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The electronic emission spectrum of HfN has been observed in the near infrared using a Fourier transform spectrome-
ter. HfN molecules were excited in a hafnium hollow cathode lamp operated with neon gas and a trace of nitrogen.
The bands located near 5746, 5802, 6668, and 6715 cm01 have been assigned as the 0–1, 1–2, 0–0, and 1–1 bands
of the [6.7]2S/ – X 2S/ transition. The rotational analysis of these bands has been performed and the equilibrium
molecular constants for the lower electronic state of 180HfN are ve Å 932.7164(15) cm01 , vexe Å 4.41299(65) cm01 ,
Be Å 0.436217(18) cm01 , ae Å 0.002659(11) cm01 , and re Å 1.724678(36) Å. We believe that the lower state of this
transition is the ground electronic state but more experimental and theoretical work is necessary to prove this. Our work
represents the first experimental observation of an electronic transition of HfN. q 1997 Academic Press

INTRODUCTION ied by DeVore et al. (41) but their results for TiN and ZrN
have proved to be erroneous and the HfN results are also
in doubt.Transition-metal-containing molecules are of theoretical

In general, the electronic spectra of transition metal ni-(1–4) and chemical (5–7) importance and their study pro-
trides, particularly in the visible region, are expected to bevides important information needed for the characterization
very complex because of a high density of states complicatedof catalytic processes (6, 7) . The spectroscopic study of
by high spin multiplicities and large spin–orbit intervals.these molecules also provides insight into chemical bonding
These problems are the result of the large number of unpairedin simple metal-containing systems. Transition metal nitrides
d electrons. Many of the electronic states and spin compo-may also be of astrophysical importance since many transi-
nents interact with each other causing extensive perturba-tion metal elements have been detected in atomic and molec-
tions. The infrared electronic transitions of transition metalular form (oxides and hydrides) in the atmospheres of cool
nitrides are expected to be relatively simple because of theM- and S-type stars (8–13) . The study of simple transition
smaller density of states at lower energies.metal nitrides might give information on the abundance of

In the present paper we report on the discovery of annitrogen in the atmospheres of cool stars. Experimental data
infrared transition of HfN recorded by high-resolution Fou-on transition metal nitrides are also necessary to test ab initio
rier transform emission spectroscopy. As expected, thiscalculations and to encourage theoreticians to carry out new
2S/ – 2S/ transition is free from local perturbations. Thecalculations. Only a very limited number of ab initio calcula-
lower state of this transition is most probably the groundtions are available for transition metal nitrides.
state of HfN, although more experimental data or someIn recent years considerable progress has been made in
theoretical calculations are needed to make a definite assign-the experimental and theoretical studies of transition metal
ment. The excited 2S/ state probably arises from a low-nitrides and several new nitride molecules such as ScN (14) ,
lying configuration and is analogous to the low-lying A 1S/

YN (15) , WN (16) , ReN (17) , RhN (18) , PtN (19, 20) ,
state in ScN (14) . The A 1S/–X 1S/ transition of ScN nearIrN (21) , and CrN (22) have been discovered. Theoretical
5820 cm01 thus corresponds to the [6.7]2S/–X 2S/ transi-calculations for ScN (23) , YN (24) , TiN (25–27) , VN
tion of HfN.(27, 28) , and CrN (27) have also been reported. In the IVB

transition metal nitride family, the electronic spectra of TiN
(29–36) and ZrN (37–40) are known but no reliable infor- EXPERIMENTAL
mation is available for HfN. TiN and ZrN have 2S/ ground
states in agreement with theoretical calculations (for TiN). HfN was made in a hafnium hollow cathode lamp which
The infrared spectra of TiN, ZrN, and HfN have been stud- was prepared by inserting a 1-mm-thick cylindrical foil of

hafnium metal into a 1
4 9 hole in a copper block. The foil was

tightly pressed against the inner wall to provide a close and1 Also at Department of Chemistry, University of Waterloo, Waterloo,
Ontario, Canada N2L 3G1. uniform contact between the hafnium metal and the copper
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FIG. 2. An expanded portion of the 0–0 band of HfN near the R heads.

