et al.1® have observed infrared absorption spectra Recently, MRDCI studies of AX b_ands fog GaAs, GaP, and
of the diatomic InX (X= P, As, Sb) molecules which are InSh mplecules have been carried &uf! No theoretical .
calculations have been attempted so far to study the electronic
* Author for correspondence. structure and properties of the InP molecule. The isovalent AIP
T Dedicated in memory of Dr. Gerhard Hirsch. molecule has been studied by Meier efZahby carrying out
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large scale MRDCI calculations. Local spin density calculations Buenker and co-worke$:*0 The dimension of the largest
for the clusters like Sh Shy, and diatomics like Culn, Agin,  selected CI space with the configuration threshold phartree
CuGa, AgGa, etc. have been performed by Russo and co-becomes 32 000. The energy extrapolation technique along with
workers3334 Ab initio calculations on the electronic states of the Davidson's correctidf+® provides an estimate of the full-
phosphides such as AsP and SbP have been performed byl energy. The calculations have been carried out i C
Toscano and Russs. subgroup. Eight roots of each irreducible representation,of C
In this paper, for the first time we have reported the electronic in singlet, triplet, and quintet spin multiplicities are computed
spectrum of the InP molecule. Potential energy curves and separately. The sum of the squares of coefficients of the
spectroscopic properties of many low-lying electronic states of reference configurations for each rooti9.91. Cl energies of
InP are computed by using MRDCI method which takes care eachA—S state are plotted as a function of the internuclear
of the relativistic effects through pseudopotentials. Effects of distance to get the potential energy curve. For bound states,
the spin-orbit coupling on these electronic states have been the spectroscopic parameters are estimated by fitting the
studied in detail. Transition probabilities of several dipole- potential energy curves. One-electron properties are estimated
allowed transitions are calculated. Hence radiative lifetimes of from the CI wave functions.
the excited states of InP are estimated from the Cl wave In the next step, the spirorbit coupling is included in the
functions. The emphasis will be given to the’I&>X3Z" calculation. The spirtorbit operators for In and P have been
transition of InP. A comparison will be made among the derived from the corresponding RECPs, and become available
transition probabilities of AX transitions of the isovalent in literature3®3’The A—S Cl wave functions are used as a basis

molecules. Transitions between tRecomponents wittAQ = for the spin-orbit calculations in the & representation. The
0, +1 are also studied. full-Cl energies estimated in the—S CI calculations are kept

in the diagonals of the Hamiltonian matrix, while the off-
II. Computational Details diagonal elements are computed by the RECP baseeé-epit

operators and\—S CI wave functions. We have included all
Q components of the\—S eigenfunctions in the spirorbit
Cl treatment. Eigenfunctions and eigenvalues obtained from the
spin—orbit Cl calculations provide spectroscopic features and
transition properties of all low-lyin§2 states of the molecule.
The fitted polynomials obtained from the potential energy
curves are used to solve the numerical Sdhnrger equation’
me"l'his will provide vibrational energies and wave functions.
119n and®'P isotopes are used for the calculations of vibrational
frequencies of the molecule. Transition dipole moments for the
h pair of vibrational functions involved in a particular transition
are computed. The spontaneous emission coefficients and hence
transition probabilities are calculated subsequently. Radiative
lifetimes of the excited states at different vibrational levels have
een estimated from the respective transition probability data.

In recent years, ab initio based CI calculations of molecules
having large number of electrons are possible due to the
development of effective core potential methods which reduce
the number of active electrons participating in the configuration
space. In the present computation, thé®8ef5p* electrons of
In and 333p? electrons of P are kept in the valence space, while
the remaining inner electrons are replaced by the semicore typ
RECP of the respective atoms. The RECPs of the indium ato
are taken from La John et &P, while potentials of the
phosphorus atom are reported by Pacios and Christigi&an.
using RECPs, the total number of active electrons whic
participate in Cl is reduced to 18. The primitive Gaussian basis
functions of the type (3s3p4d) of In are optimized by La John
et al® In the present calculations, these basis sets are augmente
with one set of s and p functions of exponents 0.02 and 0.0145,
respectively, taken from Balasubramanian’s w&rRhe final
basis set of In is, therefore, (4s4p4d) which is sufficient to
polarize 5p. For the phosphorus atom, the optimized Gaussian Spectroscopic Constants and Potential Energy Curves of
basis sets (4s4p) of Pacios and Christiafsare augmented  Low-lying A-S StatesThe experimental atomic energy levels
with a set of d-polarization functions having an exponent of of both In and P atoms are known very accuratéijhe ground
0.43ag2 from Roos and Siegbaffhso that the final basis set  state of In is of the ($5pt) 2P symmetry, while that of
of P is (4s4pld). These basis sets are compatible with thephosphorus is a high-spin @g®) 4S state. As the two atoms
corresponding RECPs. combine in their ground states, only four molecular states,

