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The high-resolution spectrum of NbN has been investigated in emission in the 3000—15 00gion using a Fourier
transform spectrometer. The bands were excited in a microwave discharge through a mixture ofdploG~5 mTorr of
N,, and 3 Torr of He. Numerous bands observed in the near-infrared region have been classified into the following transitions:
f'd—c'T, e'll-a'A, C°ll, -A%S;, C°ll, -A®S;, C°ll,-a'A, CI,-A%S,, d'3"-A%3,, and d'3"-b'S". These
observations are consistent with the energy level diagram provided by laser excitation and emission spectroscopy [Y. Azuma,
G. Huang, M. P. J. Lyne, A. J. Merer, and V. I. SrdandvChem. Physl00,4138-4155 (1993)]. The missirf> * state
has been observed for the first time and its spectroscopic parameters are consistent with the theoretical predictions of S. R.
Langhoff and W. Bauschlicher, JiJ.[Mol. Spectroscl43,169-179 (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 observatior
of several vibrational bands with= 1 has enabled us to determine the vibrational intervals and equilibrium bond lengths for
the ASEO’, a'A, b’ ", dis T, andC3H1 states. © 2000 Academic Press

INTRODUCTION The electronic spectra of NbN were first observed by Dun

and Rao in 19691(5). The transition they saw was initially

Over the last two decades considerable interest has de‘é@éigned a#*d—X?A and the rotational analysis of tHé,—
oped in the spectroscopy of transition metal-containing molex, 5 hhand was reported. The rotational analysis of the oth

cules, partly due to the availability of many improved experiy, , 5 phands was difficult to achieve because of the presen
mental and theoretical techniques. The inherent complexity&afIarge nuclear hyperfine splittings at lowarvalues. The

the electronic spectra of many transition metal oxides, nitrid erfine structure of this transition was later analyzed b
carbides, and halides has now been unraveled and success@a&miaset al. (16) and more recently by Azumet al. (17), |

interpreted. The availability of high-qualitgb initio calcula- : : )

. ) : and molecular constants including the hyperfine paramete
tions has proven to be very helpful in the analysis of the %ve been determined. This transition was renameg’d
complex spectra. In part, the recent interest in the transitio )

3 .
metal-containing molecules can also be attributed to their irtf?-t_A by Azutmaetf ilhe(;:ltz)l'[ V\QLZ als?Hre;c;Xjed tr;efllgserleAxu—
portance in, for example, catalysis, () and astrophysicsj. 21on spectra o A, €1=Aa; an —a

Transition-metal atoms have relatively high abundances fignsitions and measured the spin—orbit intervals by observ

. . 3 3
many stars3) and several transition-metal hydrides and oxidd&" of weak spin satellite branche7( 1§. The A,—A, and

have also been detecteB—®). There is a possibility that A3_3A2_ intervals 024005: 0.1 and 490.5- 0.1 cm * were
transition-metal nitrides may also be found. So far nitrigd€termined for th&"A state of NbN. In addition, Azumet al.
molecules have not been observed in stellar atmospheres{1) have observed a number of transitions between the lov
part due to the lack of precise spectroscopic data required ¥§pgd singlet and triplet electronic states by recording the
a meaningful search in complex stellar spectra. In recent yea¥@velength-resolved fluorescence following the selective las:
the electronic spectra of several transition-metal nitrides hag¥citation of different states. The term energy positions of th
been analyzed at high resolution and considerable progress$Ri§ components of thas ", B*®, andC”II triplet states as
been made in theoretical studi&s-(19, although much more well as the positions cd'A, b'S ", ¢'T', e'Il, andf'® singlet
work is needed. Only limited and fragmentary spectroscopstates were also determined in this woi)(
data are available for a number of transition-metal nitrides. ForThere have been several theoretical calculations that pred
example, in tie V B transition metal family, some high-resothe dipole moments, dissociation energies, ionization potel
lution data are available for VNLB, 14 and NbN @5-1§, but tials, and spectroscopic properties of the low-lying electroni
TaN (19) remains poorly characterized. state of NbN 19-23. The ionization potential of 7.175 eV was
calculated by Beceset al. (20) and the binding energy of 4.56
* Department of Chemistry, University of Waterloo, Waterloo, Ontaric€V Was calculated by Seller1) for the X*A state of NbN.
Canada N2L 3G1. The permanent electric dipole moment of NbN was experimer
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268 RAM AND BERNATH

tally determined by Fletchest al. (22) as 3.26(6) and 4.49(9) this case it was noticed that the NbO and NbCI bands aga
D for the XA, andB*®, states, which compares well with theappeared along with new bands in the 8000—-13 700'cm
ab initio value of 3.65D (22) obtained for theéXx®A state. Their region. These bands were later attributed to NbN using tk
ab initio values ofr, = 1.695 A andw, = 1010 cm® also results recently published by Azumet al. (18). The NbN
compare well with the experimental values of 1.663 A andands appeared strongly when the discharge had an inter
1002.5 cm*, respectively. A very high-qualitpb initio cak  blue—white color. The emission from the discharge tube wa
culation has been performed by Langhoff and Bauschlichgent directly into the 8-mm entrance aperture of the 1-r
(23) on the spectroscopic properties of the low-lying singldtourier transform spectrometer of the National Solar Observ:
and triplet electronic states of NbN. The ordering of states #®y at Kitt Peak. The spectra in the 1800—15 000 tinterval
well as the energy positions as determined experimentally Were recorded using liquid-nitrogen-cooled InSb detectors,
Azumaet al. (18) were found to be in excellent agreement wittCaF, beam splitter, and RG695 filters. A total of six scans wert
the predictions of Langhoff and Bauschlich@3). The only co-added in about 63 min of integration at a resolution of 0.0
exception was thd'X * state, which was not observed directiycm™.
by Azumaet al. (18) but was predicted by Langhoff and The spectral line positions were determined using a dal
Bauschlicher Z3) to be near 13 000 cm. reduction program called PC-DECOMP developed by J

