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The visible spectrum of NiCl consists of a large number of bands. Laser-induced fluorescence experiments have shown that
two intense transitions (21 910 and 21 750 cm ⫺1) share a common [21.9] 2⌬ 5/2 upper electronic state. High-resolution Fourier
transform spectroscopy has allowed the rotational analysis of the (0 – 0), (1– 0), and (0 –1) bands of the [21.9] 2⌬ 5/2–[0.16] 2⌬ 5/2
transition and the (0 – 0) band of the [21.9] 2 ⌬ 5/ 2 –X 2 ⌸ 3/ 2 transition. No fluorescence to a state lower in energy than the X 2 ⌸ 3/ 2
state was observed in our experiments. We believe that we have identified the 2⌸ 3/2 spin– orbit component of the X 2 ⌸ i ground
state and the 2⌬ 5/2 spin– orbit component of the first A 2 ⌬ i electronic state. © 2000 Academic Press
I. INTRODUCTION

two electronic transitions of NiCl lying at 21 750 and 21 910
cm ⫺1.

The visible spectrum of NiCl has been known for a long time
(1– 4). It consists of a large number of bands and several
attempts have been made to assign these bands in terms of
electronic transitions (1–5). It is well-known that the open d
shell of transition metal atoms is generally responsible for the
presence of low-lying states in the corresponding diatomic
molecules. For example, the isovalent NiF molecule exhibits
three electronic states in the first 2500 cm ⫺1 above the ground
state (6). In addition, the vibrational constants of these states
are generally similar and can be accidentally almost equal to
the intervals between the low-lying electronic states. This can
lead to misassignments in both the electronic states and the
vibrational structure.
Dispersed laser-induced fluorescence is an efficient way to
overcome these difficulties and possibly to enhance weak transitions present in an emission spectrum (7). In addition, this
technique can be of great help in spectral regions in which the
overlapping of bands prevents any analysis (8). When applied
to NiCl, laser-induced fluorescence showed that the two transitions studied in this paper share a common upper state and
helped to ascertain the vibrational assignment. Laser-excitation
spectroscopy can be used to obtain high-resolution spectra, but
the method is usually time consuming. In contrast, such highresolution spectra can be easily recorded with a Fourier transform spectrometer, which gives simultaneous coverage in a
wide spectral region. In this paper we combine information
provided by low-resolution dispersed laser-induced fluorescence with high-resolution spectra supplied by Fourier transform spectroscopy to perform the first rotational analysis of

II. EXPERIMENTAL DETAILS

The low-resolution fluorescence experiments have been performed in a high-temperature oven (8). A sample of nickel was
electrically heated in a graphite tube (1-cm internal diameter)
at a temperature of about 1300 K under a pressure of 100 Torr
of argon. A few Torr of methyl chloride was added to react
with the nickel atoms to produce NiCl. The laser beam (200
mW) was provided by a broadband cw dye laser (Coherent
699-01) running with stylbene dye and pumped by 3 W of the
UV lines of a Coherent Innova argon ion laser. The laser beam
interacts with the molecules along the axis of the graphite tube.
The fluorescence signal is then focused on the entrance slit of
a spectrometer (Jobin Yvon THR, focal length of 1.5 m). The
dispersed light is recorded by a photomultiplier tube with an
associated lock-in amplifier and a chart recorder. The laser line
is tuned to the most intense bandheads of NiCl in order to
record all the fluorescence signals arising from the laser-populated upper electronic state.
The Fourier transform emission spectra were generated by a
2450-MHz microwave discharge of a mixture of NiCl 2 (Aldrich, 99.9%) vapor and He buffer gas (5 Torr). The pellet of
NiCl 2 solid was placed in a quartz tube and heated by a
propane torch. A maximum temperature of about 1000°C could
be achieved by this method, and it was expected to provide at
least 1 Torr of NiCl 2 vapor pressure (9). The gas mixture was
carried to the discharge region by a flow of gas maintained by
a rotary pump. About 100 W of microwave power was applied
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FIG. 1.

