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This paper calculates the potential energy curves (PECs) of the ground state (X' X1) and excited state (Al X 1) of
ScN molecule by multireference configuration interaction method. The correct character of the PECs has been gripped

while they had been improperly reported in the literature.

Based on the PECs, the spectroscopic parameters and

vibrational energy levels are determined, and compared with experimental data and other theoretical works available

at the present.
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1. Introduction

ScN solid is a hard refractory, electrically con-
ducting material,l!! and has widespread use in indus-
try. The ScN molecule is also an interesting sub-
ject for researchers in the molecular spectroscopy and
molecular structure field, for it is one of the sel-
dom example for which the ground state is formed
by the excited states of atoms, i.e., *F state of Sc
and the ground state of N. Actually, several scandium
compounds ScN and ScNT have been analysed.[!—3!
The experimental study of the A'Y* and X'X+
state of the ScN molecule is designed by Ram and
Bernath!!, which is based on the isoelectronic CaO
molecule. Using a Fourier spectrometer, they ob-
served the A' X — X1 YT system of ScN in emission,
and got the equilibrium parameters for the A! X+ and
Xrt.
ground state (X'XT) and some lowest excited states

In respect of theoretical investigations, the

have been calculated by Kunze and Harrison!¥) using
the ab initio multiconfiguration self-consistent-field
(MCSCF) method. However, there are still gaps be-
tween their results and the experiments. Daoudi and
Elkhattabil® have made better results for the ground
state using the configuration interaction by perturba-
tion of a multiconfiguration wavefunction selected it-
eratively (CIPSI) method. However, their bond length

(R.) of A X7 is much shorter than experimental data,
and the other molecular parameters of this state are
not very well. To make matter worse, the potential
energy curves (PECs) of the X' YT and A' X+ states
are intersected in their results (Fig.1), which should
not be intersected according to the avoid intercross
rulel! because the symmetry and the spin of them
are completely same. Therefore, more investigations
are necessary to understand this molecule correctly.
Based on the reliable and high theoretical level ab ini-
tio multi-reference configuration interaction (MRCI)
method and large basis sets, we make a detailed in-
vestigation to PECs and spectroscopic properties of
the two states (XX, A1 XT) of ScN.

2. Computational method

The method we used in this study is the internally
contracted MRCI, which makes possible to perform
considerably high accurate calculations.[8! Its wave
functions include all single and double excitations
relative to complete active space self-consistent field
(CASSCF), and yield results which are in close agree-
ment with corresponding uncontracted calculations.!”]
Our group has successfully obtained the liable PECs
and spectroscopic parameters of many molecules®—16
with MRCI method.
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For the nitrogen atom, the basis set we used is
an augmented triple-zeta (aug-cc-pVTZ). It has a set
of 10s, 5p, 2d, and 1f primitive Gaussian functions
which are generally contracted to 4s, 3p, 2d, and 1f
functions, that is (10s5p2d1f)/[4s3p2d1f].'") We have
tried so many basis sets for atom Sc, but many of
them cannot give satisfactory results. Finally, rela-
tivistic effective core potentials (RECPs) generated
by Dolg and co-workers are employed for Sc. It is
called ECP10MDF[12:18:19] which means that the ten
electrons of the inner shell (1s22s22p%) are frozen, and
the left eleven ones can be active in the configuration
interaction space. These active electrons can be de-
scribed using basis sets as (8s7p6d2flg)/[6s5p3d2flg].
So, in the CASSCF/MRCI calculations, the total ac-
tive electrons of Sc and N reach 18, and the number
of active orbitals is 10.

All the calculations of potential energies are per-
formed using the MOLPRO set of programs,?°! and
spectroscopic parameters and vibrational levels are
calculated in MOLCAS 5.0 program package.?"]

3. Results and discussion

3.1. The character of the potential en-
ergy curves

The PECs of X'X+ and A'X* states are ob-
tained through a serial of single energies at MRCI the-
oretical level. In order to display their character and
perform contrasting credibly, both of them are calcu-
lated using the same orbitals and shown in Fig.1. 51
energy points are calculated in the range of internu-
clear distance from 1.18 to 2.18 A (1 A=0.1nm). The
PECs of the two states by Daoudi and Elkhattabi us-
ing the CIPSI method!®! are displayed in Fig.2.

Just as we well know, the X' Xt and A' X+ states
have the same symmetry and spin, and the curves are
impossible to intersect according to the avoid inter-
cross rule, % that is, at the same internuclear distance,
it is impossible to have the same potential energy for
these two states which have the same symmetry and
multiplicity. But from the Fig.2, we can see that the
two PECs of X! X% and A'X* states intersect each
other at about 1.48 A, which is unreasonable. Fortu-
nately, figure 1 clearly shows that there is no inter-
section for our PECs for the two states, which indi-
cates that the present calculation has gripped their
correct character and the MRCI can give reasonable
results for the states of ScN molecule as expected. So,

we will investigate more molecular properties for the
states based on the present PECs.
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Fig.1. The PECs of the two states (X1 X+, A1 1) of the
ScN molecule, computed with MRCI method and aug-cc-
PVTZ for N, and ECP10MDF for Sc.
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Fig.2. The PECs of the two states (X1 X1, A1 X1) of the
ScN molecule reported by Daoudi and Elkhattabi. (5]