In the present investigation we have recorded the emissiBrault. The peak positions were determined by fitting a Voig
spectrum of the red and near-infrared regions of NbN usindiaeshape function to each line. The stronglies observed in
Fourier transform spectrometer. Numerous electronic transur spectra were used for calibration of the molecular lines ¢
tions have been observed between the low-lying singlet aN@N. The strong N lines recorded in a separate experimen
triplet states. The analysis of new bands is consistent with tivéh an Os hollow-cathode lamp operated with 10 mTorr f N
energy level diagram provided for NbN by Azuretal. (18). and 2.3 Torr of Ne were calibrated using the Ne line position
The missingd'> " state has now been located from the obseof Palmer and Englemar2%). This calibration was then trans-
vation of thed'S A’ and d'S"—b'Y " transitions. A ferred to the NbN spectrum using the, Nnes as a transfer
rotational analysis has been performed for the numerous elstandard. The molecular lines of NbN have a typical width o
tronic transitions and improved spectroscopic constants ha85 cm* and appear with a maximum signal-to-noise ratio o
been evaluated. 12:1 so that the best line positions are expected to be accur:

to about+0.002 cm™.
EXPERIMENTAL DETAILS

LOW-LYING ELECTRONIC STATES OF NbN
The NbN emission bands were excited in an electrodeless

microwave discharge through a flowing mixture of 3 Torr of The ground state of NbN is now well established a¥\a
He, about 5 mTorr of ) and a trace of NbGlvapor. The state arising from the configurationd&'5se* (17, 18, 23.
discharge tube was made of quartz and had an outer diamétatil 1989 the only electronic transitions known for NbN were
of 12 mm. Anhydrous NbGlpowder was placed in a smallthe B*®-X°A, C’II-X°A, andC’I1-A®3,~ transitions, where
bulb which was continuously heated by a heating tape duritlie A’S ", B*®, andC’II states arise fromdb?, 4ds*4d=*,
the experiment. The partial pressure of Nb@apor in the and 48'4dw* electron configurations, respectively. A very
discharge tube was adjusted to maintain a constant bluidtigh-qualityab initio study of the spectroscopic properties of
white color in the discharge. This experimental arrangemedbN was carried out by Langhoff and Bauschlich28)( who
was chosen to simultaneously study the electronic spectracafculated the properties of numerous low-lying singlet an
NbCl and NbN in two experiments. triplet electronic states below 20 000 cmas well as the
In the first experiment the discharge was made with 3 Toguintet states below 30000 ¢m using the MRCI and
of He and a trace of Nb@lvapor. This experiment was MRCI + Q methods. Here MRCI denotes the multireferenc
intended for the observation of NbCl spectra. Several Nb€bnfiguration interaction procedure based on SA-CASSC
bands, particularly those near 6704, 6799, and 6862 onere (state-averaged complete-active-space self-consistent fie
observed with very weak intensity. In addition to NbCI, &alculations andt+Q refers to a Davidson-like correction. In
number of NbO bands, with the most intense ones at 93@6e singlet manifold the ordering of the electronic states wa
12500, 12 571, 12 815, and 13 034 Cinwere also observed. predicted to bea*A (4d§'5s0t), b'2 " (5s0?), ¢'T’ (4d8?),
The NbCl and NbO bands were distinguished by their ling'S " (4d&%), ande'll (4ds'4d="). In a recent publication,
separation, with the branches in the NbCl bands havingAzumaet al. (18) have reported the observation of a numbe
smaller line spacing compared to those in NbO. The Nbttansitions between the low-lying singlet and triplet electronic
bands were very recently observed by Laumteal. (24) and states which are consistent with the ordering of states predict
have been assigned to several doublet—doublet transitionsby Langhoff and Bauschliche2®). The new transitions were
In the second experiment5 mTorr of N, was added to the observed by wavelength-resolved fluorescence with a sm:
flow, keeping the other experimental parameters the samemonochromator following selective laser excitation of variou:
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THE LOW-LYING ELECTRONIC STATES OF NbN 269

re 22313.1 em? observed low-lying electronic states is presented in Fig. :
; Although most of the states shown in this figure were observe

18857 4 previously by Azumaet al. (18), the infrared transitions

/18305 4 marked in Fig. 1 have been observed at high resolution usir
/17908.9 a Fourier transform spectrometer. Also, th& * state of NbN
79023177313 has been observed for the first time in our work.
-+ 17458.0
L
! \[6943.5 (@) The dX"—b'Y", d'S"-A’S, Transitions
! 16144.6
I 13908.3 Two infrared transitions, which have 0—0 origins near 804!
i ' and 8796 cm', have a common upper state and are assigned
| thed'Y "*—b'S ", d'S "—A’3, transitions. These assignments
: locate thed'> " state at 13908 cn. This state was not
! observed by Azumat al. (18) but was predicted by Langhoff
, 9912.9 and Bauschlicher2@) at 14 908 and 12 878 crh using the
j MRCI and MRCI+ Q calculations, respectively. It was noted
| by Langhoff and Bauschlicher that the MREIQ calculations
| 5862.8 were in better agreement with the experimental values. Tt
AT, l ‘ < /5604 5 rotational structure of both of these transitions is slightly de
M; = : N j S197.4 graded toward higher wavenumbers because of the slight
ATy 1 I l 3111.9 smaller bond length of thé'S * state compared with the bond
‘ i ; lengths of theb'S " andA®S,, states.
: i : The spectrum of thel'S "—b 'S " transition near 8045 cni
X4, i 1 891.0 is overlapped with a strong Nband near 8056 ci. In spite
ﬁiz ______________ f R — R posd of overlapping, the NbN rotational lines were easily distin-

guished because of relatively small separation between co
FIG. 1. A schematic energy level diagram of the observed electrongecutive rotational lines in a branch. Our color Loomis—Woo
transitions of NbN. The positions of theX,, a’A, b'x", ¢'T, d'X", C°Il,,  program was also very helpful in identifying the lines in the
" stts v e saur it i el 12410 4005_overappet regions. This band consists of Ghnd oneP
of X°A,, B, Bsq)syyBs(Dm andéaﬂz states, marked by the brolfen |ilnes’branch and Iine; have been identifi.ed uiR(@7) andP(42).
have been taken from the paper of Azustal. (18). The transitions marked | N€ 0—0 band is followed by relatively weaker 1-1 and 2-
with broken lines have been taken from the thesis of Hu@6jy ( bands with origins near 8069 and 8093 ¢mThe rotational
structure of all three bands has been analyzed.
The 0—0 band of the'S *—A%S, transition has its origin

: 15 +
excited states. The' . " state was not observed by Azure hear 8796 cmi. This region of the spectrum is relatively free

al. (18) and a high-lying*® (4d5*4d") state was observed g N, overlapping. The band also consists of singlandP

" . ,
at 22312 cm. A summary of the low-lying electronic states, anches, as expected. A part of the spectrum of this transitic

of NbN has been provided in an energy level diagram in the provided in Fig. 2, wheré-branch lines of the 0—0 band

paper by Azumat al. (18). All of these states, except _th@A have been marked up to the bandhead. We have identified t
state, have been observed in our present investigation of NbN

using high-resolution Fourier transform emission spectros-
copy. The missingd'> " state has now been identified near . , g
13908 cm'. An updated energy level diagram of the low- k
lying electronic states has been provided in Fig. 1, where thée HHHHHHH
|
|
|
|

4

T

observedT, values of the low-lying states are also provided
for reference.

OBSERVATIONS

|
A number of new NbN bands have been observed in the |

\
8000-14 000 cm' region. The branches in different bands lw M \Mw (Ju \ L L l
were sorted using a color Loomis—Wood program running Onjd ,WW;}MW M TR Wl MLM /\L{m

a PC computer. These bands have been found to involve ]
8770.0 8777.5 8785.0 cm’!

