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From a comparison with the spectrum of NiF, a low-lying 2⌺ ⫹ state is expected to lie in the first 2000 cm ⫺1 above the ground
X ⌸ 3/ 2 state of NiCl. The identification of this 2⌺ ⫹ (v ⫽ 0) state (at 1768 cm ⫺1) has been carried out through the analysis of
two electronic transitions 2⌸ 3/2– 2⌺ ⫹ (22 720 cm ⫺1) and 2⌸ 1/2– 2⌺ ⫹ (23 210 cm ⫺1) recorded by high-resolution Fourier transform
spectroscopy. Dispersed fluorescence spectroscopy allowed these transitions to be located on an absolute energy-level diagram
that includes the previously studied electronic states. © 2000 Academic Press
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forbidden transition between the upper 2⌸ 1/2 state and the
X 2 ⌸ 3/ 2 ground state (Fig. 1).
High-resolution Fourier transform experiments provided
spectra which have been rotationally analyzed and identified as
the 2⌸ 3/2– 2⌺ ⫹ (22 720 cm ⫺1) and the 2⌸ 1/2– 2⌺ ⫹ (23 210 cm ⫺1)
transitions. This work thus reports on a new low-lying 2⌺ ⫹
state located at 1768 cm ⫺1 above the ground 2⌸ 3/2 state.

I. INTRODUCTION

In a recent paper (1) the X 2 ⌸ 3/ 2 (v ⫽ 0) and the
[0.16]A 2 ⌬ 5/ 2 (v ⫽ 0) spin– orbit components of the low-lying
electronic states of 58Ni 35Cl have been found through the rotational analysis of two electronic transitions linking these states
to a common upper 2⌬ 5/2 (v ⫽ 0) state located at 21 905 cm ⫺1.
Comparison with the isovalent molecule NiF (2) suggests that
a low-lying 2⌺ ⫹ state must be observed in the vicinity of the
X 2 ⌸ i and A 2 ⌬ i states. Each of these states is associated,
respectively, with  4␦ 4,  2 3␦ 4, and  2 4␦ 3 molecular electronic configurations, correlating with the 3d atomic orbital on
the nickel atom (3). The states correspond to 3d  ⫺1 , 3d  ⫺1 ,
3d ␦ ⫺1 electron holes on the nickel atom. Selection rules prevent the observation of any transition between the known upper
2
⌬ 5/2 state and a 2⌺ state. To observe such a 2⌺ state it was
necessary to identify first a 2⌸ (or a 2⌺) excited state and in a
second step to locate and analyze a possible 2⌸– 2⌺ (or a
2
⌺– 2⌺) transition.
The emission spectrum of NiCl is rather dense in the visible
spectral region and, except for the two previously analyzed
bands (1), the bands are often overlapped and have only a
modest signal-to-noise ratio in our spectra. In addition Ni
atomic lines, emitted by the microwave discharge, frequently
overlap the spectral regions of interest. Low-resolution fluorescence experiments provided useful information to build an
energy-level diagram leading to the identification of a new
excited 2 ⌸ i state, the ⍀ ⫽ 23 spin– orbit component of which is
linked to the X 2 ⌸ 3/ 2 and the A 2 ⌬ 5/ 2 states. Both the ⍀ ⫽ 23
(24 490 cm ⫺1) and the ⍀ ⫽ 12 (24 975 cm ⫺1) spin components
are linked to a 2⌺ ⫹ state (1768 cm ⫺1). The identification of
these transitions has been helped by the observation of a weak
1
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II. EXPERIMENTAL DETAILS

