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Laser spectroscopy of NiI: Ground and low-lying electronic states
W. S. Tam, J. W.-H. Leung, Shui-Ming Hu,a) and A. S.-C. Cheungb)

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong

~Received 5 September 2003; accepted 23 September 2003!

High-resolution laser-induced fluorescence spectrum of a jet-cooled NiI molecule has been recorded
in the near infrared and visible regions. The NiI molecule was produced by reacting laser-ablated
nickel atom and methyl iodide (CH3I). Three electronic states have been identified that include the
X 2D5/2 and two low-lying@13.9# 2P3/2 and@14.6# 2D5/2 excited states. Molecular transition bands
(v8,0) of the @13.9# 2P3/22X 2D5/2 system with v850, 4–9, and the (v8,0) bands of the
@14.6# 2D5/22X 2D5/2 system withv850 – 6 were observed and analyzed. Spectra of isotopic
molecules confirmed the assignment of vibrational quantum number of the observed bands. Least
squares fit of rotational transition lines yielded accurate molecular constants for the states studied.
The bond lengthr 0 measured for theX 2D5/2 is 2.3479 Å and the equilibrium bond length,r e , for
the @13.9# 2P3/2 and @14.6# 2D5/2 are, respectively, 2.4834 and 2.5081 Å. With the use of a
molecular orbital energy level diagram, we have examined the electronic configurations that give
rise to theX 2P3/2 ground state for NiF, NiCl, and NiBr, but theX 2D5/2 state for NiI. This work
represents the first spectroscopic study of the NiI molecule. ©2003 American Institute of Physics.
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I. INTRODUCTION

Transition metal monohalides are important model s
tems for understanding the role of thed electrons in chemica
bonding.1 Spectroscopic studies of these monohalides y
useful information ond orbital occupation in chemica
bonds, and it is interesting to compare in detail the spec
scopic properties of various monohalides to examine the
fects of the halogens as a ligand to the transition metad
orbitals. Among the first transition metal period, there h
been considerable interest in the spectroscopic propertie
nickel monohalides in recent years.2–24 Work includes study
of the ground and excited states using high resolution Fou
transform ~FT! spectroscopy, FT microwave spectrosco
and laser-induced fluorescence spectroscopy. For NiF2–12and
NiCl,12–19 good knowledge of electronic structure of th
ground and excited states has been obtained through yea
hard work of many workers, however, for the latter tw
nickel monohalides, namely, NiBr and NiI, only limite
spectroscopic information is available. Recently Leu
et al.24 using high resolution laser spectroscopy, identifi
unambiguously the ground and three low-lying electro
states for NiBr, but, up until the present moment, nothing
known for NiI.

In this paper, we report rotationally resolved ne
infrared and visible spectroscopic studies of the ground
low-lying electronic states of NiI using the technique of las
vaporization/reaction with free jet expansion and las
induced fluorescence~LIF! spectroscopy. Two electroni
transitions: the @13.9# 2P3/22X 2D5/2 system and the
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@14.6# 2D5/22X 2D5/2 system have been recorded and an
lyzed. Spectra of isotopic molecules:58NiI and 60NiI were
observed and analyzed. Line positions measured for both
topes were fit to retrieve vibrational and rotational consta
for X 2D5/2, @13.9# 2P3/2 and @14.6# 2D5/2 states. In addi-
tion, with the use of a molecular orbital energy level di
gram, we have examined the electronic configurations
give rise to theX 2P3/2 ground state for NiF, NiCl, and NiBr,
but theX 2D5/2 state for NiI.