Using the above mentioned basis sets and RECPs, a selfnamely, 3=, 3[1, 52, and °I1 are generated. The excited
consistent-field (SCF) calculation for thes2.3=~ state with (5¢%65") 2S and (5%p') 2P states of In consist of Rydberg
18 valence electrons is performed at each internuclear distancdunctions and are lying much above the ground state. On the
of InP. It generates 62 symmetry-adapted SCF-MOs which are other hand, the excited &p?) 2D and (333p°) 2P states of the
used as one-electron functions in the CI calculations. The phosphorus atom are low-lying, and do not contain any Rydberg
compositions of these SCF-MOs at all bond distances show thatfunction. Therefore, we have focused on those electronic states
4d0 electrons remain localized on the In atom. Therefore, we which are generated from the interactions between the ground-
have kept these d-electrons frozen in the CI step. Only 8 state In and the excited-stattD(and2P) P atom. There are
electrons participate actively in the CI calculation. It further nine singlets and nine triplets &ft, =~(2), I1(3), A(2), and®
reduces the computational labor. We have used MRDCI codessymmetries which merge with the second?R)4-P@D) dis-
of Buenker and co-worke¥ 44 for the present calculations. In  sociation limit. Third dissociation limit IfP)+-P(P) correlates
the first step, Cl calculations are carried out for theS states with six singlets and six triplets aE*(2), =7, I1(2), andA
without any spir-orbit coupling but with the inclusion of other  symmetries. We have computed all 34-S electronic states
spin-independent relativistic effects. A set of main reference correlating with three lowest asymptotes. In addition, four high-
configurations is chosen for eatsS symmetry. All singly and lying states, namely=", 25+, 5A, and 4=" which dissociate
doubly excited configurations are generated from these referenceinto still higher limits are also studied. The computed potential
configurations. The dimension of the total generated Cl space energy curves of quintet and triplat—S states of InP are shown
is of the order of million. However, the size is reduced in Figure 1a, while all singlet curves are plotted in Figure 1b.
considerably by using the configuration selection procedure of The transition energies§), bond lengthsr¢), and vibrational

Ill. Results and Discussion
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50000 TABLE 1: Spectroscopic Constants of the Low-LyingA—S
States of InP
state TJem? rdA wdemt
X3z~ 0 2.71 248
40.000 [T 2288 251 288
11 6 953 2.46 342
A 8383 2.68 268
In{?P)+P(7P) DX 9012 2.42 304
0000 2zt 15471 2.56 344
r ) 2°11 17574 3.17 160
- 1ot 2P)+ B(20) AT 22082 2.75 219
i 211 22431 2.74 222
w DX 22 694 2.49 256
20000 - 285~ 23746 3.74 91
2331 30874 3.06 143
3=F 31 007 3.39 142
235+(11) 32292 2.40 340
In (2P)+P(“S) 415+ 32533 2.64 230
10,000 - 53+ 34 051 2.62 245
5A 40175 2.56 294
5%+ 43676 2.70 259
. , . 1 1 5 TABLE 2: Dominant Configurations of the A—S States near
%40 50 60 80 30 00 0 120 the Equilibrium Bond Length
[eo—= state configuration (percentage contributions)
50000 Ty X2~ o2 62 0Pn¥(89)
H\ \ A o 030sn(69) 7 dhost?n(14) 7 oZoan(5)
ll I 02 0209m3(69) 02 020a2(16)
40,000 - | A 0% 0% 03”2(87)
1} l?’ o 022n42(39) o2 02231371(25) 02 0% 02n%(12) ,agagagn“(lO)
i. 23+ z%z 05 051%(60) 0% 022:213n(11)g§ 05m4(10) 04 0 oA (2)
' 1n(2P) +P(2P) 2’1 1 2037'5275(51)'0% 05037%(29)
‘. AL o 00am?(75) 0702057%(T) 0502057%(3)
feer |l 2N & olowra(57)0) diostni(9): okart(8) oo (7),
- ll In(2P) +P(2D) ofozagzrzzrﬂ)
é | DX 05 0A3(66) 07 0an?n(6),020209m37(6) 02 0203m%7%(3),
W : 0, 03 0577(3) 0102057 (2)
200001 |t 253 04 05030m%(42) 0% 02 02n%(16) 0% 0203061X(12),
1 0} 9303057%(10) 07 057°7(3)
\ 283+ 0504 ogym(SG),(ﬁ 02m3(16) 02 00306771(6) ,0202037%7(2),
In(2p)+p(4s)| o 02020372[2772(2)101 0227727[2(2) ) )
oot NN e 3z ; 05 05(60) 0% 05030677(7),0% 0574(6),0% 050574(6),
0} 05030477(3)
255511 o oon*(75) 0h02033(9)
BE o ortE(20) s (18) 0 onn(14), oF oZr(13),
0 - 1 1 1 1 1 1 5 0'21(72(73.7'[3.7'[(9),0?0203.7[2.7[2(6) ,Oi Ugﬂ“’(Z)
30 40 50 6.0 70 80 30 100 1o 120 +
Rfeo—= 3§z+ ?gzgﬁzz(%%f?zz:}(gw 02 02(15) o20Pn(12)
Figure 1. (a) Potential energy curves of triplet and quimet S states S5A 021020 T1(82) 021020337;%2(5) L0205 12t
of InP. (b) Potential energy curves of singlet-S states of InP (ground- 55+ O% 022 2r2(51) 7102 o) ) 22(7) 2 o2 22)
state curve is shown by the dashed line for comparison). 102020102050 T () 0,020 T ),01 0T

