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Abstract

Spectroscopic constants of the two lowest states of the InN molecule, the X2~ ground and the *IT excited state were calculated using
the restricted open-shell Hartree—Fock Coupled Cluster ROHF-CCSD(T) method with single, double and perturbative triples, the com-
plete active space second-order perturbation theory (CASPT2) and the multireference configuration interaction (MRDCI) methods. Rel-
ativistic pseudopotentials (for MRDCI) and atomic natural orbital basis set for treating spin—orbit and scalar relativistic effects — ANO-
RCC (for CCSD(T), CASPT2 and CASPT2/RASSI-SO) were used. The accuracy of different methods was compared correlating up to

26 valence and core-valence electrons of N and In atoms.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

The group-III nitrides (MeN) are interesting due to their
applications ranging from solar cells to optoelectronic
devices [1]. The results of various experiments and model-
ing showed that MeN alloys can emit light from the near
infrared (prevailing InN) to the near ultraviolet (prevailing
GaN) [2]. Interestingly, in 1997 Ponce and Bour [3] stated
that:

With the advent of the nitride-based semiconductors,
the long search for bright solid-state sources covering
the full range of the visible spectrum seems to be over.

Yet, it was just a starting point in the subsequent story.
Focal property of In and Ga nitrides is their band-gap that,
according to the way the ternary alloy is prepared, can vary
from 0.7 eV (molecular-beam epitaxy films [2,4]) to 2.1 eV
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(sputtered films [5]). The band gap of 0.7 eV can be attrib-
uted to wurtzite structure, whereas the larger one is typical
for polycrystalline phase from sputtered films.

For a better understanding of the processes underlying
technological applications of MeN species it is important
to know spectroscopic constants and electric properties
of participating diatomics in the ground and low-lying
excited states [6-8]. However, the amount of systematically
obtained accurate experimental or theoretical data is rather
limited. Most of the theoretical studies on InN were limited
to density functional theory (DFT) band-structure calcula-
tions [9-11] and MeN clusters [12,13]. None of these stud-
ies reported potential energy curves and molecular data on
diatomic InN in the ground and excited states. Only in a
recent MRDCI study such calculations were performed
on InN by two of the present authors [8].

In MRCI the authors try to calculate typically up to
16-18 spectroscopic states on MeN diatomics relying on
the multireference treatment. The advantage of the
MRDCI method [14], used in this work, is the significant
reduction of the CI space due to sophisticated, energy
threshold based configuration selection, while the reference
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space is determined using preliminary calculations over the
required geometries. The previous MRDCI calculation [8],
being the first ab initio calculation on InN, aimed at the
investigation of 17 excited states, with equal accuracy,
without exhausting the possibilities for improving the cal-
culational procedure. As a result, it was not possible to cal-
culate accurately the energy difference between the X°%~
and °IT states. Previous MRDCI study lead to very small
T. (0.04 eV) [8].

Our approach in the present paper is different. Instead
of calculating a variety of low-lying excited states we pay
an attention just to the X’ ground and the °IT excited
states with the aim to calculate reliably their molecular
properties. We note that for selected states, not affected
by quasidegeneracy, the CCSD(T) method is more straight-
forward to use and is normally more reliable than other
highly correlated wave function methods with comparable
computational effort. When all singly and doubly excited
states are considered in MRCI with respect to the CASSCF
wave function the number of explicitly correlated electrons
in the CI step must be limited to keep calculations
computationally feasible. It is practical to explicitly corre-
late 8 valence electrons only, i.e., nsznp1 electrons of the
group-1I1 metal element and 2s*2p* electrons of nitrogen.
Such approach has been used in the previous paper [8].
Denis and Balasubramanian [7] have shown that after
including in CCSD(T) also core-valence 3p®3d'° electrons
of Ga in the GaN molecule the X3~ — °IT excitation
energy is reduced by more than by 50%. The equilibrium
bond length is lowered by 0.05-0.06 A for both states when
going from 8 to 18 correlated electrons. Their MRCI
calculations for the ground state show that w. increased
by only 13cm™! and the dipole moment increased by
0.16 Debye after including the 3d'® electrons. No informa-
tion about the importance of correlating the 3d'° electrons
is given for w, at the CCSD(T) level. Thus, it is necessary to
correlate at least 18 electrons, even if this is not docu-
mented in a systematic way. It is interesting to note that
even with 8 correlated electrons only, the X’ state of
GaN is correctly calculated [7] as the ground state by
CCSD(T), while for valence isoelectronic BN and AIN
molecules [15-17] the authors [17] report some problems
of CCSD(T) in the proper ordering of different states. We
believe that systematic consideration of the number of
explicitly correlated electrons within MRDCI, CASPT?2,
and CCSD(T) methods, using InN as a typical example
of the group-III nitrides may bring some methodological
knowledge useful in subsequent theoretical treatment of
larger clusters of these molecules potentially important
from the technological point of view. Finally, we also
present results with two differently constructed pseudopo-
tentials in which 5s%5p' or 4d'°5s*5p' subshells are
included in the reference valence set from which SCF orbi-
tals are created.