II. EXPERIMENTAL DETAILS

NiI molecule was produced by the reaction of lase
ablated nickel atom with methyl iodide (CH3I) under super-
sonic free jet conditions, and NiI spectra were recorded us
laser-induced fluorescence spectroscopy. Experimental a
ratus used in this experiment, detailed procedures for ge
ating transition metal containing molecules and record
their LIF spectra have been discussed in our ear
publication,25,26 only a brief description of the experimenta
conditions is given here. A laser pulse of 532 nm, 9–10
from a Nd:YAG laser was focused on the surface of a nic
metal rod to generate nickel atoms. A pulsed valve, with
appropriate delay, released gas mixture of 3% CH3I in argon
to react with the nickel atoms. The operating cycle of t
Nd:YAG laser-pulsed valve system was 10 Hz. The back
pressure at the pulsed valve was set to 5 atm. The jet-co
NiI molecule was excited by an argon ion pumped ring d
laser operating with DCM and R6G dyes in the visible r
gion and a ring Ti:sapphire laser with short-wavelength~SW!
optics in the near-infrared region. The laser-induced fluor
cence signal was collected by a lens system and detecte
a photomultiplier tube~PMT!. The PMT signal was fed into
a boxcar integrator for averaging. The width of the molecu
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12246 J. Chem. Phys., Vol. 119, No. 23, 15 December 2003 Tam et al.
transition lines measured was about 250 MHz. The wa
length output of both the dye and the Ti: sapphire las
was measured by a wavemeter with a repetition rate of 1
and an accuracy of 1 part in 107. The absolute wavelengt
calibration of the wavemeter was checked against I2 absorp-
tion lines, which were accurate to about60.002 cm21 in the
visible and near-IR regions.27 Hundreds of scans were mad
and connected together by a computer program using
wavemeter readings.

III. RESULTS AND DISCUSSION

A. General features

The laser-induced fluorescence spectrum of NiI in
visible region between 588 and 720 nm has been obse
and analyzed. Molecular transition bands are generally e
to identify because of the smallB value ~0.065 cm21! and
reasonable large vibrational separations~230 cm21!. Two
transition systems:@13.9# 2P3/22X 2D5/2 and @14.6# 2D5/2

2X 2D5/2 were observed and analyzed. Our spectra sho
that the @13.9# 2P3/22X 2D5/2 system is slightly weake
than the@14.6# 2D5/22X 2D5/2 system. Figure 1 depicts th
vibronic transition bands studied in this work.

B. †13.9‡ 2P3Õ2ÀX 2D5Õ2 system

Our initial survey spectrum indicated that the molecu
transition bands, obtained using the DCM dye, were high
vibrational numbering because of large isotopic shifts.
band heads appear at 14 803.6, 15 030.7, 15 256.3, 15 4
15 702.6, and 15 923.4 cm21 were assigned as the (v,0)
bands withv54 – 9. Based on the vibrational separations
the observed vibronic bands and also the isotopic shifts,
vibrational numbering of the upper state was assigned un
biguously. Further to the assignment of the (v,0) bands with
v54 – 9, we made use of the vibrational information to p
dict the origin of the other bands with lower vibration
quantum number. Using our Ti:sapphire laser with sh
wave ~SW! optics, the ~0,0! band head was observed
13 879.3 cm21. Due to the limitation in laser coverage, w
could not record the (v,0) band withv51 – 3. The observed
band consists of resolved P, Q, and R branches. Line ass
ments were simple because the first line of each branch
identified. Figure 2 shows the band head region of the~0, 0!

FIG. 1. Vibronic transitions observed and analyzed in this work.
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band, the R branch head of the58NiI and 60NiI lie very closed
to each other. The P, Q, and R branches have a first line
J52.5, which established the upper and lower substa
have V8 and V9 values of 1.5 and 2.5, respectively. It
easily noticed that the Q and P branches are stronger in
tensity than the R branch, which is consistent with a tran
tion of DL521. We have assigned the transition as t
@13.9# 2P3/22X 2D5/2 system. Since our spectrum was r
corded at a relatively low temperature, only lowJ lines were
observed (J<30.5), noL-type doubling was detected. Th
observed line positions were fit to a standard formula:

n5T01B8J8~J811!2D8@J8~J811!#2

2$B9J9~J911!2D9@J9~J911!#2%, ~1!

where the usual meaning of8 and 9 are, respectively, for
upper and lower states. In our analysis, a band-by-band l
squares fit to the line positions was initially performed a
subsequently all the available line positions of each isoto
molecule were merged together in the final fit. The centri
gal correction terms for both the upper and lower states w
set to the value derived from the Kratzer relation. Our resu
are listed in Table I.