FIG. 1. A compressed portion of the 0–0 and 1–1 bands of HfN.
In addition to the HfN bands, the observed spectra also

contained Hf and Ne atomic lines as well as N2 molecular
lines. The spectra were calibrated using the measurementsblock. The emission from the lamp was observed with the

1-m Fourier transform spectrometer associated with the of Ne atomic lines made by Palmer and Engleman (44) .
The absolute accuracy of the wavenumber scale is expectedMcMath–Pierce Solar Telescope of the National Solar Ob-

servatory. to be better than {0.002 cm01 . The strong lines of HfN
appear with a typical signal to noise ratio of 15:1 and haveInitially we planned to record the HfN transitions in the

10 000–26 000 cm01 interval corresponding to the A 2P– a typical linewidth of about 0.04 cm01 . The precision of
measurements of strong and unblended HfN lines is ex-X 2S/ and B 2S/–X 2S/ transitions of TiN and ZrN. A mix-

ture of 2.5 Torr of Ne and about 6 mTorr of N2 was dis- pected to be better than {0.003 cm01 .
charged with a current at 600 mA at 350 V. Several new
bands were observed in the 17 000–26 000 cm01 region OBSERVATION AND ANALYSIS
with a line spacing appropriate for HfO or HfN. To identify

The spectral line positions were extracted from the ob-the carrier of these bands, a trace of O2 was added instead
served spectra using a data reduction program called PC-of N2. The new bands disappeared entirely and the well-
DECOMP developed by J. Brault. The peak positions wereknown bands of HfO (42) were seen instead. This experi-
determined by fitting a Voigt lineshape function to eachment suggested that the new bands were due to HfN. Next
spectral feature. The branches in the different sub-bandsthe 3000–9500 cm01 region was examined and a group of
were sorted using a color Loomis–Wood program runningHfN bands appeared in between 5500 and 6800 cm01 . Again
on a PC computer.the carrier of these bands was confirmed by replacing N2

The new infrared bands of HfN are located in the 5500–with O2 and noting the appearance of the b 3P–a 3D transi-
tion of HfO (43) in the 6900–8000 cm01 region. A partial
pressure of about 4 to 6 mTorr of N2 gave the most suitable
HfN spectra since higher pressures of N2 result in strong
N2 emission.

The spectra from 3500 to 26 000 cm01 were recorded in
three parts. The 3500–9200 cm01 spectral region was re-
corded using InSb detectors and silicon filters with 10 scans
co-added in about 70 min of integration. The 10 000–19
000 cm01 region was recorded with red pass filters and sili-
con diode detectors while the 17 000–26 000 cm01 region
was recorded with CuSO4 filters and silicon diode detectors.
The spectrometer resolution was set at 0.02 cm01 in all ex-
periments. The bands in the 17 000–26 000 cm01 region are
very complex because of overlapping lines and extensive
perturbations. Improved spectra will be recorded in the near
future and in this paper we will report only on the infrared FIG. 3. A portion of the 0–0 band of HfN with some high J P lines

of 178HfN and 180HfN marked.bands.
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TABLE 1
Observed Wavenumbers ( in cm01 ) of the [6.7]2S/–X 2S/ System of 178HfN

Note. O–C are observed minus calculated line positions in units of 1003 cm01 .
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TABLE 1—Continued
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TABLE 1—Continued
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6800 cm01 region. The spectrum consists of four double- parameter g of the excited state is large compared to that
headed bands with the higher wavenumber heads at 5746, in the lower state. This is a reflection of a strong interaction
5802, 6668, and 6715 cm01 . Inspection of these bands at with a nearby 2P state. The successful determination of
high resolution indicates that each band consists of four higher order spin–rotation constants, gD and gH , for the
branches, two R-type and two P-type. The lines of the bands excited state can also be attributed to these interactions. No
with high wavenumber heads at 6668 and 6715 cm01 do not local rotational perturbations have been found in any of the
show any additional doubling at low J but the high J lines analyzed bands.
become broad and are split into two components with in- The rotational constants for the individual vibrational lev-
creasing J values. In the bands with the high wavenumber els of 178HfN (Table 3) and 180HfN (Table 4) have been
heads at 5746 and 5802 cm01 , the splitting is apparent even used to evaluate the equilibrium molecular constants for the
for the lowest J lines. These four bands have been assigned two states (Table 5). The ground state equilibrium constants
as 0–0, 1–1, 0–1, and 1–2 bands of a single transition and for 180HfN [ve Å 932.7164(15) cm01 , Be Å 0.436217(18)
the observed splitting is attributed to isotope structure. A cm01] can be used in the isotopic relationships (47) , v i