3.2. The spectroscopic properties and vi-
brational levels

To understand the two states more completely
and accurately, we calculate the spectroscopic param-
eters and vibrational levels of the two states and com-
pare them with experimental data as well as other the-
oretical results available in the literature. The spec-
troscopic parameters and vibrational levels are cal-
culated via solving the Schrédinger equation of the
nuclear motion. These calculations are realized with
MOLCAS program package.?! All the calculation re-
In the Table 1, T,
is spectroscopic term and R, is bond length for the

sults are presented in Table 1.

states. We, WeXe; Be, e and DS represent the har-
monic frequency, the anharmonic constant, the ro-
tation constants, the rigid-rotational factor, and the
rotation-vibration coupling constant, respectively.
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Table 1. Spectroscopic parameters for the five states (X1 X+, 35+, A'S+ 1T 3]T) of ScN.
T, in €V, R in A, and other parameters in cm™?!.

1

states methods Te Re We WeXe Be 10t2a, 10T5 D¢
Expt[l] 0.000 1.687 795.0 — 0.5546 0.3718 0.1068
lgt MCSCF4] 0.000 1.768 726.0 0.30 0.5050 0.0300 0.0979
CIPSIb 0.000 1.714 765.5 4.36 0.5370 0.4184 0.1057
Present 0.000 1.750 806.6 3.76 0.5153 0.1153 0.0862
Exptm 0.706 1.695 1045.0 — 0.5492 0.1798 0.0608
Al g+ CIPSIb 0.707 1.584 1025.2 6.48 0.6290 0.5118 0.0947
Present 0.724 1.697 1063.2 7.05 0.5478 0.3485 0.0583

As previously mentioned, there are two theoret-
ical investigations about the ground state and some
low-lying excited states of the ScN molecule in the
literature. One of them is performed with MCSCF, 4!
and the other with CIPSL!®! Let us analyse the ground
state at first. From the Table 1, we can see that, for
the bond length R, , the present value 1.75 A is bet-
ter than 1.768 A of Kunzel® in comparison with the
experimental datum 1.687 A. As for the harmonic vi-
brational frequency, the present value 806.6cm™" is
obviously better than 726.0 cm ™! of Kunze in compar-

—1 [ while

ison with the experimental datum 795.0 cm
765.5cm ! of Daoudil® is not so good in comparison
with our data and the experiment. We can conclude
that both the bond length and the harmonic vibra-
tional frequency are improved in the present calcula-
tions. As for the other parameters, ours are more close
to the experimental data in comparison with MCSCF
method of Kunze although some deviations from the
experimental data still exist. It should be noted that
the ground state of ScN molecule is composed of the
excited state (*F) of Sc atom and the ground state (*S)
of N atom, which makes it difficult to treat for general
computational method. Therefore it is not surprising
that the present computational results still have some
deviations from the experimental data although high-
level MRCI method and large basis set aug-cc-PVTZ
are employed.

Now we take the excited state A YT into account.
The Table 1 shows that the values of R, and w,. of
A5+ are 1.697 A and 1063.2cm™!, respectively, and
the deviations between our data and the experimental
values are 0.118% and 1.74%, respectively. We can
compare our results of the state with those of Daoudi,
since Kunze has not treated this state in their MC-
SCF calculations. Using the CIPSI method, Daoudi
provided the corresponding values which are 1.584 A

and 1025.2cm™!.
experimental data are 6.55% and 1.89%, respectively.

The errors between them and the

Obviously, our results are significantly improved in
comparison with those of Daoudi. One can also find
from the Table 1 that the other spectroscopic param-
eters are much better than the CIPSI in comparison
with experimental data. On the whole, the results
for A' X+ are better than those of the X! X state as
discussed above in comparison with the experimental
data and theoretical results in the literature.

In order to further study the properties of the
two states, we calculate the vibrational energy levels
of these two states using the obtained PECs. They are
presented in Table 2. E; and E are the energy levels
of the X' X+ and A' X+ states, respectively. Unfortu-
nately, to our best knowledge, there are no experimen-
tal energy levels reported for them up to date. Con-
sidering that the spectroscopic parameters at present
computational level are in good agreement with the
experimental values, we believe that these vibrational
energy levels based on the same PECs are credible and
can be used as a useful guide for future theoretical in-
vestigations or experimental measurements.

Table 2. Vibrational levels with J=0, F; and Ea in
cm~!. The vibrational ground state of the electronic ex-
cited state is set to zero for convenience.

v £y Ea

0 0.00 0.00

1 799.69 1049.19
2 1591.52 2085.32
3 2376.43 3107.99
4 3154.92 4117.56
5 3927.89 5115.10
6 4695.04 6100.95
7 5456.48 7074.93
8 6212.05 8037.77
9 6961.73 8989.60
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4. Conclusion

The correct PECs of the two X* states of ScN
molecule, which have been reported improperly in the
literature, have been obtained using the high level
MRCI method and large basis sets. Moreover, spec-
troscopic parameters of them, especially of the ex-
cited state A' YT, are obviously improved in our cal-

culations in comparison with the experimental data
and theoretical results in the literature. However, for
some spectroscopic parameters, there are still gaps be-
tween the experimental data and the theoretical val-
ues. Therefore, more complicated method is still ex-
pected to more accurately describe such a particular
molecule that the ground state is formed from the ex-
cited states of atoms.
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