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The high-resolution spectrum of NbN has been investigated in emission in the 3000–15 000 cm21 region using a Fourier
transform spectrometer. The bands were excited in a microwave discharge through a mixture of NbCl5 vapor,;5 mTorr of
N2, and 3 Torr of He. Numerous bands observed in the near-infrared region have been classified into the following transition
f 1F–c1G, e1P–a1D, C3P 01–A3S 1

2, C3P 02–A3S 1
2, C3P 1–a1D, C3P 1–A3S 0

2, d1S1–A3S 0
2, and d1S1–b1S1. These

observations are consistent with the energy level diagram provided by laser excitation and emission spectroscopy [Y. Azum
G. Huang, M. P. J. Lyne, A. J. Merer, and V. I. Srdanov,J. Chem. Phys.100,4138–4155 (1993)]. The missingd1S1 state
has been observed for the first time and its spectroscopic parameters are consistent with the theoretical predictions of S
Langhoff and W. Bauschlicher, Jr. [J. Mol. Spectrosc.143,169–179 (1990)]. Rotational analysis of a number of bands has
been obtained and improved spectroscopic parameters have been extracted for the low-lying electronic states. The observa
of several vibrational bands withv 5 1 has enabled us to determine the vibrational intervals and equilibrium bond lengths for
the A3S 0

2, a1D, b1S1, d1S1, andC3P 1 states. © 2000 Academic Press
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Over the last two decades considerable interest has d
oped in the spectroscopy of transition metal-containing m
cules, partly due to the availability of many improved exp
mental and theoretical techniques. The inherent complex
the electronic spectra of many transition metal oxides, nitr
carbides, and halides has now been unraveled and succe
interpreted. The availability of high-qualityab initio calcula-
ions has proven to be very helpful in the analysis of th
omplex spectra. In part, the recent interest in the trans
etal-containing molecules can also be attributed to thei
ortance in, for example, catalysis (1, 2) and astrophysics (3).

Transition-metal atoms have relatively high abundance
many stars (3) and several transition-metal hydrides and ox
have also been detected (3–8). There is a possibility tha
transition-metal nitrides may also be found. So far nit
molecules have not been observed in stellar atmospher
part due to the lack of precise spectroscopic data require
a meaningful search in complex stellar spectra. In recent y
the electronic spectra of several transition-metal nitrides
been analyzed at high resolution and considerable progre
been made in theoretical studies (9–12), although much mor
work is needed. Only limited and fragmentary spectrosc
data are available for a number of transition-metal nitrides
example, in the V B transition metal family, some high-res
lution data are available for VN (13, 14) and NbN (15–18), but
TaN (19) remains poorly characterized.

1 Department of Chemistry, University of Waterloo, Waterloo, Onta
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The electronic spectra of NbN were first observed by D
nd Rao in 1969 (15). The transition they saw was initia
ssigned asA3F–X3D and the rotational analysis of the3F3–

3D2 subband was reported. The rotational analysis of the
two subbands was difficult to achieve because of the pre
of large nuclear hyperfine splittings at lowerJ values. The
hyperfine structure of this transition was later analyzed
Féméniaset al. (16) and more recently by Azumaet al. (17),
and molecular constants including the hyperfine param
have been determined. This transition was renamed asB3F–
X3D by Azumaet al. (17), who also recorded the laser ex
ation spectra of theC3P–X3D, e1P–X3D 2 and f 1F–a1D
ransitions and measured the spin–orbit intervals by obs
ion of weak spin satellite branches (17, 18). The 3D2–

3D1 and
3D3–

3D2 intervals of 400.56 0.1 and 490.56 0.1 cm21 were
determined for theX3D state of NbN. In addition, Azumaet al.
(18) have observed a number of transitions between the
lying singlet and triplet electronic states by recording
wavelength-resolved fluorescence following the selective
excitation of different states. The term energy positions o
spin components of theA3S2, B3F, andC3P triplet states a
well as the positions ofa1D, b1S1, c1G, e1P, andf 1F singlet
states were also determined in this work (18).