=

numerous low-lying singlet states and spin components of the
C’Il and A®S, ™ states. A schematic energy level diagram of FIG. 2. A portion of thed"S *~b*S * 0—0 band of NbN near thé head.
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270 RAM AND BERNATH

Pl 15 10 12 195.7 cm* and all the three branches were identified in thi
| band. The rotational analysis of both 0—0 and 1-1 bands w:
40 30 .
QW) ' obtained.

In the 0—0 band of th€3I1,—A%S,, transition near 12 346

m™, the lines of theQ branch are not resolved and most of the
Q lines pile up h a 2 cm* interval to the lower wavenumber
side of the origin. This is a result of the near equality of the
rotational constants in the upper and lower states. In this ca
N“' the R andP branches have a open structure. The 1-1 band ¢

i

' g

bbbl bl Jw

11240 1 1250 11260 em’!

i

|

\t\

this transition appears with @ head near 12 309.5 crhand
the Q branch is partly resolved at highdrvalues. A com-
pressed portion of the spectrum of NbN in tGEI[1-A®S "
region is provided in Fig. 4, where tlt¢ heads of the 0—0 and
FIG.3. A portion of theC®II,—a*A 0—0 band of NbN near th@ head. 1-1 bands have been marked. The (3-Beads of theC*IT,—
A’Y ] and f'®—c'T" transitions, presented in the following
sections, have also been marked in this figure. Rhend P
lines of the 0—0 and 1-1 bands were picked out with the hel
ur Loomis—Wood program and were rotationally analyzec
The line positions of the 0—0 and 1-1 bands of @#dI,—
X3A, transition @6) with the same excited state were also
(b) The CIl,—a'A and CII,—A’S; Transitions ?ncluded in thesfinal f!t. To constrain thAQ(%) vibrational
interval of theX®A, spin component, the difference between

Two bands observed near 12 261 and 12 346'dmave an the Q-branch lines of the 1-0 and 1-1 bands of &b ,—
excited state in common. These bands were assigned asXhg, transition @6) were also included in the fit. This was
0-0 bands of theC’Il,—a'A and C’II,-A%3, transitions. necessary to determine the vibrational intervals of the excite
Both of these transitions consist Bf Q, andR branches with states.
the Q branch being the most intense.

The C°I1,—a*A transition at 12 261 cnt has a relatively 3 3
open structure and the rotational lines in the three branches e | Cllo.—Ay and CTlo —AS,
clearly resolved starting from close to the origin. The higher Two bands withQ heads near 12 297.7 and 12 304.3 ¢m
lines withJ = 35 slowly broaden due to the onset of smallvhich appear with moderate intensity, have been found to hay
A-doubling in theC®I1, state but the split lines could not betheir lower states in common. These two bands have bec
measured because of their very weak intensity. Lines up ittentified as the 0—0 bands of tg1l,,—A%S; andC®I1, —
R(34), P(34), andQ(39) were observed in the 0—0 band. AA®Y; transitions. TheQ branch of theC®Il,,—A’3; 0-0
part of the spectrum of this transition near te head is band is shaded toward the higher wavenumbers and is par
presented in Fig. 3, where sonie and Q lines have been resolved while th& branch of theC®Il,_—A®S; 0—0 band is
marked. The 1-1 band of this transition has Rrhead at unresolved with slight shading toward lower wavenumber

lines up toR(53) andP(54) in this band. The 1-1 and 2-2
bands of this transition have also been observed near 8821
8846 cm' with relatively weak intensity and a rotational
analysis of 0-0, 1-1, and 2-2 bands has been obtained.

Transition

CI, - A’S, CII, - A’Sy
0-0 0-0

t

12300 12350 12400 cm’

FIG. 4. A compressed portion of the spectrum of NoN showing @hbeads of theC’II,,—A%S,, C°I1,_-A%3,, CII,-A%3,, andf'®—c'T electronic
transitions of NbN.
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THE LOW-LYING ELECTRONIC STATES OF NbN 271

30 ‘ with the lines of theC*[1,-A%S, 0—0 band on the lower wave
’ I ) ’ ‘ [ ‘ { 1 H number side and a NbO band on the higher wavenumber side |
could be positively identified with the help of our Loomis—Wood
program. The previously reported data for the—a'A transition
‘ (26) were also helpful in the assignment of this band. A part of th
?‘ Q branch of this band near the band origin is presented in Fig.
| le | h

QM

‘ No A-doubling has been observed as expected fdp-dl” tran

_ % \w /\ \A “ sition and we have identified the lines up R(8), P(44), and
J‘U'”' I,w‘\,“p\ MJ\U‘“ ”"‘ ; Jn “ H VJ\‘H‘M\M\J‘ i wﬂj J\ W HJJL f M | LA B M Q(55). The lines of the 0—@®'®—a'A transition 26) were also
W 1 w]\\ N oy ] 1 ’v

included in the final fit.

T
13646 13652 13658 em’!

FIG.5. A portion of thee'II-a'A 0—0 band of NbN near th@ head. ANALYSIS

The observed line positions of bands of the different electroni
. ransitions are provided in Table 1. The molecular constants f
(Fig. 4). Although theR and P branches of these bands ar%l{rerent states were determined by fitting the observed line p

weaker in intensity and are not distinguishable at first sight, ot
sitions to the following customary energy level expressions:

Loomis—Wood program was very helpful in identifying the
lines. Also the known combination differences for 831, (for 'S*, 335, *A, '®, and T states)

state based on the previous work of Azuetaal. (18) were

very useful in making definite assignments. The 1-1 bands of F(D=T. +BJJ+1) —DJI[II+ 1D 1
these two transitions could not be identified due to their very ) =T+ B ) L3 M5 [1]
weak intensity. Rotational analysis of both 0—0 bands has begn ;. s« - 3

carried out. The line positions of th€®ll,,—X°A; and e(?or I, °3, and 11, states)
C*l1,_—X*A, 0-0 transitions Z6) were also included in the )
final fit. F()=T,+BJ(J+1)—DJJJ+1)]

+ +1) + + 1)]%.

(d) The éll-a'A and €I1-b'S " Transitions V20 + D+ el )+ DIF- 2

Two bands observed wit heads near 13 660 and 12 994.9Wwo fits were obtained for the determination of final spectro
cm ! have been identified as the 0—0 bands oféhd—atA Scopic constants. In the first fit the lines of G&lI1,,—A%S
ande'TI-b'S* transitions. The 1-1 bands of these two trargnd C°II,_—A’S; transitions were combined with the line
sitions were not identified. The'II-a*A 0-0 band at 13 660 positions of theC*II,,—X*A,, C°II, —X*A, transitions pre
cm * consists of three branchBs Q, andR, with theQ branch Viously observed by laser excitation spectroscal, 6. In
being the most intense. A part of the 0—0 band of this transitiéhe second fit lines from thal'>"-A’%,, d'X"-b'X",
is presented in Fig. 5, where some lines in @éranch have C'I1,-A*3,, C’II-a’A, e'll-a'A, andf'®—c'T transitions
been marked. The highlines of this band slowly broaden andwere fit simultaneously. The rotational lines of tRETI,—
split in two components neal = 35 because of the smallX*A;, e'TI-X°A,, andf'®-a’A transitions from the previous
A-doubling in thee'IT state. The highl lines after theA-dou  laser excitation workZ6) were also included in this fit so that
bling is resolved were very weak and could not be rehab@” of the new bands are connected together and referenced
measured. We have identified lines upR(87), P(42), and V = 0 of the XA, spin component. The badly blended lines

Q(46) in this band.