Both fluorescence and Fourier transform experiments have
been described in a previous paper (1). In the laser-induced
fluorescence experiments, nickel vapor produced in a heated
graphite tube reacts with CH 3Cl to produce NiCl. The laser
beam of a broadband cw dye laser (Coherent 699-01) running
with stylbene 3 dye interacts with the molecules, and the
resultant fluorescence signal is focused on the entrance slit of
a spectrometer. The dispersed light is recorded by a photomultiplier tube using a lock-in amplifier and a chart recorder.
The Fourier transform emission spectra were recorded with
a Bruker IFS 120 HR spectrometer. Heated NiCl 2 vapor is
carried by He buffer gas in a quartz tube located inside a 2450
MHz microwave discharge. Spectra from 19 800 to 26 500
cm ⫺1 were recorded with a visible quartz beamsplitter. To
eliminate strong atomic lines and to narrow the wavelengths
region to improve the signal-to-noise ratio, we inserted a
500-nm blue-pass filter (Corion LS-500) in front of the photomultiplier tube. In total 10 scans were accumulated in 10 min
at a spectral resolution of 0.03 cm ⫺1. The signal-to-noise ratio
was about 10 and the typical linewidth was 0.07 cm ⫺1. The
accuracy of line positions was estimated to be better than 0.007
cm ⫺1.
The spectrometer was not evacuated, so all line positions
were corrected for the refractive index of air (4, 5). To convert
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internal He–Ne laser emits exactly at 15 798 cm ⫺1, and ˜ vac
indicates the vacuum wavenumber. Calibration was carried out
using He atomic lines present in our spectra. Standard He line
positions were determined in a separate experiment with He/Ar
mixture with the Ar lines taken from the literature (7), and the
calibration factor was 1.00000223.

III. DESCRIPTION OF THE ELECTRONIC STATES
LINKED BY FLUORESCENCE EXPERIMENTS

FIG. 1. Energy-level diagram of the observed transitions of NiCl including the two transitions [21.9] 2 ⌬ 5/ 2 –X 2 ⌸ 3/ 2 and [21.9] 2 ⌬ 5/ 2 –[0.16]A 2 ⌬ 5/ 2
analyzed in Ref. (1). The energies are T 0 values and the dashed line is the
unanalyzed forbidden transition [24.9] 2 ⌸ 1/ 2 –X 2 ⌸ 3/ 2 .

the line positions to vacuum wavenumbers, we applied the
polynomial expression obtained using Edlén’s formula (6)
⌬ ⫽ ˜ ex ⫺ 15 000,

[1]

␦ ⫽ ⫺6.619702 ⫻ 10 ⫺3 ⫹ 6.7274390 ⫻ 10 ⫺6 ⫻ ⌬
⫹ 7.367955 ⫻ 10 ⫺10 ⫻ ⌬ 2 ⫹ 1.864215 ⫻ 10 ⫺14
⫻ ⌬ 3 ⫹ 1.22781 ⫻ 10 ⫺19 ⫻ ⌬ 4 ⫹ 2.46704 ⫻ 10 ⫺24
⫻ ⌬ 5 ⫹ 2.8993 ⫻ 10 ⫺29 ⫻ ⌬ 6 ,

[2]

˜ vac ⫽ ˜ ex ⫺ ␦ ,

[3]

where ˜ ex is the measured spectral position in reciprocal centimeter units in the atmosphere assuming that the standard

In a first step, fluorescence experiments showed that an
electronic state located at 24 490 cm ⫺1 was linked to the
X 2 ⌸ 3/ 2 and the [0.16]A 2 ⌬ 5/ 2 states. In addition an intense
fluorescence signal was observed at 22 720 cm ⫺1 , suggesting
the presence of a new electronic state located at 1768 cm ⫺1
above the ground state. Among the numerous bands probed
when the laser was tuned to a bandhead situated at 23 210
cm ⫺1 was a weak-induced fluorescence signal at 24 980
cm ⫺1 , i.e., 1770 cm ⫺1 to the blue of the laser-excited transition. In the first experiment the upper state has been
considered to be a [24.5] 2 ⌸ 3/2 state linked to the X 2 ⌸ 3/ 2 state
(24 490 cm ⫺1 transition), to the [0.16]A 2 ⌬ 5/ 2 state (24 330
cm ⫺1 transition), and to a new 2 ⌺ ⫹ state (22 720 cm ⫺1
transition). The second fluorescence experiment suggests
that a [24.9] 2 ⌸ 1/2 state is the upper state of a [24.9] 2 ⌸ 1/ 2 –
X 2 ⌸ 3/ 2 forbidden transition (24 977 cm ⫺1 ) and of a transition (23 210 cm ⫺1 ) connecting to the same new 2 ⌺ state. All
these states and the associated transitions are drawn on an
energy-level diagram (Fig. 1). These assumptions about the
nature of the transitions have been confirmed by the study of
the high-resolution spectra provided by Fourier transform
spectroscopy experiments: the characteristic pattern of a
2
⌸– 2 ⌺ transition was observed for both the 22 720 cm ⫺1
(Fig. 2) and the 23 210 cm ⫺1 transition. In addition the
occurrence of Q branches has been checked in order to
support the nature of the states in the other observed transitions involving the X 2 ⌸ 3/ 2 and the [0.16]A 2 ⌬ 5/ 2 states.
A general survey of the 19 800 –26 300 cm ⫺1 spectral
region shows that the high quality of the recordings of the
two bands (21 750 and 21 905 cm ⫺1 ) recently published (1)
is not obtained for the other bands. The signal-to-noise ratio
is only moderate for the new bands analyzed in the present
work, and this leads to intensity alterations which make it
difficult in some cases to identify the lines belonging to a
branch. In addition some branches of the new transitions are
missing and there are numerous nickel atomic lines that
severely overlap the rotational structure. As a consequence,
a step-by-step procedure has been followed in the work. We
started the analysis of a band only when the rotational
constants and (if needed) the fine-structure constants of one
of the two involved states were known from a previously
analyzed transition.
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The [24.5] 2⌸ 3/2 (v ⫽ 0)–[1.7] 2⌺ ⫹ (v ⫽ 0) transition of NiCl.