There have been several theoretical calculations that p
the dipole moments, dissociation energies, ionization p
tials, and spectroscopic properties of the low-lying electr
state of NbN (19–22). The ionization potential of 7.175 eV w
calculated by Be´rceset al. (20) and the binding energy of 4.5
eV was calculated by Sellers (21) for the X3D state of NbN
The permanent electric dipole moment of NbN was experim
,
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268 RAM AND BERNATH
tally determined by Fletcheret al. (22) as 3.26(6) and 4.49(
for theX3D 1 andB3F 2 states, which compares well with t

ab initio value of 3.65D (22) obtained for theX3D state. Thei
ab initio values ofr e 5 1.695 Å andv e 5 1010 cm21 also
compare well with the experimental values of 1.663 Å
1002.5 cm21, respectively. A very high-qualityab initio cal-
ulation has been performed by Langhoff and Bauschl
23) on the spectroscopic properties of the low-lying sin
nd triplet electronic states of NbN. The ordering of state
ell as the energy positions as determined experimental
zumaet al.(18) were found to be in excellent agreement w

he predictions of Langhoff and Bauschlicher (23). The only
xception was thed1S1 state, which was not observed direc

by Azuma et al. (18) but was predicted by Langhoff a
auschlicher (23) to be near 13 000 cm21.
In the present investigation we have recorded the emi

pectrum of the red and near-infrared regions of NbN us
ourier transform spectrometer. Numerous electronic tr

ions have been observed between the low-lying singlet
riplet states. The analysis of new bands is consistent wit
nergy level diagram provided for NbN by Azumaet al. (18).
he missingd1S1 state has now been located from the ob-

vation of the d1S1–A3S 0
2 and d1S1–b1S1 transitions. A

rotational analysis has been performed for the numerous
tronic transitions and improved spectroscopic constants
been evaluated.

EXPERIMENTAL DETAILS

The NbN emission bands were excited in an electrod
microwave discharge through a flowing mixture of 3 Tor
He, about 5 mTorr of N2, and a trace of NbCl5 vapor. The
discharge tube was made of quartz and had an outer dia
of 12 mm. Anhydrous NbCl5 powder was placed in a sm
bulb which was continuously heated by a heating tape d
the experiment. The partial pressure of NbCl5 vapor in the
discharge tube was adjusted to maintain a constant bl
white color in the discharge. This experimental arrangem
was chosen to simultaneously study the electronic spec
NbCl and NbN in two experiments.

In the first experiment the discharge was made with 3
of He and a trace of NbCl5 vapor. This experiment wa
intended for the observation of NbCl spectra. Several N
bands, particularly those near 6704, 6799, and 6862 cm21, were
observed with very weak intensity. In addition to NbC
number of NbO bands, with the most intense ones at 9
12 500, 12 571, 12 815, and 13 034 cm21, were also observe
The NbCl and NbO bands were distinguished by their
separation, with the branches in the NbCl bands havi
smaller line spacing compared to those in NbO. The N
bands were very recently observed by Launilaet al. (24) and

ave been assigned to several doublet–doublet transition
In the second experiment;5 mTorr of N2 was added to th

flow, keeping the other experimental parameters the sam
Copyright © 2000 by
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this case it was noticed that the NbO and NbCl bands a
appeared along with new bands in the 8000–13 70021

region. These bands were later attributed to NbN using
results recently published by Azumaet al. (18). The NbN

ands appeared strongly when the discharge had an in
lue–white color. The emission from the discharge tube
ent directly into the 8-mm entrance aperture of the
ourier transform spectrometer of the National Solar Obs

ory at Kitt Peak. The spectra in the 1800–15 000 cm21 interval
ere recorded using liquid-nitrogen-cooled InSb detecto
aF2 beam splitter, and RG695 filters. A total of six scans w

co-added in about 63 min of integration at a resolution of
cm21.