C. †14.6‡ 2D5Õ2ÀX 2D5Õ2 system

Seven vibronic transition (v,0) bands withv50 – 6 of
this system was observed. Each of these bands consis
resolved P, Q, and R branches. Figure 3 shows the band
region of the~1, 0! band of this system. The first line of eac
P, Q, and R branches are, respectively, withJ53.5, 2.5, and
2.5, which indicated thatV85V952.5 for both upper and
lower states. The intensity of the P and R branches is hig
than the Q branch, which agrees well with aDV50 and
DL50 transition. The observed transition has been assig
as the@14.6# 2D5/22X 2D5/2 system. We have noticed tha
the v56 band observed in this system has a sizable li
width at low J values. Since58Ni and 60Ni have no nuclear
spin, such an increase in the linewidth is caused by the m
netic hyperfine interaction of the magnetic moment of u

FIG. 2. The~0, 0! band of the@13.9# 2P3/22X 2D5/2 transition of NiI.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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paired electrons with the magnetic moment of the iod
nucleus withI 5 5

2, and may possibly also come from th
electric quadrupole interaction of the iodine nucleus sp
Work is currently in progress to study the details of the h
perfine structure. We have performed a least squares fit to
line positions of the observed bands using the expressio
Eq. ~1!. The results are listed in Table II. A list of line pos
tions of the two isotopes for the vibronic bands observed
both @13.9# 2P3/22X 2D5/2 and @14.6# 2D5/22X 2D5/2 sys-
tems of NiI is available from EPAPS.28 The root-mean-
squares~rms! error of the merged least squares fit w
0.0018 cm21. Molecular constants for theX 2D5/2,
@13.9# 2P3/2, and @14.6# 2D5/2 states are reported for th
first time. Equilibrium molecular constants for@13.6# 2P3/2

and @14.6# 2D5/2 states for NiI are listed in Table III.

D. Isotopic relationship between 58NiI and 60NiI

The vibrational quantum number assignment of the
bronic bands observed was confirmed by examining the
topic relationship of the observed bands. The molecular
rameter of isotopic molecules are approximately related

FIG. 3. The~1, 0! band of the@14.6# 2D5/22X 2D5/2 transition of NiI.

TABLE I. Derived constants for the@13.9# 2P3/22X 2D5/2 transition of
both 58NiI and 60NiI ~cm21!.a

Molecule v

@13.9# 2P3/2
X 2D5/2

B0Tv Bv

58NiI 0 13 878.6414~2! 0.068 686~1! 0.076 857~2!
4 14 803.0374~2! 0.067 553~1!
5 15 030.2211~2! 0.067 266~1!
6 15 255.8132~3! 0.066 979~1!
7 15 479.7988~3! 0.066 683~1!
8 15 702.1613~2! 0.066 393~1!
9 15 922.8820~4! 0.066 099~1!

60NiI 0 13 878.8380~3! 0.067 142~1! 0.075 129~3!
5 15 017.4500~2! 0.065 766~1!
6 15 240.5603~2! 0.065 490~1!

aErrors in parentheses are one standard deviation in the units of the
significant figure quoted.
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different powers of the mass dependencer5(m/m i)
1/2,

wherem andm i are the, respectively, reduced mass of58NiI
and 60NiI. 29 Table III shows a comparison of the calculate
and observed equilibrium molecular parameters. The ag
ment of these parameters is excellent.