IV. ROTATIONAL ANALYSIS OF THE
[24.5] ⌸ 3/2–[0.16]A 2⌬ 5/2 (24 330 cm ⴚ1) AND OF THE
[24.5] 2⌸ 3/2–X 2⌸ 3/2 (24 490 cm ⴚ1) TRANSITIONS
2

The analysis of these two transitions was straightforward
because the parameters of the [0.16]A 2 ⌬ 5/ 2 and X 2 ⌸ 3/ 2 states
are now well known (1). In the [24.5] 2 ⌸ 3/ 2 –[0.16]A 2 ⌬ 5/ 2
transition, three branches Q ( J ⫽ 9.5 to J ⫽ 77.5), P ( J ⫽
9.5 to J ⫽ 76.5), and R ( J ⫽ 23.5 to J ⫽ 62.5) allowed for
an easy determination of the parameters of the upper state.
Despite the high J values reached in the Q and P branches, no
splitting of the lines was in evidence. One can conclude that
there is no ⌳-doubling in the [24.5] 2⌸ 3/2 spin– orbit component.
The second transition [24.5] 2 ⌸ 3/ 2 –X 2 ⌸ 3/ 2 (24 490 cm ⫺1) is
more congested because of the presence of a splitting proportional to J 3 in the ground X 2 ⌸ 3/ 2 state (1). As a consequence,
two branches R ee and R ff ( J ⫽ 32.5 to J ⫽ 68.5) have been
found and the splitting of the lines starts at J ⫽ 38.5. Only one
P branch is observed between J ⫽ 10.5 and J ⫽ 30.5. A fit
of the two transitions using the classical effective expressions
(8) to characterize the terms values of the three states led to
accurate values of the rotational B and centrifugal distortion D
parameters for the upper [24.5] 2⌸ 3/2 state. These reliable term
values for this state was the key to the analysis of the [24.5]2⌸ 3/2–
[1.7] 2⌺ ⫹ transition.
In addition it has been possible to rotationally analyze the
0 –1 (23 900.7 cm ⫺1) and 1– 0 (24 737.4 cm ⫺1) bands of the
[24.5] 2 ⌸ 3/ 2 –[0.16]A 2 ⌬ 5/ 2 transition, the lines of which are
collected in Table 1. The derived parameters from a fit using a
polynomial description (8) for the v ⫽ 1 level of the [24.5] 2⌸ 3/2
are T 1 ⫽ 24 895.613(3) cm ⫺1, B 1 ⫽ 0.173688(30) cm ⫺1,
and D 1 ⫽ 1.185(20) ⫻ 10 ⫺7 cm ⫺1.