The spectral line positions were determined using a
reduction program called PC-DECOMP developed b
Brault. The peak positions were determined by fitting a V
lineshape function to each line. The strong N2 lines observed i
our spectra were used for calibration of the molecular line
NbN. The strong N2 lines recorded in a separate experim
with an Os hollow-cathode lamp operated with 10 mTorr o2
and 2.3 Torr of Ne were calibrated using the Ne line posit
of Palmer and Engleman (25). This calibration was then tran
erred to the NbN spectrum using the N2 lines as a transfe
standard. The molecular lines of NbN have a typical widt
0.05 cm21 and appear with a maximum signal-to-noise rati
12:1 so that the best line positions are expected to be ac
to about60.002 cm21.

LOW-LYING ELECTRONIC STATES OF NbN

The ground state of NbN is now well established as a3D
state arising from the configuration, 4dd 15ss 1 (17, 18, 23).
Until 1989 the only electronic transitions known for NbN w
theB3F–X3D, C3P–X3D, andC3P–A3S2 transitions, wher
the A3S2, B3F, andC3P states arise from 4dd 2, 4dd 14dp 1,
and 4dd 14dp 1 electron configurations, respectively. A v
high-qualityab initio study of the spectroscopic properties
NbN was carried out by Langhoff and Bauschlicher (23), who
alculated the properties of numerous low-lying singlet
riplet electronic states below 20 000 cm21 as well as th
quintet states below 30 000 cm21 using the MRCI an
MRCI 1 Q methods. Here MRCI denotes the multirefere
onfiguration interaction procedure based on SA-CAS
state-averaged complete-active-space self-consistent
alculations and1Q refers to a Davidson-like correction.
he singlet manifold the ordering of the electronic states
redicted to bea1D (4dd 15ss 1), b1S1 (5ss 2), c1G (4dd 2),
1S1 (4dd 2), ande1P (4dd 14dp 1). In a recent publication

Azumaet al. (18) have reported the observation of a num
transitions between the low-lying singlet and triplet electr
states which are consistent with the ordering of states pred
by Langhoff and Bauschlicher (23). The new transitions we
observed by wavelength-resolved fluorescence with a
monochromator following selective laser excitation of var
Academic Press
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269THE LOW-LYING ELECTRONIC STATES OF NbN
excited states. Thed1S1 state was not observed by Azumaet
l. (18) and a high-lyingf 1F (4dd 14dp 1) state was observe
t 22 312 cm21. A summary of the low-lying electronic stat

of NbN has been provided in an energy level diagram in
paper by Azumaet al. (18). All of these states, except theX3D
state, have been observed in our present investigation of
using high-resolution Fourier transform emission spec
copy. The missingd1S1 state has now been identified n
13 908 cm21. An updated energy level diagram of the lo
lying electronic states has been provided in Fig. 1, wher
observedT00 values of the low-lying states are also provi
for reference.

OBSERVATIONS

A number of new NbN bands have been observed in
8000–14 000 cm21 region. The branches in different ban
were sorted using a color Loomis–Wood program runnin
a PC computer. These bands have been found to in
numerous low-lying singlet states and spin components o
C3P and A3S2 states. A schematic energy level diagram

FIG. 1. A schematic energy level diagram of the observed elect
transitions of NbN. The positions of theA3S 0

2, a1D, b1S1, c1G, d1S1, C3P 1,
nd f 1F states have been drawn with theX3D 2–X3D 1 interval fixed to 400.
m21 as determined by Azumaet al. (18) (see text for details). The positio

of X3D 3, B3F 2, B3F 3, B3F 4, andC3P 2 states, marked by the broken lin
ave been taken from the paper of Azumaet al. (18). The transitions marke
ith broken lines have been taken from the thesis of Huang (26).
Copyright © 2000 by
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observed low-lying electronic states is presented in Fig
Although most of the states shown in this figure were obse
previously by Azumaet al. (18), the infrared transition

arked in Fig. 1 have been observed at high resolution u
Fourier transform spectrometer. Also, thed1S1 state of NbN

has been observed for the first time in our work.