e Å
portion of the compressed spectrum of the 0–0 and 1–1 rv and B i

e Å r 2Be with r 2 Å [m/mi ] , to test for consistency.
bands is presented in Fig. 1. Figure 2 is an expanded portion The calculated values for 178HfN using the equilibrium con-
of the 0–0 band with some low J lines marked. Hafnium has stants of 180HfN are ve Å 933.0945 cm01 and Be Å 0.436576
six naturally occurring isotopes 174Hf(0.2%), 176Hf(5.2%), cm01 which can be compared with the experimental values
1 7 7 H f(1 8 . 6 %), 1 7 8H f(2 7 . 3 %), 1 7 9 H f(1 3 . 6 %), a n d of ve Å 933.0978(19) cm01 and Be Å 0.436585(15) cm01
180Hf(35.1%). The two sets of lines for each J value have for 178HfN. The excited state equilibrium constants also
been assigned as mainly the 178HfN and 180HfN isotopomers. obey the isotopic relations in a satisfactory manner. The
The 178Hf and 180Hf nuclei are the most abundant and they equilibrium rotational constants have been used to evaluate
have zero nuclear spin. The 177Hf(18.6%) and 179Hf(13.6%) the bond lengths of 1.724678(36) and 1.7600471(57) Å for
isotopes also have significant abundance but they have high the lower and upper states of the most abundant 180HfN
nuclear spins of 7/2 and 9/2, respectively. The lines of isotopomer while the corresponding values for 178HfN are177HfN and 179HfN are expected to be split into 8 and 10 1.724652(28) and 1.7600229(80) Å, respectively. The ob-
hyperfine components which would not be seen in our spec- served lower state re value is similar in magnitude to that
tra at the present resolution and signal-to-noise ratio. Some

of HfO (48) (re Å 1.723071 Å) . The equilibrium constants
of the high J lines of the 0–0 band are presented in Fig. 3

for HfN and HfO have the same pattern as the TiN, TiO
to illustrate the 178HfN and 180HfN isotope splitting. The

and ZrN, ZrO pairs of molecules (48) .
lines of both 178HfN and 180HfN have been measured and

The possibility that these new bands could arise from HfOused in separate rotational analyses. The assignment of the
was considered, although the experimental and chemical evi-rotational lines in different bands was made using the tradi-
dence does not support this assignment. The HfO moleculetional method of comparing the combination differences for
has known electronic states of either singlet or triplet multi-the common vibrational levels.
plicity. The observation of doubled R and P branches withThe fit of the observed lines was obtained utilizing the
a large spin splitting evident at low N values does not fiteffective Hamiltonian of Brown et al. (45) . The matrix ele-
with any of the possible HfO transitions. The observed linesments for a 2S Hamiltonian are listed by Douay et al. (46) .
also fit with half integral J values inconsistent with singletThe T

£
, B

£
, D

£
, and g

£
molecular constants were determined

or triplet assignments.for the lower X 2S/ state, while for the excited [6.7]2S/

The ground states of TiN and ZrN are well establishedstate the T
£
, B

£
, D

£
, H

£
, g

£
, gDv , and gHv constants were

as 2S/ states by experiment and, for TiN, by theoreticalrequired to obtain a satisfactory fit. The constant H0 was not
calculations (25–27) . By analogy we expect a 2S/ grounddetermined for the excited state. The rotational lines were
state for HfN. For TiN and ZrN several excited states aregiven suitable weights depending on signal-to-noise ratio
also known. TiN has A* 2D, A 2P, and B 2S/ states at 7533,and extent of blending. The line positions of 178HfN and
16 238, and 23 576 cm01 above the ground state while the180HfN are provided in Tables 1 and 2 and the constants
corresponding A 2P and B 2S/ states of ZrN are located atobtained for the upper and lower 2S/ states of 178HfN and
17 401 and 24 670 cm01 . The observation of an excited 2S/180HfN are listed in Tables 3 and 4, respectively. The e / f
state at about 6650 cm01 is not consistent with expectationsparity of the rotational levels was chosen to give a negative
based on TiN and ZrN. We do not think that the [6.7]2S/–g constant in the X 2S/ state of HfN to be consistent with
X 2S/ transition of HfN is the B 2S/–X 2S/ transition sinceTiN and ZrN.
the A 2P– X 2S/ and B 2S/–X 2S/ transitions should be

DISCUSSION found in the 17 000–26 000 cm01 region. At this stage,
therefore, we are unable to say with certainty that the ob-An inspection of the rotational constants of 178HfN and

180HfN (Tables 3 and 4) indicates that the spin–rotation served lower state is in fact the ground state of HfN. It is
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TABLE 2
Observed Wavenumbers ( in cm01 ) of the [6.7]2S/–X 2S/ System of 180HfN

Note. O–C are observed minus calculated line positions in units of 1003 cm01 .
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TABLE 2—Continued
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TABLE 2—Continued
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TABLE 3
Spectroscopic Constants ( in cm01 ) for 178HfN

very unlikely that the B 2S/ state will be significantly lower the ScN and TiN calculations for guidance we expect
that H fN has two strong p bonds due to the 4 electronsin energy in HfN than in TiN and ZrN. An alternate explana-

tion for the new infrared transition may be that the excited in the 1p orbital made up of mainly Hf 5dp and N 2pp
atomic orbitals. The weak s bond results from occupa-state arises from another low-lying configuration.

