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The experimental data associated with the [12.3]2R� � X2P3/2, [12.3]2R� � X2P1/2, and [12.3]2R� � B2R+

transitions of NiCl have been reanalyzed. New molecular parameters for the states involved in these
transitions are reported and compared with previous values.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Previously, we used intracavity laser absorption spectroscopy
and Fourier transform emission spectroscopy to record several
electronic transitions of NiCl in the near infrared [1–6]. Three of
these studies involved the [12.3]2R+ state, and described analyses
of the [12.3]2R+ � X 2P3/2, [12.3]2R+ � X 2P1/2, and [12.3]2R+ � B
2R+ transitions. This note describes the rationale for the reassign-
ment of the [12.3]2R+ state to a [12.3]2R� state, and refits the tran-
sitions connecting to the [12.3]2R� state to yield new molecular
parameters for all states involved in the three transitions.

A recent theoretical treatment of the low-lying states of dia-
tomic nickel halides was given by Hougen [7]. Briefly, Hougen’s
work views the chloride ion as a small perturber to the atomic
Ni+ cation. Fig. 1 illustrates the two different treatments used to
explain the low-lying electronic states of NiX. The experimental
term energies for the low-lying states of NiCl are presented in
the thick lines in column six, and their X values are provided.
The treatment appropriate for a large spin-orbit splitting and a
small crystal-field splitting is given on the right side of this figure,
where the Ni+ 3d9 electron configuration found in ionic Ni+X� mol-
ecules produces a 2D atomic term which splits into the 2D3/2 and
2D5/2 levels due to the atomic spin orbit interaction. Subsequently,
crystal field theory is used to model the halide (ligand) interaction
with the 2D3/2 and 2D5/2 levels to create the molecular electronic
states. The treatment appropriate for a small spin-orbit splitting
and a large crystal-field splitting is given on the left side of
Fig. 1, where crystal field theory is applied first, splitting the metal
d orbitals into 2D, 2P, and 2R+ levels (shown in the ‘‘A = 0 mol.’’ col-
umn). Then the diagonal molecular spin-orbit interaction is added
(indicated by ‘‘AKR’’), followed by off-diagonal interactions. From
this diagram, it is quite clear that that the low-lying NiCl energy
levels correlate quite elegantly with those of the ‘‘AL�S atom’’
model.

Using this approach, Hougen’s work developed the rotational
Hamiltonian for the |L,S; JeXe›|J,X› basis set [7]. Several relation-
ships were proposed between the X-doubling parameters of the
two low-lying X = ½ levels, and a means to predict the two X-dou-
bling parameters was given as well. For NiCl, the predicted spin-
rotation parameters (which represent the traditional way of
parameterizing X-doubling effects in 2R states [7]) were both of
similar magnitude but of opposite sign to those given in our origi-
nal analyses for the X 2P1/2 and B 2R+ electronic states [4,5], as
shown in Table 1. This discrepancy suggested that the NiCl transi-
tions may have been assigned incorrectly.

A second discrepancy in the literature also prompted this
reanalysis. A 2006 paper by Zou and Liu [8] reported results of
high-level ab initio calculations on the electronic structure of the
nickel halide molecules. For NiCl, their work predicted only excited
2R� and 4R� states near 12300 cm�1.

These discrepancies pointed to an obvious solution: reassign
the [12.3]2R+ as a [12.3]2R� state and refit the experimental data
as [12.3]2R� � X2P1/2 and [12.3]2R� � B2R+ transitions, correcting
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Fig. 1. Energy level diagram for the low-lying states of NiCl (in cm�1). The
experimental energies for the low-lying states of NiCl are presented by the thick
lines in column six, and their X values are given. Reprinted from [7] with the
author’s permission.

Table 1
Theoretical and experimental values of p/2B for the X2P1/2 and B2R+ state of NiCl.

p/2B, theory [7] p/2B, Expt [1,3,5] p/2B, Expt (this work)

X2P1/2 �2.46 +2.32 �2.32
B2R+ +1.46 �1.32a +1.32a

a Converted from the spin-rotation c value as described by Hougen [7].