(a) The d1S1–b1S1, d1S1–A3S0
2 Transitions

Two infrared transitions, which have 0–0 origins near 8
and 8796 cm21, have a common upper state and are assign
the d1S1–b1S1, d1S1–A3S 0

2 transitions. These assignme
locate thed1S1 state at 13 908 cm21. This state was no
observed by Azumaet al. (18) but was predicted by Langho
and Bauschlicher (23) at 14 908 and 12 878 cm21 using the
MRCI and MRCI1 Q calculations, respectively. It was no
by Langhoff and Bauschlicher that the MRCI1 Q calculation
were in better agreement with the experimental values.
rotational structure of both of these transitions is slightly
graded toward higher wavenumbers because of the sl
smaller bond length of thed1S1 state compared with the bo
lengths of theb1S1 andA3S 0

2 states.
The spectrum of thed1S1–b1S1 transition near 8045 cm21

is overlapped with a strong N2 band near 8056 cm21. In spite
of overlapping, the NbN rotational lines were easily dis
guished because of relatively small separation between
secutive rotational lines in a branch. Our color Loomis–W
program was also very helpful in identifying the lines in
overlapped regions. This band consists of oneR and oneP

ranch and lines have been identified up toR(37) andP(42).
The 0–0 band is followed by relatively weaker 1–1 and
bands with origins near 8069 and 8093 cm21. The rotationa
structure of all three bands has been analyzed.

The 0–0 band of thed1S1–A3S 0
2 transition has its origi

near 8796 cm21. This region of the spectrum is relatively fr
from N2 overlapping. The band also consists of singleR andP

ranches, as expected. A part of the spectrum of this tran
s provided in Fig. 2, whereP-branch lines of the 0–0 ba
ave been marked up to the bandhead. We have identifie

FIG. 2. A portion of thed1S1–b1S1 0–0 band of NbN near theP head

ic
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270 RAM AND BERNATH
lines up toR(53) andP(54) in this band. The 1–1 and 2
bands of this transition have also been observed near 882
8846 cm21 with relatively weak intensity and a rotation

nalysis of 0–0, 1–1, and 2–2 bands has been obtained

b) The C3P1–a1D and C3P1–A3S0
2 Transitions

Two bands observed near 12 261 and 12 346 cm21 have an
excited state in common. These bands were assigned
0–0 bands of theC3P 1–a1D and C3P 1–A3S 0

2 transitions
Both of these transitions consist ofP, Q, andR branches wit
the Q branch being the most intense.

The C3P 1–a1D transition at 12 261 cm21 has a relativel
open structure and the rotational lines in the three branche
clearly resolved starting from close to the origin. The highJ
lines with J $ 35 slowly broaden due to the onset of sm
L-doubling in theC3P 1 state but the split lines could not
measured because of their very weak intensity. Lines u
R(34), P(34), andQ(39) were observed in the 0–0 band
part of the spectrum of this transition near theQ head is
presented in Fig. 3, where someP and Q lines have bee
marked. The 1–1 band of this transition has anR head a

FIG. 3. A portion of theC3P 1–a1D 0–0 band of NbN near theQ head.

FIG. 4. A compressed portion of the spectrum of NbN showing theQ he
ransitions of NbN.
Copyright © 2000 by
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and all the three branches were identified in
band. The rotational analysis of both 0–0 and 1–1 bands
obtained.