V. ROTATIONAL ANALYSIS OF THE [24.5] 2⌸ 3/2–[1.7] 2⌺ ⴙ
TRANSITION (22 720 cm ⴚ1)

The pattern of this band (Fig. 2) is characteristic of a
transition between a (Hund’s case a) 2⌸ state and a (Hund’s
case b) 2⌺ state (8). The head-forming S R ee branch is easy to
identify because of its widely spaced rotational structure. The
R
Q fe head is also clearly visible but the R ff head is overlapped
by an intense nickel atomic line. In absence of any ⌳-doubling
in the upper [24.5] 2⌸ 3/2 state, the e- and f-parity levels of this
state are degenerate. The exact J numbering of the S R ee and the
R
Q fe branches was easily determined from the calculation of
the e-parity term values of the lower 2⌺ ⫹ state derived from the
differences between the upper state term values determined in
Section IV and the experimental wavenumbers of the lines of
these two branches. A good estimate of the B⬙, D⬙, and of the
spin–rotation parameter ␥⬙ was derived and then the lines of
the Q P ee branch were picked out. The congestion in the spectrum made it difficult to identify lines linking the degenerate
term values of the upper [24.5] 2⌸ 3/2 state to the f-parity term
values of the 2⌺ ⫹ state. Moreover, it was obvious that the
spin–rotation parameter ␥ was not accurately determined in a
fit which did not include any lines involving the f-parity levels
of the lower 2⌺ ⫹ state. At this stage of the study, no reliable
estimate of a ␥ D parameter accounting for a centrifugal distortion on the spin–rotation contribution was possible.
Ultimately, the estimated term values of the f-parity levels of
the [1.7] 2⌺ ⫹ lower state led to the identification of some lines
in the R ff , Q ef , and P ff branches, which were then progressively
included in the fit, keeping fixed the parameters of the upper
[24.5] 2⌸ 3/2 state. A satisfying set of parameters for the lower
[1.7] 2⌺ ⫹ state has been derived leading to the determination of
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TABLE 1
Observed Line Positions (in cm ⴚ1) for the [24.5] 2⌸ 3/2 (vv ⴝ 0)–[0.16]A 2⌬ 5/2 (vv ⴝ 0), [24.5] 2⌸ 3/2 (vv ⴝ 0)–X 2⌸ 3/2 (vv ⴝ 0), [24.5] 2⌸ 3/2 (vv
ⴝ 0)–[1.7] 2⌺ ⴙ (vv ⴝ 0), [24.9] 2⌸ 1/2 (vv ⴝ 0)–[1.7] 2⌺ ⴙ (vv ⴝ 0), [24.5] 2⌸ 3/2 (vv ⴝ 0)–[0.16]A 2⌬ 5/2 (vv ⴝ 1), and [24.5] 2⌸ 3/2 (vv ⴝ 1)–[0.16]A 2⌬ 5/2
(vv ⴝ 0) Transitions of 58Ni 35Cl
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TABLE 1—Continued

a ␥ D parameter. Note that a final fit including all the studied
transitions will be described in Section VII.
VI. ROTATIONAL ANALYSIS OF THE [24.9] 2⌸ 1/2–[1.7] 2⌺ ⴙ
TRANSITION (23 209 cm ⴚ1)