Part of the [21.9] 2⌬ 5/2–[.16] 2⌬ 5/2 0 – 0 transition of NiCl.

to a microwave cavity. The emission from the discharge region
was focused by a CaF 2 lens into the entrance aperture of the
spectrometer.
All emission spectra were recorded with Bruker IFS 120 HR
Fourier transform spectrometer at University of Waterloo. The
spectrometer was recently modified to record double-sided
interferograms (10). Because of the use of double-sided interferograms to make the phase correction, the spectral features
had an excellent lineshape. Two additional modifications were
made to the spectrometer. We made a new emission port in the
internal source box and removed a flipping mirror. In this way,
molecular emission could be focused directly into the spectrometer with the lens. We also attached the photomultiplier
tube detector to the “back parallel exit” of the spectrometer to
eliminate all of the mirror reflections associated with the sample and detector compartments. A focusing lens and a small
filter compartment were added in front of the photomultiplier
tube. In the visible and near UV regions reflection losses from
aluminum mirrors are a serious problem. By minimizing the
number of mirror reflections, we improved the sensitivity of
the spectrometer.
The spectra from 19 800 to 23 600 cm ⫺1 were recorded
using a quartz beamsplitter. Strong atomic lines of Ni, Cl, and
He appeared throughout our spectrum and reduced the signalto-noise ratio. We used a 450-nm band-pass filter (Corion
S40-450) to eliminate as many of the atomic lines as possible.
In total, five scans were accumulated in 10 min at a 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 (11, 12). To

convert the line positions to vacuum wavenumbers, we applied
the polynomial expression obtained using Edlén’s formula
(10),
⌬ ⫽ ˜ 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
internal He–Ne laser emits exactly at 15 798 cm ⫺1, and ˜ vac
indicates the vacuum wavenumber. Calibration was carried out
using Ni atomic lines present in our spectra. Standard line
positions were taken from the literature (13), and the calibration factor was 1.00000223.
III. DESCRIPTION OF THE BANDS AND
VIBRATIONAL ASSIGNMENT

Among the numerous bands observed in the visible spectrum
of NiCl, two are obviously more intense and resolved than the
others. Both of them are red-degraded. The first one, located at
21 750 cm ⫺1, exhibits an R and a P branch, while the other (at
21 910 cm ⫺1) has P, Q, and R branches. These bands have
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TABLE 1
Bandhead Positions (in cm ⴚ1) of the Four Main Isotopomers of
the [21.9] 2⌬ 5/2–[.16] 2⌬ 5/2 (21 750 cm ⴚ1) and the [21.9] 2⌬ 5/2–X 2⌸ 3/2
(21 910 cm ⴚ1) Transitions of NiCl
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Ni (26%), and there are two isotopes of chlorine, 35Cl (76%)
and 37Cl (24%), resulting in four isotopomers of NiCl. From
the study of emission spectra, the identification of several
vibrational sequences of the two electronic transitions has been
possible. The observation of the R heads of the three secondary
isotopomers confirmed the vibrational assignment. These
bandheads are listed in Table 1. The vibrational parameters
derived from R bandhead positions are summarized in Table 2.
IV. ROTATIONAL ANALYSIS OF THE 21 910
AND 21 750 cm ⴚ1 BANDS

been correctly identified as 0 – 0 bands by Reddy and Rao (4)
in a vibrational analysis.
Fluorescence experiments were performed to identify transitions sharing a common upper state, in order to build up an
energy level diagram of the electronic states of NiCl. We
successively tuned the laser to the R heads of the transitions at
21 910 and 21 750 cm 1, and we observed that in each case the
other transition appeared with enhanced intensity. Most of
these experiments were made by observation through the photographic exit of the spectrometer. This allowed the direct
observation of the changes in the fluorescence signal induced
by scanning the laser. Observation of the 0 –1 vibrational bands
for each transition, on the basis of previous works (3–5),
confirmed that the interval of 160 cm ⫺1 was not associated with
the vibrational structure. It was not out of the question that this
splitting was in fact the energy difference between two excited
states connected by radiative and/or collisional transfer of
population, but the interval of 160 cm ⫺1 has been also observed
by laser-induced fluorescence experiments carried out on two
other transitions (at 24 490 and 24 330 cm ⫺1), so that we can
assume that this value (160 cm ⫺1) concerns the lower states of
the studied transitions. Laser-induced fluorescence experiments provided a framework to start the high-resolution analysis, which confirmed the hypothesis of a common upper state
for the studied transitions.
Natural nickel contains two main isotopes, 58Ni (68%) and