Thee'll-b'S " 0-0 band at 12 994.6 crhis much weaker
in intensity than the'II-a'A band and is overlapped with,N
and NbO lines present in the same region. Thines of this
band could be readily identified from the predictions based on
constants of the'Il andb',* states. Th& andP lines of this
band are too weak to be measured. This band was not included
in the final fit. |

* \ \' ‘;\ \¢ \ |
(e) The fd—c'T Transition ’JJ {\ f \H\ h "\W r \ u ‘\ '\ | MM‘M
W el i J h il
A band observed with ® head at 12400 cm has been i1 W W‘" "‘“J ”H“ ” “f W “
identified as the 0—0 band df®-c'T transition. This band \ , |

consists oP, Q, andR branches with th@ branch being the most 2% 12394 12399 em
intense. The rotational structure of this band is partly overlappediG. 6. A portion of thef'®—c'TI" 0—0 band of NbN near th@ head.

QW)

T T
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TABLE 1
Observed Line Positions (in cm™) of the Near-Infrared Transitions of NbN
J RWJ) o-C P(J) 0-C R(J) 0-C P(J) 0-C R(J) 0-C P(J) 0-C
d'Z*-b'ZY, 0-0 d'Z - p'EY, 1-1 d'T - bZY, 222

1 8047.491 6

2 8048.507 -5

3 8049.544 -3 8042.494 3

4 8050.595 3 8041.515 -5

5 8051.647 2 8040.554 3 8064.064 -1 8087.538 0
6  8052.709 1 8039.607 3 8076.151 -9 8063.140 19 8086.599 -2
7 8053.780 0  8038.659 -2 8077.223 -7 8062.187 0 8100.644 -2 8085.674 -2
8 8054.860 -1 8037.724 -2 8078.308 -3 8061.255 -7 8101.728 2 8084.765 4
9  8055.950 -1 8036.802 1 8079.397 -4 8060.348 1 8102816 0  8083.858 2
10 8057.055 5  8035.888 3 8059.445 3 8103.926 9

11 8058.160 2 8034.977 -2 8081.618 7 8105.025 -3 8082.077 -1
12 8059.274 -1 8034.081 -1 8082.731 2 8057.661 -0 8106.146 )

13 8060.403 1 8033.193 -0 8083.858 0 8056.789 3 8107.280 1 8080.338 -4
14 8061.540 3 8032.315 0  8084.995 -2 8055.921 0

15 8062.679 -2 8031.446 -1 8055.068 3 8109.565 -7 8078.648 0
16  8063.833 -1 8030.586 -1 8087.302 0 8054.220 0 8110.733 1 8077.819 2
17 8065.004 6  8029.736 -1 8088.470 1 8053.383 -2 8111913 7 8076.994 2
18 8066.169 -0 8028.898 3 8089.651 4 8052.559 0  8113.091 3

19 8067.348 -2 8028.063 -1 8051.741 -3 8114.277 -4 8075.390 4
20 8068.540 1 8027.240 -3 8092.033 3 8050.939 -0 8115.487 4 8074.620 23
21 8069.739 1 8026.430 0 8093.237 2 8050.143 0 8116.697 1 8073.816 -3
22 8070.947 1 8025.626 -1 8094.451 0 8049.360 1 8117.920 2 8073.049 3
23 8072.163 0  8024.831 -3 8095.670 -6 8048.580 -4 8119.152 1 8072310 15
24 8073.388 -1 8024.050 0 8096.925 14 8047.817 -2 8071.546 -3
25 8074.620 -4 8023.276 -0 8098.161 5 8047.066 1 8070.814 1
26 8075.864 -3 8022513 1 8099.412 2 8046.321 0 8070.088 -1
27 8077.123 2 8021757 -0 8100.675 1 8045.585 -2 8069.377 2
28 8078.383 -1 8021.012 -0 8101.947 -1 8044.862 -1 8068.674 1
29 8079.651 -3 8020.282 5 8103.226 -5 8044.149 -1 8067.984 3
30 8019.547 -5 8104.528 4 8043.457 9 8067.293 -6
31 8018.839 3 8042.757 ! 8066.626 -3
32 8083.514  -10  8018.132 2 8107.141 1 8042.072 3 8065.969 -1
33 8084.832 0 8017.436 1 8041.400 -3 8065.327 5
34 8016.750 1 8109.799 5 8040.740 -2 8064.685 -0
35 8087.480 5 8016.076 4 8111.139 3 8064.064 6
36 8088.809 -1 8015.405 2 8063.440 -4
37 8090.166 11 8014.759 8 8038.817 -7 8062.837 3
38 8014.104 -1 8038.202 3 8062.264 18
39 8013.481 11 8037.597 -1 8061.666 2
40 8012.846 3 8036.995 -6 8061.081 -13
41 8012.225 -3 8036.411 -4
42 8011.621 2 8035.835 -6
43
44 8034.725 1
45 8034.184 3
46 8033.655 6
47 8033.142 12

d'Z* - A%y, 0-0 d'T* - AT, 1-1 d'Z - A%y, 2-2

1 8798.444 5

2 8799.480 -1

3 8800.535 -3 8793.477 -5

4 8801.608 -3 8792.540 0  8826.008 -4 8816.995 9 8842.070 15
S 8802.703 1 8791.609 -5 8827.094 -4 8816.062 -4 8841.139 -2
6  8803.807 -1 8790.704 -0 8828.208 7 8815.162 -1 8853.217 -2 8840.251 6
7 8804.940 10 8789.808 -4 8814.279 2 8854.334 -1 8839.374 9
8  8806.072 3 8788.933 -2 8830.455 -1 8813411 4 8855.463 -5 8838.503 0
9  8807.225 0 8788.076 1 8831.613 4 8812.566 12 8856.628 11 8837.657 -0
10 8808.397 0 8787.231 -1 8832.772 -5 8811.720 1 8857.787 4  8836.819 -9

Note.O-C are observed minus calculated line positions in units of tén .
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TABLE 1—Continued