Once the term values of the [1.7] 2⌺ ⫹ state were determined
from the analysis described in Section V, it has been possible
to study the [24.9] 2⌸ 1/2–[1.7] 2⌺ ⫹ transition. The B and D
constants of the upper state are expected to be close to the
corresponding parameters calculated for the [24.5] 2⌸ 3/2 spin
component. One can expect that a ⌳-doubling splitting that
increases linearly with J will be observed in the ⍀ ⫽ 21 upper
state. Similar to the previously analyzed transition (Section V),
the widely spaced rotational structure of the head-forming R ee
branch is observed from J ⫽ 5.5 to J ⫽ 45.5, and the O P ff
branch is also easy to follow from J ⫽ 4.5 to J ⫽ 88.5. (We
note that lines of the corresponding P ff branch of the [24.5] 2⌸ 3/2–
[1.7] 2⌺ ⫹ transition were difficult to pick out.) These R ee and OP ff
branches can be fitted using the usual quadratic expression (8) in
which the numbering of the lines is m ⫽ J ⫹ 1 in the R branch and
m ⫽ ⫺J in the P branch. The large number of lines included in the
fit and the knowledge of the constants of the lower 2⌺ ⫹ state
allows the determination of the B⬘ parameter from the coefficient
(B⬘ ⫺ B⬙) of the m 2 term of the polynomial. This value of (B⬘ ⫺
B⬙) is almost independent of the relative m numbering of the lines.
In the polynomial expression, the linear m coefficient is equal to
(B⬘ ⫹ 2B⬙ ⫺ 12 p⬘ ⫺ 21 ␥⬙) and is strongly dependent on the
numbering chosen in the fit. It turns out that even if the absolute
numbering of the lines is known with an uncertainty no larger than
⫾1, the value of the ⌳-doubling parameter p⬘ cannot be determined from this fit, despite the fact that B⬘, B⬙, and ␥⬙ are known.
At this stage of the analysis, the ⌳-doubling parameter p⬘ could
have three possible values, depending on the absolute numbering
of the lines of the OP ff and the R ee branches included in the
polynomial fit. In the spectral region close to the origin of the
band, only one head is observed, which has been identified as the
Q fe branch. A second head-forming branch, QR ff is expected to be
found nearby but the contribution of ␥ and p to the linear m
coefficient is large enough to force this branch to form its head at
such a small m value that its intensity is not noticeable in this
congested spectral region. A simulation of the Q fe branch using
the three possible values of p showed that the calculated positions

of the head were 0.6 cm ⫺1 away from the observation for two of
the three possibilities. There was only one value of p (about ⫺0.02
cm ⫺1) that produced agreement with the experimental position of
the Q fe head. It was then possible to identify lines from this Q fe
branch ( J ⫽ 30.5 to J ⫽ 62.5) and some lines (J ⫽ 35.5 to J ⫽
52.5) of the PQ ef branch which were added to the fit of the
[24.9] 2⌸ 1/2–[1.7] 2⌺ ⫹ transition. No significant value of a centrifugal distortion parameter p⬘D associated with the ⌳-doubling parameter p⬘ was in evidence.
VII. DETERMINATION OF THE CONSTANTS OF THE
UPPER 2⌸ i STATE AND OF THE [1.7] 2⌺ ⴙ STATE

In the previous sections several sets of constants have been
determined from fits of the individual transitions using polynomial equations to account for the various electronic states
involved. We can now include the 684 experimental lines
(Table 1) in a single fit in which the four electronic states are
described as follows.
The rotational Hamiltonians for the [1.7] 2⌺ ⫹ and the upper
2
⌸ i states have been accounted for by the well-known matrices
given in Table 2 (9). In absence of information on the X 2 ⌸ 1/ 2
and A 2 ⌬ 3/ 2 spin– orbit components, the rotational Hamiltonians
for the X 2 ⌸ 3/ 2 and A 2 ⌬ 5/ 2 levels have been represented by the
polynomial expressions (8) already used in Ref. (1).
In the fitting procedure all the parameters of the X 2 ⌸ 3/ 2 and
2
A ⌬ 5/ 2 states have been kept fixed to the values determined in
Ref. (1) except the band origins. The origin of the upper 2 ⌸ i
state was also kept fixed and adjusted in order to make the T 0
value of the ground X 2 ⌸ 3/ 2 state to be at 0.00 cm ⫺1. The
derived constants are listed in Table 3. The standard deviation
on the lines is equal to 0.013 cm ⫺1 despite the presence of
many blended lines.
VIII. VIBRATIONAL ASSIGNMENT OF
THE STUDIED TRANSITIONS

In addition to the rotational analyses already presented, the
identification of some weak ⌬v ⫽ 0 vibrational bands has been
possible. In most cases the 1–1 and even some 2–2 bandheads
can be seen. From the knowledge of the vibrational parameters
of the X 2 ⌸ 3/ 2 and [0.16]A 2 ⌬ 5/ 2 states (1), we have located
some 0 –1 bands, and from a crude estimate of the  ⬘e value, we
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TABLE 2
Matrices for 2⌸ and 2⌺ Electronic States Derived
Using Hund’s Case (a) Basis Functions