E. Electronic configurations and ground state
of nickel monohalides

From the available spectroscopic information, the eff
of a halogen as a ligand to split the nickeld orbitals can be
examined. Figure 4 presents qualitatively the relative ene
of the molecular orbitals~MOs! formed from Ni and the
halogens. Since the halogen atom has no valence orbital
d symmetry, the 1d MO is essentially unaffected by the halo
gen atom, therefore, the MOs are arranged so that the 1d MO
of the monohalides is placed at the same energy in the fig
The construction of the molecular orbital energy level d
gram depends on the relative energy of the 3d, 4s, and 4p
orbitals of the Ni atom and thep orbitals of the halogen
atom. The ionization potential~IP! of the Ni and halogen

ast

TABLE II. Molecular constants for the@14.6# 2D5/22X 2D5/2 transition of
both 58NiI and 60NiI ~cm21!.a

Molecule v

@14.6# 2D5/2
X 2D5/2

B0Tv Bv

58NiI 0 14 583.7363~5! 0.067 368~3! 0.076 857~2!
1 14 812.5118~3! 0.067 089~2!
2 15 039.5623~3! 0.068 180~2!
3 15 264.8665~3! 0.066 545~2!
4 15 488.3801~3! 0.066 270~2!
5 15 710.1048~3! 0.066 002~2!
6 15 930.1456~3! 0.065 747~2!

60NiI 1 14 810.1346~3! 0.065 583~3! 0.075 129~3!
2 15 034.6193~3! 0.065 316~3!
3 15 257.3935~3! 0.065 053~3!
4 15 478.4216~3! 0.064 789~3!
5 15 697.7214~3! 0.064 529~3!
6 15 915.4628~3! 0.064 303~3!

aErrors in parentheses are one standard deviation in the units of the
significant figure quoted.

TABLE III. Equilibrium molecular constants for the@13.9# 2P3/2 and the
@14.6# 2D5/2 states of58NiI and 60NiI ~cm21!.

State Parameter 58NiI

60NiI a

Obs. Calc.b

@13.9# 2P3/2 Te 13 761.28~4! 13 762.86 –
ve 235.09~2! 232.34 232.34
vexe 0.794~2! 0.769 0.767
Be 0.068 840~7! 0.067 280 0.067 270
ae 0.000 288~1! 0.000 275 0.000 278

@14.6# 2D5/2 Te 14 468.67~2! 14 468.67~2! –
ve 230.56~1! 227.86~6! 227.91
vexe 0.879~2! 0.850~7! 0.086
Be 0.067 497~6! 0.065 960~1! 0.065 950
ae 0.000 271~1! 0.000 257~3! 0.000 261

aUncertainty for the parameter could not be obtained from the least sq
fit.

bMolecular constants were calculated using isotopic relationships and
values from58NiI.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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atoms indicates how easily the outermost electron can
removed, which establishes the relative energy of the vale
orbitals of the Ni and halogen atoms. Figure 4 shows the M
formed from the Ni 4s and 3d atomic orbitals~AOs! and the
iodine 5p AOs. The bonding orbitals 1s and 1p are mainly
formed from the iodine 5ps AO with the Ni 4ss AO and
iodine 5pp AOs with Ni 4pp AOs, respectively. The 2s
MO is based on the combination of Ni 4ss and the iodine
5ps AOs. The 2p MO is formed from the Ni-based
3dp-4pp and of the iodine 5pp AOs. The 1d MO is essen-
tially a pure Ni 3dd AO because there is no other orbital
d symmetry lying nearby. The electronic configurations g
ing rise to the observed ground and low-lying electro
states are

~2s!2~2p!4~1d!3 X 2D i , ~2!

~2s!2~2p!3~1d!4 A 2P i , ~3!

~2s!1~2p!4~1d!3~3s!1 ~2! 2D i ,
4D i , ~4!

~2s!2~2p!3~1d!3~3s!1 ~2! 2P i ,
4P i ;~2! 2F i ,

4F i .
~5!