Table 2
Molecular constants (in cm�1) for the [12.3]2R� and B2R+ states of NiCl. Values from
our previous analyses [1,3,5] are given in italics.

[12.3]2R� B2R+

T0 12252.1867(13)a 1768.5289(30)
12252.1895(14) 1768.0586(31)

B 0.17045617(72) 0.1799455(14)
0.17045427(87) 0.1799441(15)

D � 106 0.127910(96) 0.11268(20)
0.12757(14) 0.11214(22)

H � 1012 – 0.4549(73)
�0.034(11) 0.420(13)

c �0.746635(24) 0.83339(10)
�0.746676(30) �0.11365(10)

cD � 106 0.4758(27) �0.761(24)
0.4843(43) 1.33(24)

cH � 109 – �0.1798(13)
– 0.1854(13)

a One standard deviation is given in parentheses.

Table 3
Molecular constants (in cm�1) for the X2P1/2 and X2P3/2 states of NiCl. Values from
our previous analyses [1,3,5] are given in italics.

X2P1/2 X2P3/2

T0 385.2444(31)a 0.0
385.666(2) 0.0

B 0.1807834(25) 0.181503887(12)
0.180778(2) 0.181503836(20)

D � 106 0.16704(41) 0.126833(13)
0.1652(3) 0.126770(25)

H � 1012 �0.580(64) �0.1004(45)
�0.34(3) �0.1232(93)

p �0.83904(21)
0.8391(1)

pD � 105 �0.363(14)
0.390(7)

pH � 109 �0.506(24)
0.40(1)

q � 105 �0.115225(14)
0.115228(14)

a One standard deviation is given in parentheses.
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both issues. Additionally, the [12.3]2R� � X2P3/2 transition also
was refit, to produce a secure X-doubling q value for the ground
state of NiCl.

The data from the previous papers [1,3,5] were thus reana-
lyzed with reversed e/f symmetry in each of the [12.3]2R�,
B2R+, X2P1/2 and X2P3/2 states. For example, a Pf line became
a Pe line, and a Qfe line was refit as a Qef line. The new constants
for the [12.3]2R�, B2R+, X2P1/2 and X2P3/2 are given in Tables 2
and 3, and compared with our previous literature values. The
rotational energy level expressions for each state are given in
the original papers [1,3,5].

The new X-doubling values for the two low-lying X = ½ states
are similar in magnitude and of the same sign as those given in
Hougen [7], which are shown in the right column of Table 1. Addi-
tionally, Hougen predicted changes for the rotational and X-dou-
bling parameters in the [12.3]2R�, B2R+, X2P1/2 and X2P3/2

states: for the [12.3]2R� state, all molecular constants would stay
the same; for the X2P1/2 and X2P3/2 states, the sign of the X-dou-
bling constants would change but all other constants remain the
same; and for the B2R+ state, the band origin is changed to
m0,new = m0 + 2B � c, and the c value changed to cnew = 4B � c [7].
Each of these predicted changes has occurred. Slight changes to
all the molecular constant are noticeable in Tables 2 and 3, and
we believe these are due our global fit of all three bands instead
of the separate band-by-band fits used in the previous papers
[1,3,5].

It is interesting to note that the sign of the X-doubling param-
eter in the X2P3/2 state is now reversed. Hirao et al. [9] reported the
first X-doubling value for the ground state, qJ = 11.35 � 10�7 cm�1.
In the text they report, ‘‘Note that qJ was assumed to be positive’’
[9]. In their analysis, they were unable to determine the sign of
qJ, and unfortunately chose the wrong sign. This unintentional er-
ror has propogated throughout the NiCl literature, and has im-
pacted X-doubling parameters in virtually all of the electronic
states. Indeed, as a result of the parity reassignments in this paper,
the parities of the levels of other previous analyzed excited elec-
tronic states of NiCl may also have to be changed to avoid inconsis-
tencies [e.g., 9–13]. A similar situation in the NiF literature has
prompted a reanalysis of the X-doubling in NiF electronic states
[14].

The work of Hougen [7] and Zou and Liu [8] are excellent exam-
ples of theoretical work assisting in the analysis of experimental
spectra, and highlight the symbiosis between theorists and
experimentalists.
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