have identified the 1– 0 band of three of the four studied
transitions. All of these bandhead positions are listed in Table
4. This table provides an estimate of ⌬G 1/ 2 for the newly
studied states: ⌬G 1/ 2 ⫽ 405.1 cm ⫺1 for the [24.5] 2⌸ 3/2 state,
⌬G 1/ 2 ⫽ 401 cm ⫺1 for the [24.9] 2⌸ 1/2 state and ⌬G 1/ 2 ⫽ 425
cm ⫺1 for the [1.7] 2⌺ ⫹ state. In the case of the [24.5] 2 ⌸ 3/ 2 (v
⫽ 0)–[0.16]A 2 ⌬ 5/ 2 (v ⫽ 1) transition, it has been possible to
observe the bandheads of the three minor 60Ni 35Cl, 58Ni 37Cl,
and 60Ni 37Cl isotopomers. The position of these heads is in
good agreement with the isotopic study presented in Ref. (1)
and confirms the vibrational assignment of the studied transitions. One of the goals of this vibrational assignment is to
reduce the number of unassigned bands of NiCl (now about 35)
in the spectral range 19 800 –26 200 cm ⫺1 that we have recorded by Fourier transform spectroscopy.
IX. DISCUSSION AND CONCLUSION

The three low-lying states, 2 ⌸ i , 2 ⌬ i , and 2⌺ ⫹, of NiCl are
now firmly identified and we can make a comparison between

the two isovalent molecules NiF and NiCl. In both cases the
ground state is a 2 ⌸ i state and a 2⌺ ⫹ state is observed at about
the same position in respect with the ground state (1574 cm ⫺1
for NiF and 1768 cm ⫺1 for NiCl). Furthermore, ␥ spin–rotation
parameters are of the same order of magnitude (␥ ⫽ ⫺0.149
cm ⫺1 in the case of NiF and ␥ ⫽ ⫺0.115 cm ⫺1 in the case of
NiCl). The main contribution to the ␥ value is the second-order
spin– orbit interaction with neighboring ⌸ states of the same
multiplicity (10, 11). It is tempting to test the pure-precession
relationship (12)

␥⫽

2 ABl共l ⫹ 1兲
,
E⌸ ⫺ E⌺

assuming that the 2⌺ ⫹ state interacts with the X 2 ⌸ i state. As
the X 2 ⌸ i state is an inverted state, it is obvious that ␥ must be
positive. If we suppose that the X 2 ⌸ i and the [1.7]A 2 ⌺ ⫹ states
of NiCl form a unique perturber pair, the negative experimental
value of ␥ for the 2⌺ ⫹ states of NiF and NiCl does not fulfill

TABLE 3
Molecular Constants (in cm ⴚ1) for the [24.9] 2⌸ 1/2 (vv ⴝ 0), [24.5] 2⌸ 3/2 (vv ⴝ 0), and [1.7] 2⌺ ⴙ (vv ⴝ 0)
States of 58Ni 35Cl (All Uncertainties are 1)
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TABLE 4
Bandhead Positions (in cm ⴚ1) of the Vibrational Bands Identified
for the Observed Electronic Transitions

this hypothesis. The isoelectronic molecule CuO follows the
same behavior (13). The Y 2 ⌺ ⫹ state located 7715 cm ⫺1 above
the ground X 2 ⌸ i state is also characterized by a negative ␥
parameter (⫺0.089587 cm ⫺1), similar in magnitude to the
values for the 2⌺ ⫹ states of NiF and NiCl. For all these
molecules we suspect that other doublet or quartet states are
nearby and contribute to a negative value for ␥. In the case of
NiF, we have located (252 cm ⫺1 above the ground X 2 ⌸ 3/ 2
state) a so-called “ 2⌺ ⫹” state characterized by a very large ␥
parameter (⫺0.952 cm ⫺1) (2). This large negative value has
been confirmed by microwave experiments (14). It is not out of
the question that this state could be the expected 2⌸ 1/2 spin–
orbit component of the ground state, strongly influenced by
unidentified states. (Note that a new group of states has been
identified (15) but not included in the energy level diagram of
the doublet states of NiF.) This supports the idea that the
energy level diagram of the lower states of NiF and NiCl is not
yet complete.
Along with the identification of the 2⌬ 3/2 spin– orbit component of A 2 ⌬ i state, the identification of the 2⌸ 1/2 spin component of the X 2 ⌸ i is of interest to see if, as observed for NiF, it
is strongly perturbed.
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