frequencies ¢¢) of 19 bound states at equilibrium are sum- jn 213+ is about 0.15 A shorter than the ground-state bond. Both
marized in Table 1. The remaining electronic states are repulsivethese states have very deep potential wells with longer vibra-
in nature. The ground state of InP i§X which is characterized  tional frequencies. The transition energytafwhich is the third
by the open shell configuration? o5 o572. This is analogous  excited state is calculated to be 8383 énwhile the 25+ state
with other isovalent semiconductor molecules like GaP, GaAs, is lying 15 471 ¢! above the ground state. It may be noted
and InSb. The equilibrium bond length and vibrational frequency that X3=-, 1A, and 2=t states originating from the same
of the ground state of InP are 2.71 A and 248 ¢mespectively. configuration dissociate into three different asymptotes in the
No experimental or theoretical data are available for comparison. increasing order as seen from Figure 1b.
The dominant configurations of ak—S bound states neag Analogous with other isovalent molecules, the first excited
are shown in Table 2. state of InP is’IT which is generated from a single excitation
Besides XX, the of o5 0572 configuration generates two  o%72—o37° (see Table 2). Therefore? o2 oz is the domi-
singlet states:!A and 2X* which are found to be strongly  nant configuration of théll state. One more configuration such
bound. Table 2 shows that the composition of thE2state of as af gg ozt contributes significantly in describing tH&1

InP requires two additional configurationsy; o5 7* (10%) state. There is a singlet counterpart which originates from the
andof oﬁn%r (11%). The calculated, of the 1A state is very same excitation. As seen from Table 1, #ié state is lying

much comparable with the ground-stagewhile the In-P bond just abovelT with an energy gap of 4665 crhbetween them.



Electronic States of InP

Ther, value of the3IT state is 2.51 A which is 0.2 A shorter
than the ground-state. The 1T state has even shorterand
longer we as compared with its triplet counterpart. The first
excitedqII state dissociates into the lowest limit dRH-P(*S),
while the IT state correlates with the next higher asymptote
In(?P)}+-P@D). The greater stability of the taP bond in®°T
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equilibrium bond lengthre = 3.74 A) and small vibrational
frequency @e = 91 cnm?). An avoided crossing of the32~
curve with the next higher repulsive curve of the same symmetry
is evident from Figure 1a. However, there is one more repulsive
state (4=~) which correlates with the I1APH-P@P) dissociation
limit. The appearance of the double minima in the adiabatic

states as compared with the ground state is a general feature opotential energy curve of the’2" state (as seen in Figure 1a)

these types of molecules. This is attributed to the increase in
the delocalization oft molecular orbitals. The fourth excited
A—S state of InP is a very stabl&" state. Besides the closed
shell configurations? o5 7* (¢ = 0.39), there are three open
shell configurations:o? o5 737, 02 05 05 7%, ando2o,03m* (see
Table 2) which dominate significantly in the formation of the
13+ state. The MRDCI transition energy of tHe" state is 9012
cm™L. The bond length of InP in this state is estimated to be
0.29 A shorter than that of the ground state. The potential well
of the 1= state is also sharp with a relatively large value.
There is a strong avoided crossing between the curvéxof
and ZZ* states, and it is not very distinct from Figure 1b.
However, compositions of Cl wave functions of these two states
show that two dominant configurationsz.and ..o572 inter-
change at bond lengths above &0