In the 0–0 band of theC3P 1–A3S 0
2 transition near 12 34

cm21, the lines of theQ branch are not resolved and most of
lines pile up in a 2 cm21 interval to the lower wavenumb

side of the origin. This is a result of the near equality of
rotational constants in the upper and lower states. In this
the R andP branches have a open structure. The 1–1 ba
this transition appears with aQ head near 12 309.5 cm21 and
the Q branch is partly resolved at higherJ values. A com
pressed portion of the spectrum of NbN in theC3P–A3S2

region is provided in Fig. 4, where theQ heads of the 0–0 an
1–1 bands have been marked. The 0–0Q heads of theC3P 0–

3S 1
2 and f 1F–c1G transitions, presented in the followi

sections, have also been marked in this figure. TheR and P
ines of the 0–0 and 1–1 bands were picked out with the
f our Loomis–Wood program and were rotationally analy
he line positions of the 0–0 and 1–1 bands of theC3P 1–

X3D 2 transition (26) with the same excited state were a
included in the final fit. To constrain theDG(1

2) vibrationa
interval of theX3D 2 spin component, the difference betwe
the Q-branch lines of the 1–0 and 1–1 bands of theB3F 3–

3D 2 transition (26) were also included in the fit. This w
necessary to determine the vibrational intervals of the ex
states.

(c) The C3P01–A3S1
2 and C3P02–A3S1

2 Transition

Two bands withQ heads near 12 297.7 and 12 304.3 cm21,
which appear with moderate intensity, have been found to
their lower states in common. These two bands have
identified as the 0–0 bands of theC3P 01–A3S 1

2 andC3P 02–
A3S 1

2 transitions. TheQ branch of theC3P 01–A3S 1
2 0–0

band is shaded toward the higher wavenumbers and is
resolved while theQ branch of theC3P 02–A3S 1

2 0–0 band i
unresolved with slight shading toward lower wavenum

s of theC3P 01–A3S 1
2, C3P 02–A3S 1

2, C3P 1–A3S 0
2, andf 1F–c1G electronic
ad
Academic Press
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271THE LOW-LYING ELECTRONIC STATES OF NbN
(Fig. 4). Although theR and P branches of these bands
eaker in intensity and are not distinguishable at first sight
oomis–Wood program was very helpful in identifying

ines. Also the known combination differences for theC3P 02

state based on the previous work of Azumaet al. (18) were
ery useful in making definite assignments. The 1–1 ban
hese two transitions could not be identified due to their
eak intensity. Rotational analysis of both 0–0 bands has
arried out. The line positions of theC3P 01–X3D 1 and

C3P 02–X3D 1 0–0 transitions (26) were also included in th
nal fit.

d) The e1P–a1D and e1P–b1S1 Transitions

Two bands observed withQ heads near 13 660 and 12 99
cm21 have been identified as the 0–0 bands of thee1P–a1D
ande1P–b1S1 transitions. The 1–1 bands of these two tr-
sitions were not identified. Thee1P–a1D 0–0 band at 13 66
m21 consists of three branchesP, Q, andR, with theQ branch

being the most intense. A part of the 0–0 band of this trans
is presented in Fig. 5, where some lines in theQ branch hav
been marked. The highJ lines of this band slowly broaden a
split in two components nearJ 5 35 because of the sm
L-doubling in thee1P state. The highJ lines after theL-dou-
bling is resolved were very weak and could not be reli
measured. We have identified lines up toR(37), P(42), and
Q(46) in this band.

Thee1P–b1S1 0–0 band at 12 994.6 cm21 is much weake
in intensity than thee1P–a1D band and is overlapped with N2

and NbO lines present in the same region. TheQ lines of this
band could be readily identified from the predictions base
constants of thee1P andb1S1 states. TheR andP lines of this
band are too weak to be measured. This band was not inc
in the final fit.

(e) The f1F–c1G Transition

A band observed with aQ head at 12 400 cm21 has bee
dentified as the 0–0 band off1F–c1G transition. This ban
consists ofP, Q, andRbranches with theQ branch being the mo
intense. The rotational structure of this band is partly overla

FIG. 5. A portion of thee1P–a1D 0–0 band of NbN near theQ head.
Copyright © 2000 by
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with the lines of theC P1–A S0 0–0 band on the lower wav-
number side and a NbO band on the higher wavenumber si
could be positively identified with the help of our Loomis–Wo
program. The previously reported data for thef1F–a1D transition
(26) were also helpful in the assignment of this band. A part o
Q branch of this band near the band origin is presented in F
No L-doubling has been observed as expected for a1F–1G tran-
sition and we have identified the lines up toR(48), P(44), and
Q(55). The lines of the 0–0f1F–a1D transition (26) were also
ncluded in the final fit.