J R(J) 0-C P(J) 0-C R(J) 0-C PW) 0-C R(J) 0-C P(J) 0-C
11 8809.585 1 8786.405 -0 8833.962 -1 8810.896 -4 8858.967 1 8836.015 -2
12 8810.787 -1 8785.595 0 8835.178 13 8810.097 -1 8860.165 -1 8835.236 13
13 8812.011 2 8784.802 1 8836.382 -2 8809.310 -2 8861.392 9  8834.452 7
14  8813.247 2 8784.027 3 8837.617 -2 8808.541 -2 8862.615 -1 8833.689 4
15  8814.499 -0 8783.266 3 8838.866 -4 8807.795 4 8863.866 0 8832937 -4
16  8815.769 1 8782.520 1 8840.140 2 8807.058 2 8865.130 -2 8832210 -4
17 8817.052 -2 8781.795 3 8841.424 2 8806.336 -2 8866.407 -8 8831.489 -16
18 8818.354 -1 8781.083 2 8842.727 4 8805.633 -3 8867.715 -0 8830.803 -10
19  8819.673 -0 8780.389 2 8844.042 1 8804.940 -1t 8869.033 1 8830.138 1
20 8821.006 -1 8779.710 -0 8845373 -1 8804.289 5  8870.360 -5 8829.482 3
21 8822.357 0 8779.049 0  8846.728 4 8803.636 3 8871.714 -0  8828.842 3
22 8823.724 0 8778.404 -1 8848.094 3 8802.996 -3 8873.080 -1 8828.208 -6
23 8825.107 0 8777.777 0  8849.478 4 8802.382 0  8874.463 -1 8827.609 1
24 8826.504 -1 8777.166 -0 8850.874 1 8801.782 -0 8827.014 -4
25  8827.918 -1 8776.575 3 8852.285 -4 8801.199 1 8826.449 4
26  8829.349 -2 8775.994 -1 8800.629 -4 8825.893 3
27  8830.803 5 8775435 1 8855.169 -0 8800.085 2 8825.362 1t
28 8832.260 -1 8774.890 1 8856.628 -6 8799.552 1 8824.839 9
29  8833.742 2 8774363 0 8858.115 -0 8799.035 0 8824.330 4
30  8835.236 0 8773.851 -1 8859.603 -10  8798.536 -0 8823.842 3
31 8836.745 -2 8773.359 1 8861.122 -4 8798.057 2 8823.364 -6
32 8838.274 -0 8772.881 -0 8862.660 5 8797.593 3 8822.915 -2
33 8839.820 2 8772423 2 8864.197 -5 8797.142 -1 8822.484 3
34 8841376 -1 8771.979 1 8865.768 4 8796.715 2 8822.057 -6
35  8842.953 -0 8771.551 0 8867.340 -3 8796.306 8 8821.651 -1
36 8844.541 -4 8771.137 -3 8868.939 1 8795.902 -1 8821.288 10
37 8846.156 4 8770.747 -0 8870.549 -0 8795.530 7 8820.914 3
38 8847.776 1 8770372 1 8872.176 0 8795.154 -7 8820.560 -1
39 8849413 -1 8770.011 -0 8873.822 2 8794.813 -3 8820.222 -8
40  8851.068 -1 8769.668 -1 8794.486 -1 8819.915 1
41  8852.740 -1 8769.344 0 8794.181 5 8819.620 3
42 8854.425 -3 8769.035 -0 8793.880 -2 8819.332 -3
43 8856.138 6 8768.743 1 8793.596 -8
44 8857.850 -1 8768.465 -2 8793.339 -6
45  8859.585 0  8768.209 -0 8793.098 -4
46  8861.338 1 8767.970 2 8792.878 1
47 8863.098 -5 8767.743 -1 8792.676 8
48  8864.882 -4 8767.535 -1 8792.469 -7
49  8866.678 -5 8767.346 0 8792.312 9
50  8868.496 -2 8767.176 4 8792.148 3
51 8870314 -13  8767.016 1
52 8872.176 3 8766.877 2
53 8874.039 4 8766.740 -13
54 8766.634 -14
J R(J) 0-C QW) 0-C P(J) 0-C R(J) 0-C Q) 0-C PWJ) 0-C

Cl,, - AL, 0-0 C3I1,. - A%, 0-0

6 12311.351 -7

7 12312.373 6

8 12313.374 -3 Unresolved

9 12314.380 -11 Q-head at
10 12315.396 -10 12304.35
11 12286.794 -1 12316.423 -0 cm’!

12 12310.616 4 12285.803 6 12317.442 0

13 12311.593 -4 12284.801 3 12318.469 6 12291.654 -6
14 12312.578 -3 12283.797 -1 12319.499 12 12290.710 10
15 12313.561 -3 12282.799 -0 12289.735 -7
16 12314.552 5 12281.799 0 12321.537 -3 12288.786 0
17 12315528 -1 12280.796 -2 12322.572 3 12287.829 -4
18 12316514 4 12279.805 8 12323.595 -5 12286.888 6
19  12317.488 -2 12298.145 -2 12278.801 5 12324.631 -3 12285.931 -2
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TABLE 1—Continued

J R(J) 0-C QW) 0-C P(J) 0-C R(J) 0-C QW) 0-C P(J) 0-C
20 12318469 -0 12298.193 5 12277.796 2 12325665 -4 12284.989 2
21 12319445 2 12298234 3 12276.795 212326705 -0 12284.041 2
22 12320426 1 12298278 2 12275.794 4 12327749 6 12283.098 2
23 12321398 -4 12298326 312274784 -3 12328781 -3 12282.159 -2
24 12322373 -5 12298374 3 12273.793 9 12329823 -2 12281.220 3
25 12323347 -5 12298.422 1 12272777 -3 12330.878 10 12280.294 6
26 12324324 -1 12298476 3 12271.780 412331917 3 12279.358 3
27 12325293 -5 12298525 -2 12270.779 8 12332.969 9 12278.423 2
28 12326269 -0 12298578 -3 12269765 -1 12333999 9 12277.499 3
29 12327236 -4 12298.639 0 12268.759 -2 12335057 -1 12276.563 -6
30 12328210 1 12298.694 -3 12267.757 2 12336111 3 12275.653 8
31 12329.169 -8 12298.762 4 12266739 -10  12337.156 -5 12274.717 -5
32 12330.144 1 12298.819 0 12265740 -2 12338203 -1l 12273.797 -5
33 12331.110 1 12298882 -0 12264.740 5 12339.269 0 12272.880 -4
3412332072 -1 12298.948 2 12263.728 1 12340326 1 12271.961 -6
35 12333.039 2 12299.007 -5 12262.714 -5 12341385 4 12271.051 2
36 12333.999 1 12299.084 S 12261710 -0 12342437 -3 12270.144 4
37 12334961 3 12299.153 512260700 -2 12343498 -0
38 122909216 -2 12268.318 3
39 12336872 -3 12299.294 6 12258.682 0 12345.625 5 12267.416 2
40 12337.832 2 12299364 3 12257.676 S 12346.687 5 12266.508 -
41 12338.786 1 12299.434 1 12256.663 4 12347743 -1 12265.613 8
42 12339726 12 12299.501 6 12255660 12 12348.813 6 12264.695 -8
43 12340.691 2 12299578 -5 12349.872 1 12263.806 2
44 12341639 0 12299.660 1 12350930 -6 12262911 6
45 12342580 -7 12299.740 4 12352.000 -1 12262.002 -6
46 12299.810 -4 12353.070 4 12261.121 8
47 12299.899 7 12354.138 6 12260.214 5
48 12299.980 8 12259.326 -1
49 12258.431 -5
50 12300.124 -9
51 12300213 -0
52 12300.295 -1
53 12300.380 2
CI, - A’%y, 0-0 L, - A°%,, 1-1