Even if indium is not too heavy element, spin—orbit
effects may affect spectroscopic properties of the two states
under consideration differently. This follows from the fact

that the spin—orbit splitting of the *IT state may be large
enough to push one of the SO split components of InN clo-
ser towards (even if not below) the *X~ state. Related cal-
culations were recently published for the indium fluoride
molecule [18]. A possibility of the reversed sequence of
the >~ and the *I1 states due to spin—orbit effects is quite
expected for the heaviest molecule in the MeN series, TIN,
which will be treated in a separate paper.

2. Calculations

All calculations were performed within the C,, symme-
try, the z-axis coinciding with the In-N bond. In MRDCI
calculations, relativistic effective core potential (RECP)
have been employed for the inner shells, leaving 4d, Ss,
and 5p subshells for indium [19] and 2s and 2p for nitrogen
[20] in the valence space. More specifically, when using
RECPs we performed 18 electron SCF and either 8 or 18
electron MRDCI calculations. In all cases we include the
FCI correction. In all-electron CC and CASSCF/CASPT?2
calculations we used ANO-RCC basis set [21] with large
contractions for both indium  (22s19p13d5f3g)/
[10s9p8d5f3g] and nitrogen (14s9p4d3f2g)/[8s7p4d3f2g].
The number of correlated electrons (8, 18 and 26, i.e.
2s%2p® electrons for N and 5s?5p';4d'%5s%5p'; and
4s4p%4d'°55%5p!, respectively, for In) in CC and CASPT?2
calculations was systematically increased to elucidate the
core-valence effects.

In spin-free calculations, we used two valence active
spaces in the CASSCF step. Space I included 8 electrons
in 8 orbitals (12a,/5b,/5b,/2a, inactive, 4a,/2b,/2b,/0
active), followed by CASPT2 calculations with 8, 18
and 26, respectively, correlated electrons. Space II included
8 electrons in 14 orbitals (12a,/5b;/5b,/2a, inactive, 7a,/
3b,/3b,/1a, active), followed by CASPT2 with 18 corre-
lated electrons only.

Relativistic effects in MRDCI were included in the
RECPs developed for indium and nitrogen [19,20]. The sec-
ond order spin-free Douglas—Kroll-Hess Hamiltonian
(DKH) [22] was used to calculate molecular properties con-
sidering scalar relativistic effects within the spin-adapted
CCSD(T) [23,24] and the CASPT2 method [25] as imple-
mented in the MoLcas program [26]. This should be consid-
ered as a lowest order counterpart of the spin-free infinite-
order two-component method [27], to take into account
both scalar and spin—orbit one-electron relativistic effects
simultaneously. We note that the DKH method usually
provides reasonably accurate account of the scalar relativ-
istic effects. CCSD and CCSD(T) dipole moments and
dipole polarizabilities were calculated using the finite field
perturbation theory [28] with external electric field
strengths 0.0005, 0.001, and 0.002 a.u., respectively.

Spin-orbit effects are expected to be important particu-
larly for the °IT excited state of InN. We exploited the
Restricted Active Space State Interaction method, CASS-
CF/CASPT2/RASSI-SO  (shortly CASPT2/RASSI-SO)
introduced by Roos and Malmgqvist [29]. The performance
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of this method and comparison with experiment were
clearly demonstrated in the cited paper. Our calculations
were performed using both active spaces (I and II), with
18 electrons correlated in the CASPT2 step. Four states
(°I1, *%, °I1, and > ") dissociating to the atomic ground
states (*S N, ?P In) were considered, leading to 24 relativ-
istic states.

3. Results and discussion
3.1. Spin-free calculations

CASPT2 and MRDCI potential energy curves are
shown in Fig. 1. Obviously, correlating the 4d'® electrons
is important particularly for the °IT state. For example,
when correlating also 4d'® electrons in the MRDCI calcu-
lations the gap between the *IT and the XX~ states, excita-
tion energy 7., decreases significantly.