Of four 3I1 states arising fromv? o3 oan?z, 2°11 and 311
states are found to be bound, whilfB#and 51T are almost
repulsive states. The minimum of théPstate lies 17 574 cm

is due to a strong avoided crossing with the curve of the higher
energy 3= state at around 523. The minimum at the longer

re is designated here a$3" (1) with Te = 30 874 cn?, while

the more stable short-distant minimum € 2.40 A) lying 32

292 cnr! above the ground state is denoted 85*2(ll) for
which we is found to be 340 cm'. This avoided crossing is
confirmed from the composition of the Cl wave functions at
different bond distances. An apparent minimum near the bond
length of 5.1ais noted in the adiabatic curve of th&3 state.
The maximum at = 5.6ay in the same curve is the result of
another avoided crossing with a repulsive curve of the higher-
energy3s+ state which is mainly composed of thé 05030472
configuration.

A sharp avoided crossing between the curves %&ff3and
413+ states is observed at= 5.5ay as in Figure 1b. Considering
the small interaction between these two states, we have
designated the low-energy state 83 while the high-energy
state is denoted asZ". The 3=+ state is weakly bound with

above the ground state. This state has a very shallow potentiala shallow minimum ate = 3.39 A andwe = 142 cntl. The CI

well with a relatively large bond length{= 3.17 A) and small
vibrational frequencycdje =160 cnr?). The largere of the 21T
state makes the3PI—X3X~ transition weak. The 31 state is
designated as %I in analogous with the A state of GaAs for
which the AI1-X3Z~ band system has been experimentally
observed. Therefore, theSH—X3=~ band for InP should be
observed at around 22 000 ct The Cl estimated. of the
A3 state is 2.75 A, while the vibrational frequency is 219¢m
The 211, A3, and 411 states converge to the second
dissociation limit In{PH-P@D). Near r,, there is a strong
presence of the? o3 oz (c2 = 0.29) in 211, while the ATl
state is relatively pure with 75% domination of the originél
og osm?n configuration. The spirorbit components of the

estimated transition energy of the strongly boufB4state is

32 533 cnml. The diabatic curve of & is fitted for the
estimation of the spectroscopic constants. The equilibrium bond
length of this state is even shorter than the ground-stalehe
diabatic 4=* curve dissociates into the higher limit. There are
at least three quintet bound staté€™, 5A, and 2=* which

are lying above 34 000 cm (see Table 1) and correlate with
higher asymptotes. The equilibrium bond lengths of these quintet
states are shorter than that of the ground state SThestate is
predominantly described by a highly excited configuration
o2o,09m?n%. For the adequate description of these highly
excited states, it may require to include Rydberg functions in
the basis set.

A1 state deserve special attention because of their effects on The dissociation energyD¢) of the ground state (3&-) of

the A—X band. The repulsive 31 and 611 states dissociate
into the third limit.

The potential energy curve of thél2 state, which comes
next in energy, is sharply bound wiflh = 22 431 cn7t andr,
=274 A. The composition of the'Hl state near shows that
o2 ooan?n is the dominant configuration with four other
configurations. There are 1Q—S states which originate from
the o? o503m2 configuration. Of these, four states of tRAlH
symmetry namely, "I, ASII, 4°T1, and 5II are already
discussed. BesidedIZ, there are two moréll states such as
31 and 411 which are repulsive in nature. The former state
dissociates into the same limit a9, while the latter correlates
with the next higher limit. The remaining three states which
originate from theo? o20s?n configuration arel®, 3®, and
ST1. Figure 1a and 1b show that all three states are repulsive.
The®IT state dissociates into the lowest limit, while the tdo
states correlate with the BR)+P(#D) asymptote.