5 12300.599 8
10 12299.587 -1
11 12357.899 0  Unresolved 12335.121 0 12298.578 -4
12 12358.871 5 Q-headat 12334.113 -6 12322170 -8 12297.582 7
13 12359.848 -4 12346.06 12333.121 5 12323.140 4 12296.567 0
14 12360.825 -2 em? 12332.121 9 12295544 -12
15 12361798 -2 12331.110 4 12325.048 3 12294.544 |
16 12362.768 -4 12330.096 -4 12325990 -7 12293.530 1
17 12363.741 2 12329.092 -2 12326.954 8 12292.501  -12
18 12364.715 2 12328.087 2 12327889 -4 12291.499 4
19 12365.683 3 12327.080 3 12328.845 7 12290.471 -4
20 12366.651 5 12326.066 -1 12329777 -3 12289.448 5
21 12367.613 1 12325.048 -8 12330.730 9 12288.428 3
22 12368577 2 12324040 -4 12331.663 5 12287.399 -6
23 12369.536 -l 12323.031 -0 12332589 -5 12286.385 7
24 12370495 -3 12322017 -1 12333.522 -6 12285.357 8
25 12371454 3 12334.452 -6 12308909 11 12284319 0
26 12372406 -9 12319.989 1 12335396 9 12308856 10 12283274  -12
27 12373373 3 12318971 -0 12336302 -10 12308.807 15 12282.248 -4
28 12374326 2 12317.951 3012337230 -6 12308.748 13 12281.220 5
29 12375277 | 12316.937 2 12338146 -11  12308.683 6
30 12376216 -11 12315.916 0 12339074 -1  12308.622 5
31 12377.173 -2 12314.896 2 12339.981 9 12308.564 10
32 12378.124 1 12313.884 12 12340.801  -12  12308.496 7
33 12379.070 2 12312.850 0 12341.803  -11 12308432 10
34 12380.014 3 12311.824 -1 12342709  -13 12308351 -1

Copyright © 2000 by Academic Press



THE LOW-LYING ELECTRONIC STATES OF NbN

TABLE 1—Continued

J R(J) 0-C Q) 0-C P(J) 0-C RWJ) 0-C QW) 0-C P(J) 0-C
35 12380.954 3 12310.802 1 12308.289 9
36 12381.883 -8 12309.776 1 12308.210 4
37 12382.826 -2 12308.748 2 12308.134 5
38 12383.771 8 12307.712 -6 12308.052 1
39 12384.701 5 12306.686 -2 12307.973 3
40 12385.624 -2 12305.662 5 12307.884 -2
41  12386.555 -0 12304.629 4
42  12387.483 2 12303.586 -6
43 12302.555 -2
44 12389.329 2 12301.522 1
45 12390.251 6 12300.471 -12
46 12391.171 9 12299.434 -10
47  12392.076 -1
48  12392.982 -6
49  12393.881 -16
50 12394.804 2
C°I, - 2'A, 0-0 L, - alA, 1-1

6 12260.051 -10

7 12259.877 -3 12252.935 -12 12184.469 -12

8 12268.586 -3 12259.675 -0 12251.741 -10  12185.248 -2

9  12269.337 -11 12259.447 4 12250.528 -1 12185.991 -2 12176.161 11 12167.279 -13
10 12270.080 -0 12259.190 4 12249.281 -1 12186.706 -1 12166.031 -8
11 12270.779 -8 12258.907 4 12248.012 2 12187.393 -2 12175588 2 12164.755 -4
12 12271.464 -4 12258.596 2 12246.712 1 12175.262 -1 12163.466 13
13 12272.124 1 12258262 2 12245392 S 12188.700 10 12174.909 -4 12162.133 13
14 12257.902 2 12244.037 0 12189.291 -5 12174.538 2 12160.758 -2
15 12273.352 -3 12257.516 2 12242.667 6 12189.880 5 12174.138 5 12159364 -9
16 12273.943 11 12257.105 3 12241.263 3 12173.706 4 12157964 S
17 12274.490 8 12256.663 -1 12239.829 -4 12190.956 4 12173.245 1 12156.517 -2
18  12275.007 -1 12256.201 0 12238.379 -2 12172.761 1 12155.053 1
19  12275.508 2 12255.714 3 12236.899 -4 12191.926 6 12172.249 0  12153.557 -1
20 12275991 12 12255.195 -0 12235.399 -1 12192.369 S 12171710 0 12152.029 -8
21 12276.427 2 12254.656 2 12233.867 -3 12192.788 8 12171.145 1 12150.489 -1
22 12276.847 1 12254.090 312232318 3 12170.553 2 12148914 -1
23 12277.232 -8 12253.494 1 12230.732 -2 12193.529 -1 12169.931 0 12147315 1
24 12277.606 -2 12252.875 1 12229.123 -5 12193.866 3 12169.285 2 12145.688 3
25  12277.953 4 12252.231 2 12227.496 1 12194.172 2 12168.606 -4 12144.030 -0
26 12278.264 -0 12251.557 -0 12225.840 2 12194.452 3 12167.900 -8 12142.337 -11
27 12278.555 2 12250.860 -0 12224.152 -2 12194.697 -2 12167.181 1 12140.627 -12
28 12278.801 -14  12250.135 -1 12222.445 0 12194.925 1 12166.421 -3 12138.898 -5
29 12279.048 -2 12249.387 -0 12220.709 0 12195.109 -10  12165.634 -7 12137.138 -3
30 12279.265 5 12248.610 -2 12218.956 8 12195.299 11T 12164.825 -5 12135.351 -0
31 12279.439 -3 12247.807 -3 12217.161 0 12195425 -4 12163.991 -1 12133.533 -1
32 12279.584 -14  12246.984 2 12215.345 -4 12195.543 1 12163.129 2 12131.693 2
33 12279.714 -14  12246.136 9 12213.505 -5 12195.627 0 12162.226 -9 12129.828 8
34 12279.805 -26 12245251 4 12211.650 4 12195.691 7 12161.321 7 12127.906 -17
35 12244.339 -1 12160.365 -3 12125987 -10
36 12243.409 3 12159.401 8
37 12242.447 0 12158.394 4
38 12241.463 2 12157.354 -6
39 12240.446 -2 12156.307 5
J Ree() O-C Pee(J) O-C RifJ) O-C PftJ) OC Qfed) O-C QefJ) O-C

e'll - a'A, 0-0

S 13659.704 5 13659.704 5

6 13666.499 11 13666.499 10 13659.559 13659.559 10

7 13667.306 1 13667.306 1

8 13668.104 7  13651.245 -0 13668.104 6 13651.245 -1 13659.170 -6 13659.170 -5

9 13668.855 -8 13650.042 12 13668.855 -9 13650.042 11 13658.954 2 13658.954 3
16 13669.599 -6 13648.786 -4 13669.599 -7 13648.786 -5 13658.702 -1 13658.702 -0
11 13670.313 -9 13647.535 9 13670.313 -1 13647.535 8 13658432 2 13658.432 4
12 13671.006 -7 13646.231 -5 13671.006 -9 13646.231 -6 13658.132 2 13658.132 3
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TABLE 1—Continued