Using the CASPT2 method, we have examined further
extension of the correlation space by including also
4s%4p° electrons (see upper part of Fig. 1). This alters the
shape of the potential energy curves of both states
marginally.

Systematic comparison of spectroscopic constants using
MRDCI, CASPT2, and CCSD(T) methods is in Table 1.
The first row reproduces our previous results employing
RECP with only the 5s and 5p subshells in the valence
space for In and 2s and 2p subshells for N (i.e., 8 electrons
used in SCF). Results with RECPs in which 4d electrons
along with 5s and 5p subshells are left in the valence space
of In are in the second row of Table 1. The comparison
clearly demonstrates large sensitivity of spectroscopic con-
stants to the selection of the core potential. Most affected is
the *~~ — °II excitation energy, by 0.275eV. With the
RECP leaving 18 electrons in the valence space and corre-
lating 8 electrons in MRDCI, T, is too large, 0.315¢eV.

Correlating 18 electrons, T, goes down to 0.12 ¢V, which
agrees reasonably well with best results from CASPT2
and CCSD(T).

CCSD(T) results for 7, exhibit similar trends as
MRDCI with respect to correlating 8§ or 18 electrons
(T.=0.293 and 0.191 eV, respectively). The sensitivity of
CCSD(T) results to the number of correlated electrons is
also reflected in relatively large contributions to 7, arising
from the triple excitations in CCSD(T), see Table 1. Final
extension to 26 correlated electrons modifies 7, marginally
(T.=0.189 eV). CASPT?2 excitation energy (smaller active
space I) is much less sensitive to the number of correlated
electrons than it was with CCSD(T), but the trend is anal-
ogous. With the active space II and correlating 18 elec-
trons, T, is almost the same as with the smaller active
space 1. Best values of T, calculated with our three methods
lie in the interval of 0.11-0.19 eV.

The pattern with respect to the number of electrons cor-
related in MRDCI, CASPT2 and CCSD(T) is qualitatively
the same for R, and T, with all three methods. We note
that after increasing the number of correlated eclectrons
from 8 to 18 is R. of the XX~ state reduced by
0.246 a.u. when using CCSD(T) and by 0.046 a.u. with
CASPT?2. R, of the *IT state is reduced with the two meth-
ods by 0.283 and 0.048 a.u., respectively. Less transparent
pattern is found for w, of the ground X>Z~ state which is
largest with 8 electrons correlated in CCSD(T) and
decreases by 43 cm ™! when correlating 18 and 26 electrons,
in contrast to MRDCI which exhibit the opposite ten-
dency. w. of the X’X~ state calculated with CASPT? is
more sensitive to the selection of the active space than to
the number of correlated electrons. The same holds for
the *II state. In addition, we see no regular trend of .
for this state with increasing number of correlated electrons
in CASPT2. Differences in spectroscopic constants are
understandable considering the different mechanism of
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Fig. 1. CASPT2 (active space I) and MRDCI potential energy curves of InN. Numbers in parentheses refer to the number of correlated electrons. Lower
group of curves result from the MRDCI data, upper curves arise from CASPT?2 (shifted by 1 eV up for better readability).
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Table 1
Spectroscopic properties of non-relativistic triplet states of indium nitride
State method Electrons correlated X3z 1°I T. (eV)
R, (bohr) . (cm™") R. (bohr) e (cm™")

Previous work® 8 4.044 486.4 3.761 563.0 0.040
MRDCI/RECP 8 4.451 426.1 4.428 4414 0.315
MRDCI/RECP 18 4.259 537.0 3.952 632.4 0.119
CASPT2/ANO-RCC® 8 4215 439.0 3.921 527.6 0.137
Ditto with averaged m-orbitals 3.933 524.1 0.126
CASPT2/ANO-RCC" 18 4.169 439.1 3.873 536.5 0.112
Ditto with averaged m-orbitals 3.875 533.7 0.116
CASPT2/ANO-RCC® 26 4.171 436.6 3.871 534.8 0.108
Ditto with averaged m-orbitals 3.873 532.1 0.111
CASPT2/ANO-RCC® 18 4.163 447.3 3.884 5223 0.111
CCSD(T)/ANO-RCC 8 4.417 488.5 4.185 512.5 0.293 (0.370)¢
CCSD(T)/ANO-RCC 18 4.171 445.1 3.902 516.1 0.191 (0.282)¢
CCSD(T)/ANO-RCC 26 4.169 445.5 3.900 517.4 0.189 (0.280)¢

* Ref. [8].