The 3=+ state of InP is strongly bound witlie = 22 694
cmtlying just above the #1 state. It has a shorter bond length
(re = 2.49 A). A single excitation of the type z#4 — ...737*
not only generate€=" but also many other states which are
mostly repulsive. From Table 2, it is evident that multiple
excitations take place in the formation of tPe" state. There
is a shallow potential well in the3Z~ curve having a long

InP is estimated to be 1.34 eV in the present calculation. This
value is obtained without considering any d-correlation and
spin—orbit coupling. Neither any experimental nor theoretical
De value of InP is available to compare with our MRDCI
estimated data. Earlier calculati8h®n GaP have shown a
discrepancy of 0.65 eV between the calculated and observed
ground-stateDe value. It also shows an improvement of 0.14
eV because of the d-electron correlation and larger basis set.
We may, therefore, expect the calculated dissociation energy
of InP be improved by the same amount due to the basis set
extension and the correlation of ¥electrons of indium in the
Cl step. The corrected Cl-estimat&} value of InP would
become 1.48 eV. After the inclusion of the spiorbit coupling,
the calculated dissociation energy of the ground staf&{X
is reduced by about 0.15 eV. Therefore, the estimated-spin
orbit correctedDe is about 1.33 eV. As a general trend, some
disagreement with the experimental value is always expected
because of the use of effective core potential approximations.
Spin—0rbit Coupling and Spectroscopic Parameters of
Q States.Once the spirorbit coupling is introduced in the
calculation,A—S states which have the sarfdecomponents
interact. The spirrorbit operators derived from RECPs are
obtained from the literatur®:3” We have included all 2A—S
states which dissociate into BR)+P(*S) and InfP)+P(D)
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TABLE 3: Dissociation Limits of a Few Low-Lying @ States

50000

Manna et al.

of InP
atomic state energy/cm*
(In+P) molecular state exptl  calcd
Py +9S,  2,1,1,0,00 0 0 10000
P+ S 3,2,2,1,1,1,60,0'07,0° 2213 2076
*Pip+ 2Dy 2,1,1,0,07 11362 14728
P+ 2D, 3,2,2,1,1,06,0° 11377 14976
Py + D3 3,2,2,1,1,1,0,07,07,0° 13575 16717 30,000 Uy e 05y
P+ D5 4,3,3,2,2,2,1,1,1,15007,0°,00 13590 16 965 T e oy,
@ Taken from Moore’s table (ref 48). §
w 7q/2 + ZDSIZ
50.000 20000 R+ Dy
Bt S
40,000 10,000
Rt Sy,
In +p
30000 - 0 1 L ! 1 1 1 1 1
30 40 50 60 70 80 30 100 1m0 120
- Rjag—=
5
o Figure 3. Potential energy curves of low-lyin@ = 0~ states of InP.
200008 TABLE 4: Spectroscopic Constants of the Low-Lying
Spin—Orbit States of InP
state TJem™ rdA wdcmt dominant states at
10,000 | X35 0 2.70 251 X5~(99)
X33, 40 270 249 %=-(99)
31, 2113 2.51 290 S[1(99.7)
31, 2385 250 289 3[1(95), X3=-(5)
. . L My 2572 251 290 3T1(99.7)
30 40 50 60 70 80 80 00 10 120 ST+ 2610 251 289 3[1(95), X3=~(5)
R/ao——= 11, 7433 2.46 327 T1(99)
Figure 2. Potential energy curves of low-lyin@ = 0" states of InP. Ay 8 500 2.68 261 A(99)
12(; 9 302 2.38 305 137(99)
+ +
limits for the interaction in the spirorbit Cl calculations. Table giﬁﬁ i? ggg gig i’gg %ég;) 55-(16)
. . . . 2 . y
3 shows _aI_I six asymptotes which are obtau_ned ffor_n the_—spln 291, 17 606 318 161 J1(84).55-(14)
orbit splitting of two above mentioned dissociation limits. sy, 17 915 3.18 160 I1(79),55(20)
Relative energies of the dissociated atoms and the notations of 23[1y+ 17 925 3.19 158 T1(99)
Q states with which these separated atoms correlate are also Azl'lm 21675 2.79 227 AT1(99)
given in Table 3. There are 5@ states correlating with six Aggf" g% gg% g;g gg gggg; 2111)
_2 i 1 . s
asymptotes. The calculaté®s,—2Py; energy splitting for In AL, 29 656 570 509 A1(98)

agrees very well with the observed value of 2213 énThe

2Dg,—2Dsy, splitting of the phosphorus atom is found to be very aValues in parentheses are percentage contributions.