The @13.9# 2P3/22X 2D5/2 and the @14.6# 2D5/2

2X 2D5/2 transitions observed in this work are likely to b
the promotion of an electron, respectively, from the 2p MO
and 2s MO to the 3s MO. The 1d orbital is always with one
vacancy to be filled, which gives rise to the observed
verted states. From the MO energy level diagram in Fig
we could also explain the ionic nature of these monohalid
There are five valence electrons in thep orbitals of the halo-
gen and ten valence electrons in the 3d and 4s orbitals of
nickel. Since the 1s and 1p MOs are essential thep AOs of

FIG. 4. Molecular orbital energy level diagram of nickel monohalides
Downloaded 07 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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the halogen atom, in order to probably fill up these two MO
one electron from the valence shell of the Ni atom has to
transferred to the 1p orbital. Such a move of electron from
the Ni atom to the halogen atom forms the expected Ni1X2

ionic compound. The other nine electrons of the Ni ato
occupy the 2s, 2p, and 1d MOs as shown in the abov
electronic configurations.

Generally, the electronic states of NiI should be qu
similar to those found in isovalent molecules such as N
NiCl, and NiBr. These isovalent molecules all haveX 2P3/2

ground state and theA 2D5/2 lying higher in energy, however
NiI hasX 2D5/2 as its ground state that deserves some disc
sion because it is not the expectedX 2P3/2 state as in NiF,12

NiCl,13 and NiBr.24 Table IV lists the spectroscopic param
eters for the low-lying2P and2D states observed for nicke
monohalides. It is interesting to note the energy separa
between theA 2D5/2 and X 2P3/2 drops from 830 cm21 in
NiF, 161 cm21 in NiCl to 37.5 cm21 in NiBr. Since the
A 2D5/2 state arises from the unpaired electrons in the 1d MO
that is mainly coming from the nickel atom and subject to t
least influence from any halogen atom, the relative drop
energy separation should be viewed as the decrease in en
that occur in the 2p and 2s orbitals in the halides rather tha
the 1d MO. Furthermore, the decrease in energy of thep
and 2s orbitals can be ascribed to the change in the rela
orbital energy of thep AO of the halogens with respect to th
3d and 4s AO of Ni. From the trend observed in NiF, NiCl
and NiBr, it is plausible to explain that the decrease in ene
of the 2s and 2p MO with respect to the 1d MO in NiI is the
major reason for the2D5/2 state as the ground state for N
rather than the2P3/2 state as in the other isovalent monoh
lides. Presently, we only know that the 1d and 2p MOs are
lying very close in energy to each other, but which MO is
lower energy is still a question; this is because the correla
energy of the electrons in each MO is not known. In order
better understand the whole picture, spin–orbit interact
should be considered. The work on NiF and NiCl as listed
Table IV provides information for us to analyze the spin
orbit interaction of the low-lying electronic states.30 The fol-
lowing is a summary of the observed spin–orbit separati
of NiF and NiCl ~cm21!:

Electronic
state

Spin–orbit
separation,AL

Spin–orbit
constant,A

NiF NiCl NiF NiCl

X 2P3/2 398 398
A 2D5/2 1394 1488 697 744

The spin–orbit separation of an electronic state
Hund’s case~a! is given byAL, whereA is the spin–orbit
constant andL is the orbit angular momentum projected on
the intermolecular axis.29 For the2P and2D states, the spin–
orbit separation between the twoV components are, respec
tively, A and 2A.

The microscopic spin–orbit Hamiltonian31 can be writ-
ten asHso5( iai l i•si , which is a single-electron operato
Using this operator and a single configuration representa
for the electronic state, it is possible to correlate the obser
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Spectroscopic constants for low-lying2P and2D states of nickel monohalides~cm21!.

NiF NiCl NiBr24 NiI

X 2P3/2 B050.387 81~Ref. 12! X 2P3/2 B050.181 50~Ref. 13! X 2P3/2 B050.104 60 X 2D5/2 B050.076 86
r 0(Å) 51.7403 r 0(Å) 52.0637 r 0(Å) 52.1963 r 0(Å) 52.3479

ve5425.63

A 2D5/2 T05829.48~Ref. 12! A 2D5/2 Te5157.70~Ref. 13! A 2D5/2 T0537.46 @13.9# 2P3/2 Te513 761.28
B050.388 54 Be50.184 31 B050.107 71 Be50.068 40
r 0(Å) 51.7386 r e(Å) 52.0480 r 0(Å) 52.1644 r e(Å) 52.4834
ve56463107 ve5435.52 ve5235.09