® Active space I.

¢ Active space I1.

4 CCSD results in parentheses.

Table 2

treating the dynamic correlation within the three methods.
Nevertheless, our best results for w, with CCSD(T) and
CASPT?2 (18 electrons correlated, active space II) lie in
quite narrow interval, 445-447 cm™' for the X’Z~ state
and 517-522 cm™" for the °IT state. MRDCI results for
. are too large. We remind that in MRDCI we used a sig-
nificantly smaller basis set [19] than in CASPT2 and
CCSD(T) calculation.

Table 1 contains two sets of CASPT2 data for the °IT
state: with and without averaging the n-orbitals. Non-aver-
aged orbitals represent a symmetry broken solution result-
ing from a particular selection of reference orbitals in the
computational C,, symmetry. Fortunately R., w. and T,
with the averaged and non-averaged m-orbitals are gener-
ally similar. Also single-determinant ROHF CC results
may be affected by the selection of the symmetry broken
reference orbitals. Averaging could be done by reducing
the symmetry to C,, which brought some computational
problems. It is encouraging that the CCSD(T) results (18
and 26 correlated electrons) agree reasonably well with
the cluster of CASPT?2 data.

3.2. Spin—orbit calculations

Six different relativistic states arise from the °IT and
%~ states of InN: 2, 1, 0" and 0~ (corresponding to *II)
and 1, 0° (°Z7). For comparison, we present in Table 2
the results obtained in both active spaces. The choice of
the active space in spin—orbit calculations modifies the
location of the avoided crossing leading to non-negligible
differences in w, and 7T for the states 1 and 0.

As one can see from Table 2 and Fig. 2, the relativistic
ground state of the InN molecule is 0" (with almost the
same R, and o, as for the spin-free ground state *X7).
Two avoided crossings, corresponding to 1 and 0" states,
can be seen in Fig. 2. Without these crossings the spin—

Spectroscopic properties of the relativistic states of indium nitride.
CASPT2/RASSI-SO/ANO-RCC calculations®®

State R. (bohr) we (cm™) T. (eV) D. (eV)

XPEC 4163 (4.169) 4473 (439.1) - 1.68 (1.77)¢
1°11° 3.884 (3.873)  522.3(536.5)  0.111(0.112)  1.57 (1.65)°
0" 4.157 (4.163)  441.1 (433.1) - 1.54 (1.63)
1 4157 (4.166)  441.6 (439.2)  0.001 (0.001)  1.54 (1.63)
2 3.882(3.869)  522.6 (538.2)  0.100 (0.099)  1.44 (1.53)
0~ 3.887 (3.876)  521.6 (535.6)  0.133 (0.138)  1.41 (1.49)
1 3.940 (3.936)  789.4 (718.3)  0.133 (0.139)  1.41 (1.49)
0* 3.942(3.937)  705.6 (719.2)  0.154 (0.163)  1.60 (1.66)

@ Inactive orbitals 12a,/5b;/5b,/2a,, active orbitals 7a;/3b,/3bs/1a,, 18
correlated electrons in CASPT2.

® Data in parentheses refer to active orbitals 4a,/2b;/2b,/0a,.

¢ Spin-free results.

4 D, from CCSD(T) with 26 correlated electrons is 1.765 eV.

¢ D, from CCSD(T) with 26 correlated electrons is 1.576 eV.

orbit effects on the InN molecule would be negligible.
Instead, three pairs of similar states are produced. The first
pair includes two lowest states 0" and 1, with the spectro-
scopic properties very close to the spin-free >~ state. The
second pair (2, 07) is the only one which is not affected by
the avoided crossings, leading to similar R, and w, as in the
first excited spin-free *II state. Moreover, average excita-
tion energy of these states is not far from 7, of the spin-free
*I1. The third pair includes second 1 and 0" states, which
are most affected by spin—orbit effects. Bond lengths of
these states are closer to the >IT state than to the X state,
but the respective harmonic frequencies w, are higher by
220-330 cm™ ' when compared to both spin-free low-lying
states. This feature can be clearly seen in Fig. 2 — avoided
crossings of 0" and 1 states lead to narrower potential
energy curves.

Dissociation energies of all relativistic states are mainly
affected by the relatively large spin—orbit splitting of the
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Fig. 2. CASPT2/RASSI-SO (active space IT) potential energy curves of six lowest relativistic states. Inset shows detail around the avoided crossing region

and the minima.