Taking into account the fact that the two studied bands share
a common upper electronic state, these bands have been simultaneously analyzed. The intense, well-resolved 0 – 0 band lying
at 21 750 cm ⫺1 exhibits R and P branches and can be identified
as a ⌬⍀ ⫽ 0 transition (Fig. 1). No fine structure is evident
despite the fact that lines are observed up to J ⫽ 96.5 in the
R branch. The second band (21 910 cm ⫺1) is a ⌬⍀ ⫽ 0
transition because of the presence of a strong Q branch. This Q
branch made it easy to determine the band origin and as a
consequence the exact J-numbering of the rotational lines. Fine
structure is easily observed in the R branch and it cannot be
confused with the lines of the secondary isotopomers because
the two sets of lines are of equal intensity. The absence of any
fine structure in the 21 750 cm ⫺1 transition suggests that the
splitting originates in the lower state of the 21 910 cm ⫺1
transition. The rotational analysis shows that the evolution of
this splitting is proportional to J 3 .
In addition, it has been possible to analyze the 0 –1 band
(21 315 cm ⫺1) and the 1– 0 band (22 150 cm ⫺1) of the main
isotopomer 58Ni 35Cl of the ⌬⍀ ⫽ 0 transition. For the 0 – 0
band (21 750 cm ⫺1) of this transition, the very good signal-tonoise ratio allowed the observation of a few R lines of the
secondary isotopomers 60Ni 35Cl and 58Ni 37Cl. The position of
these lines has been correctly calculated on the basis of the
rotational constants of the main isotopomer 58Ni 35Cl and the
usual expressions based on the ratio of the reduced masses
(14).
All the lines (listed in Table 3) have been simultaneously

TABLE 2
Equilibrium Parameters (in cm ⴚ1 unless quoted) for the
[21.9] 2⌬ 5/2, [.16] 2⌬ 5/2, and X 2⌸ 3/2 States of NiCl (all uncertainties
are 1)
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TABLE 3
Observed Line Positions (in cm ⴚ1) for the [21.9] 2⌬ 5/2–[.16] 2⌬ 5/2 (21 750 cm ⴚ1)
and the [21.9] 2⌬ 5/2–X 2⌸ 3/2 (21 910 cm ⴚ1) Transitions of NiCl
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TABLE 4
Molecular Constants (in cm ⴚ1) for the [21.9] 2⌬ 5/2, [.16] 2⌬ 5/2, and
X 2⌸ 3/2 States of NiCl (all uncertainties are 1)

fitted. The rovibronic levels of the two excited states (T 0 ⫽
161.5 cm ⫺1 and T 0 ⫽ 21 905.1 cm ⫺1) are described by the
expression (14):
T ⫽ T v ⫹ B v J共 J ⫹ 1兲 ⫺ D v J 2 共 J ⫹ 1兲 2 .
The expression for the lower state in which a splitting is
observed is (14)
T ⫽ T v ⫹ B v J共 J ⫹ 1兲 ⫺ D v J 2 共 J ⫹ 1兲 2
⫾ 0.5q J J共 J ⫹ 1兲共 J ⫹ 0.5兲,
where the plus and minus signs refer to the e and f rotational
levels, respectively. The derived constants are listed in Table 4
and the equilibrium constants, if they could be calculated, in
Table 2. Note that q J was assumed to be positive.
V. DISCUSSION