ANALYSIS

The observed line positions of bands of the different elect
transitions are provided in Table 1. The molecular constan
different states were determined by fitting the observed line
sitions to the following customary energy level expressions:

(for 1S1, 3S0
2, 1D, 1F, and 1G states)

Fv~ J! 5 Tv 1 BvJ~ J 1 1! 2 Dv@ J~ J 1 1!# 2, [1]

(for 1P, 3S1
2, and 3P1 states)

Fv~ J! 5 Tv 1 BvJ~ J 1 1! 2 Dv@ J~ J 1 1!# 2

6 1/ 2$qJ~ J 1 1! 1 qD@ J~ J 1 1!# 2%. [2]

Two fits were obtained for the determination of final spec
scopic constants. In the first fit the lines of theC3P 01–A3S 1

2

and C3P 02–A3S 1
2 transitions were combined with the li

positions of theC3P 01–X3D 1, C3P 02–X3D 1 transitions pre-
viously observed by laser excitation spectroscopy (18, 26). In
the second fit lines from thed1S1–A3S 0

2, d1S1–b1S1,
C3P 1–A3S 0

2, C3P 1–a1D, e1P–a1D, andf 1F–c1G transitions
were fit simultaneously. The rotational lines of theC3P 1–
X3D 2, e1P–X3D 2, andf 1F–a1D transitions from the previou
aser excitation work (26) were also included in this fit so th
ll of the new bands are connected together and referenc
5 0 of theX3D 2 spin component. The badly blended lin

FIG. 6. A portion of thef 1F–c1G 0–0 band of NbN near theQ head.
Academic Press



TABLE 1

272 RAM AND BERNATH
Observed Line Positions (in cm21) of the Near-Infrared Transitions of NbN

Note.O-C are observed minus calculated line positions in units of 1023 cm21.
Copyright © 2000 by Academic Press



TABLE 1—Continued

273THE LOW-LYING ELECTRONIC STATES OF NbN
Copyright © 2000 by Academic Press
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277THE LOW-LYING ELECTRONIC STATES OF NbN
were given reduced weights and overlapped lines were
cluded in order to improve the standard deviation of the fit.
first fit is connected tov 5 0 of the lowest energyX3D 1 spin
omponent while the second fit is connected tov 5 0 of the
3D 2 spin component. Because we have no direct conne

between the energy levels in our two separate fits, we
chosen to fix thev 5 0 X3D 2–X3D 1 interval to exactly 400.
cm21. The molecular constants obtained for the different e-
tronic states are provided in Table 2.

DISCUSSION

The energy level diagram of the low-lying electronic st
obtained by Azumaet al. (18) was very helpful in assigning th

Spectroscopic Constants (in cm21) fo

Note. All term values marked with “a” were fitted
component which was held fixed to the value of 400
undetermined term value for thev 5 2 vibrational level
Copyright © 2000 by
x-
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new transitions observed in the present work. The position o
new transitions, except those involving thed1S1 state, wer
readily calculated by taking the difference between the
values of the different electronic states. Thed1S1 state was no
observed by Azumaet al.(18) and was not marked in their ener
level diagram. The observation of two transitions,d1S1–A3S0

2

andd1S1–b1S1, with a common excited state provided a strai-
orward assignment of the rotational lines. Thed1S1 state ha
been located at 13 908 cm21 at the energy scale adopted
Azumaet al. (18). This compares with the calculated position
12 878 cm21 from MRCI 1 Q calculation of Langhoff an
Bauschlicher (23). A revised energy level diagram of the obser
low-lying singlet and triplet electronic states of NbN is provi

ow-Lying Electronic States of NbN

h respect to thev 5 0 vibrational level of theX3D2 spin
cm1 obtained by Azumaet al. (18), while “b” refers to the
theA3¥0

2 state.
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in Fig. 1. The term energies of different electronic states are o
same scale as given by Azumaet al. (18).