(2 + 4) 2P states of In (experimental value is 0.276 eV [29]).
Twenty-four relativistic states of InN, including degenera-
cies, which arise from four spin-free states (31'1, 3%, oI,
33 7) dissociating to the ground atomic states (*S of nitro-
gen and P of indium) are divided in the dissociation limit
into 8 and 16 states with the energy gap of ~0.25¢V. This
value agrees reasonably well with the experimental SO
splitting of the ?P states of In. This behavior is expected,
since the splitting of the *S state of N is negligible. As
one can see from Fig. 2, the only state out of the nine low-
est states not belonging to the lower group is 0", whose dis-
sociation energy is thus the highest of all the states
considered. For all other states the differences in D, due
to the SO splitting (not larger than 0.03 eV in the larger
active space, see Table 2) can be attributed to the SO split-
ting in the equilibrium region.

3.3. Dipole moments and dipole polarizabilities

Since the pattern of changes of spectroscopic constants
with the number of correlated electrons is similar for all

Table 3
Dipole moments (Debye) and parallel polarizabilities (a.u.) of InN (ANO-
RCC basis set, R, taken form the last row of Table 1)

Method Electrons correlated 35 1
H il H il

HF 2.988 58.69 2.669 65.61
CCSD 8 2.828 65.88 2.075 62.93
CCSD 18 3412 65.78 2.693 69.09
CCSD 26 3.419 65.56 2.709 68.96
CCSD(T) 8 2.725 68.96 1.959 64.55
CCSD(T) 18 3.324 69.06 2.602 71.18
CCSD(T) 26 3.325 68.87 2.612 71.06

three correlated methods only results for dipole moments
and dipole polarizabilities calculated with CCSD and
CCSD(T) methods are presented in Table 3. To correlate
just 8 valence electrons of InN is insufficient for both states.
At the same time, to correlate 26 valence and core-valence
electrons is not needed for dipole moments of both X>Z~
and °IT states. The electron correlation effect is larger for
the dipole moment and the parallel polarizability of the
ground XTI~ state (representing 10% and 14.8% of the
final value, respectively) than for the °II state (2% and
7.7%, respectively).

4. Conclusions

We have demonstrated the performance of the spin-free
CCSD(T) and CASPT2 methods in obtaining the bond
length and the vibrational harmonic frequency for both
low-lying X*2~ and *I1 states of the InN molecule. Recom-
mended R, for the X>X~ and the °IT states are 4.17 and
3.90 bohr, harmonic frequencies are 445 and 517 cm” !,
respectively. Results using MRDCI with effective core
potentials and CASPT?2 results deviate slightly from these
values. For obtaining reasonable results, at least 18 elec-
trons must be considered in the treatment of the dynamic
electron correlation. The excitation energy varies slightly
with the method, lying in the interval of 0.11-0.19 eV.
The highest value follows from CCSD(T). Since the largest
t, and t, CCSD amplitudes near the equilibrium distance
are reasonably low, 0.03 (7;) and 0.03 (z,) for the X’Z~
state and are still acceptable for the *II state (0.14 (1)
and 0.05 (¢,), respectively), we expect that CCSD(T) should
be highly reliable in predicting molecular properties of
InN. Good performance of the single-determinant refer-
ence CCSD(T) method is also supported by CI calculations
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which show that the leading CI configuration is larger than
0.9 for both *X~ and the °IT states, in line with previous
findings for the isoelectronic GaN molecule [7].

Spin—orbit interactions lead to the avoided crossing of
the 1 and 0" states resulting in non-negligible change in
the shape of the potential energy curves. Thus, spectro-
scopic properties of InN are slightly modified. R, and w,
for the ground 0" state are lower by 0.006a.u. and
6 cm ', respectively, than the values corresponding to the
spin-free X°X~ state. R, and o, for the 2 and 0~ states
(3.88 a.u. and 522 cm™ !, respectively) almost coincide with
the corresponding spin-free °IT values. For the remaining 1
and 0" states R. and o, are larger by 0.06 a.u. and 183-
267 cm ™!, respectively. Excitation energies for different
SO states lie in the interval of 0.10-0.16 eV. Dissociation
energy for the ground 0" state is 1.54 eV and dissociation
energies for different excited SO states (2, 1, 07, and 07)
are 1.44, 1.41, 1.41 and 1.60 eV, respectively.
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