The •HfGN molecule has a nominal triple bond with tion of the 2s molecular orbital of mainly Hf 5 ds and
N 2ps character. The s bond is easily broken to give athe unpaired electron located in a nonbonding Hf 6s or-

bital. The valence electronic configuration of the X 2S/ :Hf|N • structure with a (1s ) 2 ( 1p ) 4 ( 2s ) 1 ( 3s ) 2 con-
figuration. It is this configuration which gives rise to thestate is thus (1s ) 2 ( 1p ) 4 ( 2s ) 2 ( 3s ) 1 with nonbonding

1s molecular orbital having mainly N 2s character. Using [6.7 ] 2S/ state. The [6.7 ] 2S/ – X 2S/ transition of HfN

TABLE 4
Spectroscopic Constants ( in cm01 ) for 180HfN
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TABLE 5
Equilibrium Constants ( in cm01 ) for 178HfN and 180HfN

thus corresponds to the analogous A 1S/ – X 1S/ infrared g in the ground states of TiN and ZrN and, presumably,
HfN. Fletcher et al. (36 ) suggest that the configurationelectronic transition of ScN (14 ) and YN ( 15 ) . The ScN

and YN transitions are between configurations that differ (1s ) 2 (1p ) 3 (2s ) 2 (3s ) 1 (1d ) 1 would provide a suitable
2Pi state for the interaction with the X 2S/ state in TiN.from those of Hf N by the addition of a single nonbonding

s electron on the metal. Clearly more experimental and theoretical work is neces-
sary to locate the missing low-lying states in TiN, ZrN,The A 2P and B 2S/ states result from the metal-cen-

tered promotion of the Hf 6s electron (3s orbital ) to the and HfN.
Although we are not completely confident about the as-mainly Hf 6 pp and 6 ps ( 2p and 4s ) orbitals. The A 2P

and B 2S/ states are a pure precession pair of states with signment of the lower state of the [6.7]2S/–X 2S/ transition
as the ground state of HfN, it is worthwhile to compare thelarge L-doubling in the regular A 2P state and a large

negative spin – rotation constant in the B 2S/ state. Pre- spectroscopic constants with those of TiN and ZrN. The
lower state equilibrium constants for 180HfN are ve Åsumably there is also a low-lying 2D state arising from

the promotion of the Hf 6s electron to the Hf 5dd orbital. 932.7164(15) cm01 , Be Å 0.436217(18) cm01 , ae Å
0.002659(11) cm01 , and re Å 1.724678(36) Å comparedAdditional low-lying states include a 4D state from the

( 1s ) 2 ( 1p ) 4 ( 2s ) 1 ( 3s ) 1 ( 1d ) 1 configuration and a 2Pi with the available data for the ground state of TiN (48) , ve

Å 1049.28 cm01 , B0 Å 0.6211 cm01 , and r0 Å 1.5825 Å.state from the ( 1s ) 2 ( 1p ) 3 ( 2s ) 2 ( 3s ) 2 configuration.
Some ab initio calculations on the low-lying states of The equilibrium vibrational constants for ZrN are not yet

available but B0 Å 0.4838 cm01 and r0 Å 1.6969 Å (48) .H f N would be most welcome.
The large positive g constant for the [6.7]2S/ state sug- The comparison of the lower state molecular constants of

HfN with those of HfO, TiN, and ZrN supports our assign-gests a strong interaction with a nearby 2P state. If the
[6.7]2S/ state [(1s)2(1p)4(2s)1(3s)2] is modeled as a ments.
hole in a N 2ps orbital then there should be an interaction
with an inverted 2P state [(1s)2(1p)3(2s)2(3s)2] mod- CONCLUSION
eled as a hole in the N 2pp orbital. The pure precession
relationship, We have observed a 2S/ – 2S/ transition of the previously

unknown HfN molecule using a Fourier transform spectrom-
eter. The bands observed in the 5500–6800 cm01 regiong Å 4AB /DEP– S ,
have been assigned to a [6.7]2S/ – X 2S/ transition. A rota-
tional analysis of the 0–0, 1–1, 0–1, and 1–2 bands haspredicts a 2Pi state about 1000 cm01 below the [6.7 ] 2S/

state using a value of 0100 cm01 for the spin–orbit con- been carried out and molecular constants have been deter-
mined for the most abundant 178HfN and 180HfN isotopo-stant, A.

The existence of a low-lying inverted 2P state below mers. The lower electronic state of HfN has an equilibrium
bond length of 1.724678(36) Å and an equilibrium vibra-the A 2Pr state is also supported by the negative value of
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