0-C

J Ree(J) 0-C Pee(J) 0-C Rff(J) 0-C Pff(J) 0-C Qfe(J) 0-C Qef(J)
13 13671.671 -8 13644917 -4 13671.671 -10 13644.917 -6 13657.805 -2 13657.805 -1
14 13672.304 -16 13643.586 4 13672304 -18  13643.586 3 13657457 -0 13657.457 1
15 13672937 1 13642.217 -0 13672.937 -1 13642.217 -2 13657.080 -4 13657.080 -2
16 13673.529 3 13640.828 -0 13673.529 1 13640.828 -2 13656.686 1 13656.686 3
17 13674.100 8 13674.100 7 13656.260 0 13656.260 2
18  13674.627 -4 13637.977 1 13674.627 -5 13637.977 -0 13655.811 1 13655811 3
19  13675.149 3 13636.511 -0 13675.149 2 13636.511 -2 13655.334 -1 13655.334 0
20 13675.636 2 13635.020 -2 13675.636 1 13635.020 -4 13654.836 1 13654.836 2
21 13676.093 -5 13633.509 0 13676.093 -4 13633.509 -0 13654.309 -0 13654.309 -0
22 13676.532 -4 13631.972 2 13676.532 -2 13631.972 1 13653.757 -1 13653.757 -2
23 13676.941 -6 13630.405 -1 13676.941 -4 13630.405 -1 13653.182 -0 13653.182 -1
24 13677.334 -0 13677.334 3 13652.582 3 13652.582 0
25 13677.690 -5 13627.208 5 13677.690 -0 13627.208 7 13651.953 I 13651.953 -3
26 13678.022 -8 13625.560 -4 13678.022 -2 13625.560 -0 13651.305 6 13651.305 2
27 13678.338 -1 13623.895 -5 13678.338 7 13623.895 -1 13650.619 -1 13650.619 -7
28 13678.618 -4 13622.205 -5 13678.618 6 13622.205 1 13649.919 4 13649919 -4
29  13678.874 -6 13678.874 6 13649.188 3 13649.188 -7
30 13679.106 -5 13618.759 4 13679.106 10 13618.759 14 13648.447 18  13648.447 6
31 13679.337 20 13616.978 -12 13679.289 -9 13616.978 0 13647.655 9  13647.655 -6
32 13679.508 12 13615.192 -8 13679.469 -6 13615.192 13646.839 2 13646.845 -11
33 13679.671 22 13613.377 -7 13679.620 -3 13613.377 11 13646.012 9  13646.043 18
34 13679.786 11 13679.745 -1 13645.146 4 13645.178 11
35 13679.891 15 13679.837 -5 13609.650 -1 13644.263 8 13644.289 4
36 13679.955 5  13607.790 6 13679.891 =20 13607.745 -9 13643.336 -6 13643.382 7
37  13680.013 16 13679.955 2 13642.400 -1 13642459 19
38 13603.926 4 13603.884 -0
39 13601.955 2 13601.902 -7 13640.440 -2 13640.496 4
40 13599.961 2 13599.900 -8 13639.479 0
41 13597.948 10 13597.869 -12 13638.369 -6 13638.443 4
42 13595.897 6 13595.821 -7 13637.298 -3 13637.367 -6
43 13636.189 -12 13636.281 0
44 13635.156 -5
45 13634.010 -6
46 13632.840 -4
J RJ) OC QJ) OC PJd) oOC J RJ) OC QJ) OC PJ) 0O<C
f'o - T

9 12399.746 -7 12390.854 8 33 12428.455 -1 12394.884 -1 12362.302 7
10 12399.663 3 12389.766 2 34 12394.560 0
11 12399.552 -6 12388.673 2 35 12429.762 2 12394.223 -1 12359.676 6
12 12399.450 5 12387.566 -5 36 12430.396 0 12393.879 -0 12358.345 2
13 12413.173 -4 12399.325 1 12386.450 -10 37 12431.024 3 12393.520 -4 12357.004 -1
14 12414.040 5 12399.188 -6 12385.347 6 38 12431.640 4 12393.156 -1 12355.663 4
15 12414.891 8 12399.049 -4 12384.214 1 39 12432239 -0 12392.781 -0 12354.297 -5
16 12415.722 1 12398.901 -2 12383.072 -3 40 12432.832 0 12392.399 5 12352934 -2
17 12416.555 4 12398.746 1 12381.930 4 41 12433415 1 12391.997 -1 12351.555 -4
18 12417.370 0 12398.568 -8 12380.772 2 42 12433977 -8 12391.582 -8 12350.168 -5
19 12418.175 -4 12398.395 -2 12379.607 3 43 12434.553 10 12391.173 1 12348.775 -2
20 12418.973 -5 12398.213 3 12378426 -3 44 12390.741 -2 12347.374 4
21 12419.767 -1 12398.012 -1 12377.234 -11 45 12435.634 4 12390.311 7
22 12397.803 -3 12376.048 -3 46 12436.155 -1 12389.856 2
23 12421.321 4 12397.589 0 12374.849 1 47 12436.666 -4 12389.397 4
24 12422.080 4 12397364 1 12373.632 -3 48 12437.170 -3 12388.918 -3
25 12422.826 -0 12397.128 1 12372.406 -7 49 12388.436 -2
26 12423.572 6 12396.879 -2 12371.182 1 50 12387.936 -9
27 12424.290 -5 12396.625 -0 12369.943 2 51 12387.444 4
28 12425.015 -0 12396.358 -2 12368.692 2 52 12386.929 5
29 12425.724 -0 12396.090 5 12367.430 -1 53 12386.393 -3
30 12395.802 2 12366.156 -4 54 12385.859 1
31 12427.105 -6 12395.506 1 12364.885 3 55 12385.308 -1
32 12427.789 -1 12395.198 -2 12363.592 -1
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TABLE 2
Spectroscopic Constants (in cm™) for Low-Lying Electronic States of NbN
v T, B, 107 x D, 10° x q, 10® x qy,
XA, 0 0.0 0.5001157(65) 4.528(27) - .
XA, 0 400.5° 0.5017295(48) 4.792(22) - -
1 1434.5755(14) ® 0.4991097(63) 4.606(34) - --
AT, 0 5111.8916(12)° 0.4958108(47) 4711(19) - -
1 6128.4693(26) ® 0.4931750(76) 4716(41) - -
2 b 0.490593(27) 5.08(29) - -
AN, 0 5604.53298(84) 0.4960528(65) 4.623(28) -1.3243(17) 2.64(11)
a'A 0 5197.37374(93) 2 0.5081547(51) 4.650(24) - -
1 6260.6461(19) * 0.5056439(73) 4.556(42) -- -
b 0 5862.8389(15) ° 0.4994432(52) 5.003(23) - -
1 6880.3653(29) 0.4966393(82) 5.056(43) - -
2 b+753.5050(13) 0.493884(27) 5.39(29) - -
c'T 0 9912.8939(19) * 0.4995986(63) 4.804(30) - --
d'z 0 13908.2989(13) 0.5040215(47) 4.721(19) - -
1 14949.3000(28) * 0.5015045(82) 4.734(46) - -
2 b+8845.87816(92)  0.499041(28) 5.18(31) - -
C, 0 17457.97432(54)*  0.4953024(45) 5.073(18) - -
1 18438.0057(15) 0.4922086(64) 4.959(36) - -
I, 0 17908.89147(45) 0.4965409(65) 5.017(27) - -
CI,, 0 17902.28158(43) 0.4964593(64) 5.016(27) - -
e'll 0 18857.4454(11) ® 0.4957215(54) 5.509(27) -0.0145(25) 3.00(21)
f'® 0 22313.0661(18) * 0.4949508(61) 5.382(29) -- --