small. The disagreement between the observed and calculated
values is within the limit of accuracy of the present calculation. SPitting PX™(1Xz)—%27(0*X4)] for InP has been reported.
However, energies of four dissociation limits arising from the However, for InAs and InSb, the observed splittings are 119
2p4-2D asymptote are h|gher than the experimenta] values by and 473.4 le, respectively. Our earlier MRDCI calculatichs
about 3300 cmt. Similar discrepancy has been also noted for on InSb have shown a zero-field splitting of 429 thwhich
GaP. This feature indicates that the ground-state dissociationagrees well with the observed value. Th&X component is
energy is underestimated. Due to the lack of any experimental found to be lower in energy than the’X component. Both
data, the amount of underestimation can not be confirmed. the components remain almost pur&X. The equlibrium bond
We have plotted the potential energy curves of nine states of lengths and vibrational frequencies of these two components
0" symmetry in Figure 2, while another nine states vth= do not change significantly. Four sphorbit components of the
0~ are given in Figure 3. Nine states with= 1 and two states  first excited®IT state split within 500 cm! of energy. These
with Q = 3 are shown in Figure 4. Potential energy curves of are separated in the increasing order 2,71,dhd 0. As seen
eleven states dR = 2 and one state d2 = 4 symmetries are  from Table 431, and3[1y components are pufgl state, while
drawn in Figure 5. The remaining 10 repulsive curves vh 3[1; and3IIy+ components have some contributions frofEX
= 1 and 3 are not plotted to avoid further complicacy in these The transition energy of thl1; substate is increased by about
diagrams. 500 cnt?, while other spectroscopic constants do not change
Table 4 displays the spectroscopic constants and compositionsnuch. Although*IT and*IT have the same dominant electronic
of a few low-lying boundQ states of InP. The spirorbit configurations, there is a large energy gap5000 cnt?)
components of the ground state3gX) of InP are separated between®II; and II; components. It prevents these two
only by 40 cntl. No experimental value of the zero-field components to mix up significantly. Other singlet states such
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TABLE 5: Radiative Lifetimes of Some Excited A—S States

50,000
of InP at Their Lowest Vibrational Levels
partial lifetimes fs) total lifetimes fs)
of the upper state of the upper state
40,000 transition V=0 v=1 v=2 (»'=0)
3] 3.70 3.63 3.58
AT relst 3.53 3.61 5.49
AT 1.46 1.34 1.26
30,000 %, +20,, A3t<=21] 12.16 13.03 15.82 7(4'=*)=0.76
%+ 20y BT« 22.85 867
. —_— 2B5H(I) <3+ 750  11.60 (235 (11)) =5.65
5 — 3531 1.16 1.22 124 1(3=M)=1.16
o 1:“:,;’3‘" 2UT1A 3.22 3.32 3.42
20,000 (e 2I2lst 233 222 213 7(211)=3.18
A3[T=X32~ 0.21 0.22 0.22
ATT<301 1.71 1.55 149 7(A11)=0.19
%y +45 23 +<1T] 6.17 6.12 6.07
10,000k LONEEE O 12.23 12.15 12.04 (2'=")=4.10
R+ Sy, . . .
n+ P 1000 cnt?. Several avoided crossings make the potential energy
curves of Rlly and A1, states complicated. There is a chance
p
. , , of predissociation of Ally, A3l and AII, components

30 - - s0 /005310__ 50 00 1m0 120 mainly due to their interactions with the correspondify
] ) ) components of th€X~ state. However, the potential well of
::r:g“rt‘;“' POte”“_ar'] %“erhgy dCI‘.”VG.S ?;E'OXV"V'@ =1land3statesof  A3[1.: js comparatively less interactive (see Figure 2), and hence

(the curve with dashed line is f62 = 3). this particular component will survive from the predissociation.
50,000 Transition Moments and Radiative Lifetimes. The only

‘\ experimental study on InP known so far, is the infrared

L absorption spectroscopy of the molecule in argon-gas matrix at
4 K. No theoretical data for transition probabilities of any
electronic transition are available in literature. However, many
dipole-allowed transitions can be predicted from the present
MRDCI study. Transition probabilities of these transitions are
estimated from the transition dipole moment data. Subsequently,
the partial radiative lifetimes of some upper states of InP at
three lowest vibrational levels are reported in Table 5. Transi-
tions from 4=+, 283 *(11), 3=+, 21, ASI1, 2°I1, and 2=* states
to all possible lower states are considered here. However, some
of these transitions are very weak. Transition moments as well
as energy differences involving thé[2—X3Z~ transition are
sufficiently large, but the FranekCondon overlap factors are
very small. As a result, the’Pl—X3%~ transition is considerably
weak. Another possible transition such &I2-°IT is also not
so strong enough to be observed experimentally. For this
transition, the FranckCondon overlap term is negligibly small
due to much longer, of the upper state as compared wigtof
1 L L L the lower state. Transition probabilities of two transitions,

1
30 40 50 60 7.0 80 9.0 100 1.0 120
Rjap — namely, 2[1-1 and 2I1-1=", are also very small due to the