The electronic transitions observed in our work invo
inglet–singlet or singlet–triplet transitions and hyperfine s
ing or broadening has not been detected. As has been
reviously, theB3F–X3D and C3P–X3D transitions show

strong hyperfine effects which result mainly from the large
hyperfine splitting in theX3D state (17, 18). The molecula
onstants obtained from the final fit are presented in Tab
nspection of this table indicates that the3S0

2 and 3S1
2 spin

components of theA3S2 state are about 492 cm21 apart, which
is not normal for a Hund’s case (b)3S2 state. This indicate
that the A3S2 state is better described by Hund’s case
coupling. This case (c) behavior is a result of the interactio
the A3S 0

2 spin component with the higher lyingb1S1 and
d1S1 states. As discussed in detail by Azumaet al. (18), the
b1S1 (5ss 2) state is mixed with thed1S1(4dd 2) state by
electrostatic perturbation. Because of this interaction theb1S1

state acquires considerabled1S1 character and thus pertur
the A3S 0

2 spin component more strongly because it lies m
closer to theA3S 0

2 state.
During the rotational and hyperfine analysis of theC3P–

X3D transition, Azumaet al. (17, 18) found evidence of stron
second-order spin–orbit interaction between theC3P ande1P
states, both arising from the same valence electron confi
tion, 4dd 14dp 1. Because of this interaction, theC3P 1 spin
component is pushed down 650 cm21 from the expected pos-
tion by thee1P state. Thee1P–X3D 2 intercombination tran-
ition was observed strongly because of these interaction
ave also observed theC3P 1–a1D intercombination transitio

in addition to theC3P 1–A3S 0
2 andC3P 0–A3S 0

2 transitions.
The molecular constants of theA3S 0

2, a1D , b1S1, d1S1,
and C3P 1 states (Table 2) have been used to evaluate
equilibrium rotational constants for these states, which
provided in Table 3. Even though the 2–2 bands were obs
in the d1S1–b1S1 and d1S1–A3S 0

2 transitions, thev 5 2
ibrational levels of theb1S1 andd1S1 states remain floatin

because there is no connection with the known vibrati
levels of theC3P 1 state. Equilibrium vibrational constants
the A3S 0

2, b1S1, and d1S1 states could, therefore, not
determined in spite of the observation ofv 5 0, 1, and 2
vibrational levels. The equilibrium rotational constants pro

Equilibrium Constants (in cm21) A3S0
2,
Copyright © 2000 by
he

t-
ted

b

2.

)
of

h

ra-
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he
re
ed

al

e

the equilibrium bond lengths of 1.669320(22), 1.649066(
1.663115(20), 1.655800(19), and 1.669781(10) Å for
A3S 0

2, a1D, b1S1, d1S1, andC3P 1 states, respectively.

CONCLUSION

The emission spectrum of NbN has been investigated a
resolution in the 3000–15 000 cm21 region using a Fourie
transform spectrometer. The bands observed in the 8
14 000 cm21 region have been assigned to a number of-
itions involving both singlet and triplet electronic states.
ational analysis of these transitions has been carried ou
mproved spectroscopic constants have been obtained for
f the low-lying states. In this work we have located
issing d1S1 state, which was predicted by Langhoff a

Bauschlicher (23), but was not observed experimentally
revious investigations (18, 26). The observation of the 0–
nd 1–1 bands in a number of transitions, in conjunction

he previously reported wavenumbers for several transit
ave enabled us to determine theDG(1

2) vibrational intervals a
well as equilibrium bond lengths forA3S 0

2, a1D, b1S1, d1S1,
and C3P 1 states of NbN. Our observations are in excel
agreement with theab initio predictions of Langhoff an
Bauschlicher (23) and the previous work of Azumaet al. (18).
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