A 2D3/2 Te52223.56~Ref. 11! X 2P1/2 Te5385.666~Ref. 30! @13.2# 2P3/2 Te513 047.81 @14.6# 2D5/2 Te514 468.67
B050.388 35 B050.180 78 Be50.096 94 Be50.067 50
r 0(Å) 51.7390 r 0(Å) 52.0678 r e(Å) 52.3502 r e(Å) 52.5081

ve5292.97 ve5230.56
@11.1# 2P3/2 T0511 096.05~Ref. 12! A 2D3/2 T051645.83~Ref. 15!

B050.367 11 B050.182 29
r 0(Å) 51.7886 r 0(Å) 52.0593

@9.1# 2P3/2 T059101.261~Ref. 30!
B050.171 773
r 0(Å) 52.1214

@13.0# 2P3/2 T0512 959.25~Ref. 18!
B050.167 69
r 0(Å) 52.147
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spin–orbit constant to the one electron spin–orbit parame
For a 2D5/2 substrate in ad3 configuration,u2D5/2,d3&, the
wave function isud1ad1bd2a&, thus

^2D5/2,d3uHsou2D5/2,d3&5^d2aualz•szud2a&

521/2ad . ~6!

The contribution of thed1ad1b subshell to the spin–orbi
matrix element is zero. For the2D3/2 substate, the wave func
tion is ud1ad1bd2b&, and

^2D3/2,d3uHsou2D3/2,d3&5^d2bualz•szud2b&51/2ad ,
~7!

therefore, the spin–orbit constant,A, for a 2D state ind3

configuration is related toad ,

A~2D i ,d
3!52ad . ~8!

Similarly, the spin–orbit constant for a2P state in thep3

configuration is related toap ,

A~2P i ,p
3!52ap . ~9!

Since the spin–orbit interaction observed in the nic
monohalides is dominated by the Ni atom, the value ofad

can be compared with the observed spin–orbit constan
rectly. The atomic spin–orbit parameter~j! is 672 cm21 for
Ni1.31 In the case of a2D state mainly from Ni1 3dd, A
5ad5672 cm21. This ad value is in very good agreemen
with the observed spin–orbit constant of 697 and 744 cm21

for NiF and NiCl, respectively. We do not have any theor
ical estimate of theap value at the present moment. Neve
theless, when compared with the spin–orbit constantA
5349 cm21, of the 3P state of NiO,32 the agreement be
tween the measured spin–orbit constant in the2P state with
A5398 cm21 is excellent. This indicates that the Ni1 atom
also dominates the spin–orbit interaction in theP state.
Downloaded 07 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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Judging from the spin–orbit separation of the2D i state is
four times larger than the2P i state and the tendency of th
2p MO is moving closer to the 1d MO, it is legitimate to
expect the2D5/2 to be the ground state of NiI. The theoret
cian performingab initio calculations incorporating a spin
orbit interaction could help to compute the energy of t
low-lying spin–orbit components of these states. Furth
more, we have work in progress to search for theA 2P3/2

state that is predicted to lie not too far from theX 2D5/2

in NiI.
It is also interesting to note the variations of spect

scopic properties down the halogen group among the gro
and low-lying states. The bond length of the electronic sta
increases down the group is due to the increase in the siz
the atom down the group. The bond length of theA 2D5/2

state arises from electronic configuration~2! in NiF, NiCl,
and NiBr is always shorter than that of theX 2P3/2 from
electronic configuration~3!, which is consistent with the
bonding nature of the 2p MO and the nonbonding nature o
the 1d MO. The vibrational constant of the nickel monoh
lides decreases down the halogen group. Since the force
stant is proportional to the product of the reduced mass
the square of the vibrational frequency, we note that the fo
constant also decreases down the group, which indicates
the chemical bond between the metal and the halides wea
from F to I. This is expected as the order of the halogen
in the spectrochemical series is F2.Cl2.Br2.I2.
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