Figure 5. Potential energy curves of low-lyin@ = 2 and 4 states of  Shifted equlibrium bond length of the' state.
InP (curves with dashed lines are f@r= 4). The 4= state undergoes four symmetry-allowed transi-
tions: 43I, 4313+ 413+ -215+ and 43+—-21. Of
asA,, 13, and 23, are not much affected by the spin these, &=t—213+ is found to be the strongest transition, while
orbit interaction. The secoril state splits into four components  the 4X*—2T transition is much weaker because of the small
in the same order as the fiff state. The components lie within ~ energy difference. The 'Z*—2'=" transition-moments are
600 cnt! energy separation and undergo several avoided significantly large, but the overlap between the diabatic potential
crossings. The diabatic potential energy curves®f,2 2°11;, curves of these two states is somewhat small. The estimated
28Iy, and 2Ily* components are fitted to estimate the total radiative lifetime of the &£+ state at’ = 0 is found to be
spectroscopic constants. Three components @itk 2, 1, and 0.76us.
0~ of 52 interact strongly with the same components of the  Transitions from the (1) state having a longet are found
2°[1 state. As a result, many avoided crossings appear in theto be weak. We have calculated transition probabilities of
potential energy curves of these components (see FiguiBs 3 transitions from the Z7(ll) state which has a shorteg. At
The curve of the All state, which is lying 5000 cn above the lowest vibrational leveb( = 0), the 2= (1) 3= transition
the 211 state, also undergoes avoided crossings with many otheris found to be three times stronger than th&*11) —3I1
curves. The spirorbit splitting of the AT state takes place in  transition. Adding transition probabilities, the total lifetime of
the reverse order as compared wili and 211 states. The 2337(Il) at v' = 0 is calculated to be about 5.65. There is
largest energy separation betweeflly+ and A1, is about only one transition allowed from thH&* state. Our calculations

40,0001

30,000

E/cm’1-——

20,000

10,000
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TABLE 6: Radiative Lifetimes of the ASIIy+ State of InP at
v =0

transition lifetimes of the Ally+ state (is)
X355, <A+ 73.3
STI<A°TIo+ 770.0
2123;->A3Ho+ 3.3x 10
5 A3+ 1.1x 10
X33 <Ay 0.46
S =A%l o+ 4.7 x 104
T, <A3TIo+ 42.4x 10°
total lifetimes
7(A3lg+) 0.456

predict that a reasonably strodg™—2IT transition should be
observed at around 20 400 ctn The estimated radiative
lifetime of the3=" state is 1.16«s. Four transitions involving
the 211 state are allowed. These afdP-11, 2'1-=", 21—
1A, and 2TT-21=+ of which first two transitions are extremely
weak due to small FranekCondon overlap terms. Théld—
1A transition is sufficiently strong, while!PI—21=" has smaller
transition probabilities. As seen from Table 5, partial lifetimes
of the 21T state in the AT—!A band is just above s, while
for the ZIT—-2'=* band, it is around 20@s. Total lifetime of
21 atv' = 0 is, therefore, estimated to be 3.48.

The strongest transition which should be observed in InP at
22 000 cnttis due to RIT—-X3Z". The partial lifetimes of AT
at low-lying vibrational levels are around 200 ns. The vibronic

bands of the A-X system have been observed for the gas-phase

isovalent GaAs molecule by using high-resolution spectrometric
studies. However, similar experimental studies for InP have not
been attempted. The second allowed transiti AT is much
weaker with smaller transition dipole moments. Combining
transition probabilities of these two transitions, the estimated
radiative lifetime of the AII state is 190 ns. Two more
transitions such as'Z*—I1 and 2X*—1X* are reported in
Table 5. The former transition is found to be stronger than the
latter.

Since the Ally- component does not undergo predissociation,
we have studied probable transitions from this particular
component. Table 6 shows partial lifetimes oflRy at the
lowest vibrational level ' = 0) involving seven transitions.
The strongest transition has been found to B&EXA3Ty+.
However, the X5, —A%lly+ transition is reasonably strong,
while all other transitions are weak. The MRDCI estimated total
lifetime of the Al1y+ state is 456 ns.

Comparison with the Isovalent AIP and GaP Molecules.

Manna et al.

mixing. Both GaP and InP molecules have a strongly bound
413* state in the region of 320685000 cn1?, while for AIP,
this state has not been calculated so far.