Note. All term values marked with “a” were fitted with respect to the= 0 vibrational level of theX®A, spin
component which was held fixed to the value of 400.5 twbtained by Azumaet al. (18), while “b” refers to the
undetermined term value for the= 2 vibrational level of theA®Y, state.

were given reduced weights and overlapped lines were exew transitions observed in the present work. The position of tf
cluded in order to improve the standard deviation of the fit. Theew transitions, except those involving thEs,* state, were
first fit is connected to = O of the lowest energX®A, spin readily calculated by taking the difference between the terr
component while the second fit is connected/te- 0 of the values of the different electronic states. TH& " state was not
X®A, spin component. Because we have no direct connectighserved by Azumat al. (18) and was not marked in their energy
between the energy levels in our two separate fits, we hauge| diagram. The observation of two transition>, *—A%S,,
chosen to fix ther = 0 X°A,—X’A, interval to exactly 400.5 andd's ‘'S ", with a common excited state provided a straight
cm ', The molecular constants obtained for the different-elegynyard assignment of the rotational lines. TH& * state has
tronic states are provided in Table 2. been located at 13908 chmat the energy scale adopted by
Azumaet al. (18). This compares with the calculated position of
12878 cm* from MRCI + Q calculation of Langhoff and
The energy level diagram of the low-lying electronic statd3auschlicherZ3). A revised energy level diagram of the observec
obtained by Azumat al. (18) was very helpful in assigning the low-lying singlet and triplet electronic states of NbN is providec

DISCUSSION
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TABLE 3
Equilibrium Constants (in cm™) A’ , a'A, b'S*, d'X ", and C°II, States of NbN
Const.? ALy a'A bzt d'z+ o,
AG(1/2) 1016.5777(29) 1063.2724(21) 1017.5264(33) 1041.0011(31) 980.0314(16)
B. 0.497124(13) 0.5094101(68) 0.500840(12) 0.505275(12) 0.4968493(60)
o, 0.002628(13) 0.0025108(89) 0.002796(13) 0.002509(13) 0.0030938(78)
re(A) 1.669320(22) 1.649066(11) 1.663115(20) 1.655800(19) 1.669781(10)

*Numbers in parentheses are one standard deviation in the last digits.

in Fig. 1. The term energies of different electronic states are on the equilibrium bond lengths of 1.669320(22), 1.649066(11
same scale as given by Azuragal. (18). 1.663115(20), 1.655800(19), and 1.669781(10) A for th
The electronic transitions observed in our work involv&’>,, a'A, b'>", d'X 7, andC®ll, states, respectively.
singlet—singlet or singlet—triplet transitions and hyperfine split-
ting or broadening has not been detected. As has been noted CONCLUSION
previously, theB*®-X°A and C’II-X°A transitions show
strong hyperfine effects which result mainly from the large Nb The emission spectrum of NbN has been investigated at hi
hyperfine splitting in thex*A state (7, 18. The molecular resolution in the 3000-15 000 cmregion using a Fourier
constants obtained from the final fit are presented in Tabletf@nsform spectrometer. The bands observed in the 800C
Inspection of this table indicates that tiB; and®S; spin 14 000 cm” region have been assigned to a number of-trar
components of th&%S, ~ state are about 492 crhapart, which sitions involving both singlet and triplet electronic states. Ro
is not normal for a Hund’s case (B}, state. This indicates tational analysis of these transitions has been carried out a
that the A®S, ™ state is better described by Hund's case (d¢)nproved spectroscopic constants have been obtained for me
coupling. This case (c) behavior is a result of the interaction 8f the low-lying states. In this work we have located the
the A®S, spin component with the higher lying'S* and missing d'>" state, which was predicted by Langhoff and
d'S " states. As discussed in detail by Azumiaal. (18), the Bauschlicher 23), but was not observed experimentally in
b'S* (5s0?) state is mixed with thed'S *(4d6?) state by Previous investigationsl@, 26. The observation of the 0—0
electrostatic perturbation. Because of this interactiorbffie” and 1-1 bands in a number of transitions, in conjunction witl
state acquires considerat#éS. * character and thus perturbshe previously reported wavenumbers for several transition

the A’S, spin component more strongly because it lies mudtave enabled us to determine the(3) vibrational intervals as
closer to theA®S; state. well as equilibrium bond lengths f&°s,, a'A, b'> ", d'> 7,

During the rotational and hyperﬁne ana|ysis of @alI- and C3H1 states of NbN. Our observations are in excellen

X3A transition, Azumaet al. (17, 1§ found evidence of strong agreement with theab initio predictions of Langhoff and
second-order spin—orbit interaction between@iél ande'II ~ BauschlicherZ3) and the previous work of Azumet al. (18).
states, both arising from the same valence electron configura-
tion, 4d8'4d=*. Because of this interaction, tH@’Il, spin ACKNOWLEDGMENTS
;gnmg(;/ntir;tellsﬂpif:teed gﬁ;veqr?fg3i?r;$:2§me;?;?§g tF::I W.e'thank M. Dulick of thg National Solar Obser\{atory for assistance ir
e : . . obtaining the spectra. The National Solar Observatory is operated by the Asso
sition was observed strongly because of these interactions. ¥g of Universities for Research in Astronomy, Inc. under contract with the
have also observed tf@°I1,—a’A intercombination transition National Science Foundation. The research described here was supported

in addition to theC®I1,—-A%3,, andC®II,—A%Y,, transitions. funding from the NASA laboratory astrophysics program. Support was als
The molecular constants of mbszo— a*A, b'S*t gyt provided by the Petroleum Research Fund administered by the American Che

3 ical Society and the Natural Sciences and Engineering Research Council
and C'II, states (Table 2) have been used to evaluate tﬁgnada. We thank A. Merer for providing a copy of the Ph.D. thesis of G. Huan
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