Taking into account the large number of bands observed in the
visible spectrum of NiCl, there is no doubt that the study of the
electronic transitions will be a difficult task. Up until now, the
study of the isovalent NiF molecule (7, and references therein)
includes 30 electronic transitions linking 13 electronic spin– orbit
components for the doublet states. As a consequence we must
consider our work as a first step in the study of NiCl.
Attempts to ascertain the symmetry of the electronic states
involved in the two analyzed transitions are somewhat puzzling. We observe that no 2⌺ state is involved in any of the two
transitions because the ⌬⍀ ⫽ 0 transition (21 910 cm ⫺1) would
be a 2⌺– 2⌸ or a 2⌸– 2⌺ transition. In this case the rotational
pattern would not correspond to the experimentally observed
one, unless the 2⌸ state obeys perfect Hund’s case (b) coupling
(14). Let us now suppose that only 2⌸ and 2⌬ states are
involved in the two transitions, which cannot be expected to be
forbidden if we consider their intensities. As noted in Section
IV, a splitting is observed in the 0 – 0 band of the 21 910 cm ⫺1
transition, which can be interpreted as a ⌳-doubling. The
splitting is proportional to J 3 , characteristic of a spin– orbit
component in which the projection of the total electronic
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angular momentum ⍀ is equal to 3/2 (14), i.e., either a 2⌸ 3/2 or
a 2⌬ 3/2 spin component.
Two schemes can then be suggested: (i) the upper state is a 2⌬ 5/2
state and the transitions are 2⌬ 5/2– 2⌸ 3/2 (21 910 cm ⫺1) and 2⌬ 5/2–
2
⌬ 5/2 (21 750 cm ⫺1) or (ii) the upper state is a 2⌸ 1/2 component and
the observed transitions are then 2⌸ 1/2– 2⌬ 3/2 (21 910 cm ⫺1) and
2
⌸ 1/2– 2⌸ 1/2 (21 750 cm ⫺1). It is obvious that the second hypothesis
is less consistent with the data than the first one because the
presence of a 2⌸ 1/2 spin component should lead to the observation
of a splitting of the lines in the 21 750 cm⫺1 transition. The first
hypothesis agrees with the observation of a splitting proportional
to J 3 in the lower 2⌸ 3/2 state of the 21 910 cm ⫺1 transition and with
the absence of any splitting in the 21 750 cm⫺1 transition as
expected for a 2⌬ 5/2– 2⌬ 5/2 transition.
In the case of NiF three electronic states ( 2 ⌸ i , 2 ⌬ i , and 2⌺ ⫹)
are observed in the first 2500 cm ⫺1 above the 2⌸ 3/2 ground
state. We can suppose that NiCl will be similar and that the
lower spin– orbit components of the studied transitions belong
to the lowest 2 ⌸ i and 2 ⌬ i states. The fluorescence experiments
are enlightening. We have detected no fluorescence signal on
the higher wavenumber side of the 21 910 cm ⫺1 band when the
laser line was tuned in resonance. Assuming that the upper
state of this transition is a 2⌬ 5/2 state, then no other 2⌬ 5/2 or 2⌸ 3/2
spin– orbit components can lie at a lower energy than that of
the lowest state involved in the two studied transitions, but this
does not eliminate the possible presence of a 2⌺ ground state.
However, fluorescence experiments have been carried out on
other electronic transitions which have a common lower state
with the 21 910 cm ⫺1 transition and they never led to the
observation of a fluorescence signal to higher wavenumbers
than the probed transition. Despite the fact that up until now
none of these transitions have been rotationally analyzed, we
can suppose that a 2⌸ 3/2 upper state is involved in at least one
of the probed transitions, which would give rise to fluorescence
of an allowed 2⌸ 3/2– 2⌺ transition. All these fluorescence experiments lead to the observation of bands redder than the
probed transition and we can conclude that no 2⌺ state lies at
a lower energy than that of the 2⌸ 3/2 state involved in the
2
⌬ 5/2– 2⌸ 3/2 transition (21 910 cm ⫺1). The X 2 ⌸ 3/ 2 state is thus
the ground state of NiCl.
VI. CONCLUSION

The analysis of two electronic transitions observed in the
visible spectrum of NiCl led to the determination of the vibrational and rotational parameters of three electronic states. Dispersed laser-induced fluorescence experiments suggest that the
lower states of these transitions, which share a common upper
state, are the 2⌸ 3/2 and the 2⌬ 5/2 spin– orbit components of the
ground 2 ⌸ i state and the first excited 2 ⌬ i electronic state of
NiCl. From a comparison with the isovalent NiF molecule
(6 – 8), which has three low-lying electronic states (X 2 ⌸ i , 2 ⌺,
and 2 ⌬ i ) in the first 2500 cm ⫺1, we suggest that the transitions
studied in our work are the [21.9] 2 ⌬ 5/ 2 –X 2 ⌸ 3/ 2 (21 910 cm ⫺1)
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and the [21.9] 2⌬ 5/2–[0.16] 2⌬ 5/2 (21 750 cm ⫺1) transitions sharing a common upper state. The determination of the relative
positions of the two lower states, X 2 ⌸ 3/ 2 and [0.16] 2⌬ 5/2, and
the measurements of their vibrational and rotational parameters, will be of great help in the study of the numerous other
electronic transitions observed in the visible and the nearinfrared spectral regions. This work is a good example of the
complementarity of laser-induced fluorescence spectroscopy
and Fourier transform spectroscopy for the analysis of spectra
of transition metal-containing molecules that often have several low-lying electronic states.
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