A strong avoided crossing between the potential energy curves
of 2°IT and A1 of AIP has been noted at the bond length above
5.0a,, while for GaP and InP, the interactions between these
two curves are weak. A shoulder appears in the potential energy
curve of the 211 state at the bond length below 5,0A double
minima has been reported in the potential energy curve of the
2311 state of AIP. The potential energy curves &ffor AlP,
GaP, and InP look alike with a shallow well at the longer bond
distance. The nature of the curve of the thiflI3state, which
is designated as A, is somewhat different for AIP as compared
with that of GaP or InP. The &AI—-X3Z transitions of all three
molecules are important from the experimental point of view.
Although no experimental results are available for either of these
molecules, MRDCI calculations on GaP and InP show that the
reasonably strong AX transitions should take place at around
24 000 and 22 000 cm, respectively. For AIP, such transition
is expected to be observed near 21 800 &nThe calculated
radiative lifetimes of AIT for GaP and InP are 140 and 190 ns,
respectively, while for AIP, this is not known as yet.

One may note that the repulsive curves of t8e symmetry
for these molecules cross the curves #&fl2and A1 state in
a similar way. Hence, Q 1, and 2 components which are
common in°X~ and?®[1, interact strongly which results in their
predissociations, while the remaining compon@ig+ survives.

As a result, the Allg+—X3%,, transition should be observed
for all these molecules. Such predissociations are observed only
for GaAs which is however isovalent with the phosphides
considered here.

IV. Concluding Remarks

Ab initio based MRDCI studies using RECPs and its
compatible Gaussian basis sets show that the ground-state
symmetry of the InP molecule is3X~ similar with isovalent
semiconductor molecules of group Ill and V such as AIP, GaP,
GaAs, InSh, etc. The present calculations reveal that there are
at least 18 bound\—S states within 44 000 cm of energy.

The electronic spectra of InP look very similar with that of the
GaP molecule. None of the electronic states of InP has been
studied before. The equilibrium bond length and vibrational
frequency of the ground state of InP are 2.71 A and 248%¢m
respectively. As noted previously, the use of RECPs generally
overestimateg, and underestimates.. We expect the observed

Spectroscopic properties of InP obtained from the presentre Would be shorter and. would be larger to some extent.

calculations may be compared with those of the isovalent AIP
and GaP molecule®:32 All three molecules have identical
ground states of the 3~ symmetry. Due to the larger size of
the indium atom, the IrP bond in the ground state is longer
than both AP and Ga-P bonds. The first excitedT state of
InP is described by the same configurationsz® as in other
two molecules. The bond lengths of tAH state for all three

Three high-lying quintet states such &%, °A, and 2=t are
found to be strongly bound, while two low-lying high-spin
states®IT and®z, are repulsive. The MRDCI estimated ground-
state dissociation energy of InP is about 1.48 eV. No experi-
mental value is available for comparison. However, some
discrepancy will always be expected because of the effective
core potential approximations. Extensive spambit calculations

molecules are noticeably short. This is because of the greaterhave been carried out by interacting all 32-S states which

stability of the o3 MO than & as a general rule for these
molecules’® The computedIT—X3Z~ energy separation of AlP,
GaP, and InP are 645, 782, and 2288 ¢mespectively, as per
expectation. Thé=" and 2=* states of all three molecules
interact similarly resulting an avoided crossing at arourye
5.0, in their potential energy curves. Although the interaction
between £* and 4= is not noted in the potential energy
curves of AIP32 sharp avoided crossings between these two

correlate with the lowest two dissociation limits. The zero-field
splitting F=~(1X5)—3=7(0"X4)] in the ground state of InP is
predicted to be 40 cm only. The observed zero-field split-
tingst® for InAs and InSb are 119 and 473.4 chrespectively.
However, for InP, the expected value should be less than 100
cm?, and it agrees with our calculated value. The present
calculations suggest that the®¥, component is lower than
X327, In general, effects of the spirorbit coupling are not

curves in both GaP and InP are prominant. The energy gapsignificantly large. Potential energy curves of BRecomponents

between 2=* and 3=* states is sufficiently large to have any

of ASII reveal predissociations of three components such as
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A3I1y, A3IT;, and A1, due to their interactions with the similar
components of the repulsiv&~ state. The remaining compo-
nent (Allg+) survives from the predissociation.
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The strongest transition which should be observed at around1997.

22 000 cmit is ASTI—X3%". Besides this, transitions such as
ASIT—3IT and 3=t—°3I1 are reasonably strong. The total life-
time of the A1 state at the lowest vibrational level (= 0) is
about 190 ns. In presence of the sporbit coupling, the
X3%] —A3Ily+ transition is the strongest, and the total radiative
lifetime of the Al1y+ component at’ = 0 is 456 ns.
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