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The emission spectrum of TaO, excited in a tantalum hollow cathode lamp, has been observed at high resolution using
a Fourier transform spectrometer. In addition to previously known transitions, a number of new bands have been identified
and assigned as belonging to two new electronic transitions:H2P1/2–X2D3/2 and K2F5/2–X2D3/2. A rotational analysis of
the 0 – 0 and 0 –1 bands of theH2P1/2–X2D3/2 transition and of the 0 –1, 1–2, 0 – 0, 1– 0, and 2–1 bands of the
K2F5/2–X2D3/2 transition has been carried out, providing the following equilibrium constants for the groundX2D3/2 state:
ve 5 1028.9060(15) cm21, vexe 5 3.58928(66) cm21, Be 5 0.40289737(139) cm21, ae 5 0.00185445(83) cm21, and
re 5 1.6873430(29) Å. The principal molecular constants for theH2P1/2 state areT00 5 20 634.32758 (40) cm21,
B0 5 0.3766867(31) cm21, and r0 5 1.7450604(72) Å, while the equilibrium constants for theK2F5/2 state are
ve 5 905.4549(15) cm21, vexe 5 3.67601(64) cm21, Be 5 0.37965102(36) cm21, ae 5 0.00189370(21) cm21, and
re 5 1.7382343(8) Å. Although theH2P1/2 andK2F5/2 states have been observed previously in matrix isolation experiments,
our work on these states is the first in the gas phase.© 1998 Academic Press

INTRODUCTION

The early transition metal monoxides are species of astro-
physical and chemical importance (1, 2). Because of their large
dissociation energies and relatively high cosmic abundances,
several transition metal diatomic oxides have been found in the
atmospheres of cool stars. For example, TiO (3, 4) and YO
(5–8) have been identified in the atmospheres of coolM-type
stars, and ZrO (8) has been identified inS stars. TaO has also
been tentatively identified in the atmosphere of theS star ‘‘R
Cyg’’ (8). Transition metal oxides are also important for un-
derstanding of chemical bonding in simple metal systems and
in heterogeneous catalytic processes involving transition metal
elements.

Among the VB family of transition elements the electronic
spectra of all monoxides have now been observed. From the
gas phase studies of these molecules the ground electronic
states of VO (9–11) and NbO (12, 13) have been established as
4S2 states, while the ground state of TaO (14) has been found
to be of2D symmetry. A number of low-lying electronic states
of these molecules have also been characterized from high-
resolution studies.

The spectra of TaO have been known for several decades
and are relatively well understood. A number of TaO bands
were observed in the visible and near ultraviolet regions using
arc source excitation (15, 16), and a rotational analysis of some
of these bands was initially reported by Premswarup (16) and
later on by Premswarup and Barrow (17). The analysis of
Premswarup (16) was found to be in error and a revised

analysis by Premswarup and Barrow (17) suggested a2D
ground state for TaO, although they were unable to state
definitely whether the ground state was regular or inverted.
These studies were followed by a matrix absorption study of
TaO and TaO2 by Weltner and McLeod (18). In this work the
molecules were trapped in neon and argon matrices at 4 and 20
K after vaporizing tantalum oxide at 2270 K, and the absorp-
tion spectra were observed from the near infrared to the near
ultraviolet. The different excited states were labeled using
letters ranging from A to Q. All of these transitions involve the
X2D3/2 as the lower state consistent with a2Dr ground state.
They also suggested some revision in the rotational analysis of
Premswarup and Barrow (17). The spectrum of TaO was then
reinvestigated by Cheetham and Barrow (14) using arc as well
as radiofrequency excitation in view of the suggestions made
by Weltner and McLeod (18). In addition to the bands involv-
ing X2D3/2 state, several new transitions were identified as
involving the X2D5/2 spin component. The rotational analysis
of a large number of TaO bands was obtained and the ground
state was confirmed as a2Dr state with a2D5/2–

2D3/2 separation
of 3505 cm21. Because of large spin–orbit intervals in the
different electronic states individual subbands are widely sep-
arated, suggesting some Hund’s case (c) behavior. However,
the different transitions were labeled using Hund’s case (a)
notation (e.g.,2P1/2,

2D3/2,
2F5/2 3

2D3/2, and 2P3/2,
2D5/2,

2F7/23
2D5/2) by Cheetham and Barrow (14).

The magnetic circular dichroism (MCD) spectrum of matrix-
isolated TaO was studied by Brittainet al. (19), and the total
angular momentum quantum number (V) for 14 excited states
was determined independently. TheseV-assignments were
generally consistent with the observations of Cheetham and
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Barrow (14). In addition, the rotationalg factors for the ground
X2D3/2 and excited2F5/2 states were also determined. The
high-temperature photoelectron spectra of TaO and NbO were
observed by Dykeet al. (20), and their assignments were made
with the assistance ofab initio calculations. The first adiabatic
ionization energies of TaO and NbO were measured as 8.816
0.02 and 7.916 0.02 eV, respectively (20).

A comparison of the matrix absorption spectra (18) with the
gas phase spectra of TaO (14) indicates that some of the
transitions observed strongly in the matrix spectra were not
identified by Cheetham and Barrow (14) in their spectra. In this
paper we report on the observation and analysis of two such
transitions labeledK and H in the matrix spectra of Weltner
and McLeod (18). These transitions have been assigned as
H2P1/2–X2D3/2 and K2F5/2–X2D3/2 consistent with theV-
assignments of Brittainet al. (19).

EXPERIMENTAL

The emission spectrum of TaO was observed in a tantalum
hollow cathode lamp. The cathode was prepared by inserting a
1-mm thick cylindrical foil of tantalum metal into a hole in a
copper block. The foil was tightly pressed against the inner
wall of the cathode to provide a close and uniform contact
between the metal and the copper wall. The initial aim of this
experiment was a search for the spectra of TaN by discharging
a mixture of neon and a trace of N2 through the lamp. In
addition to a few TaN bands observed previously (21), a
number of TaO bands were also observed in the 17000–28000
cm21 region even though O2 was not added. Probably some
oxygen was trapped in the system or some tantalum oxide was
present on the surface of the cathode from the reaction of
tantalum metal with atmospheric oxygen. The spectrum used in
this analysis was recorded with about 2.0 Torr of Ne and 6
mTorr of N2 at a current of 400 mA at 430 V.

The spectra were recorded using the 1-m Fourier transform

spectrometer associated with the McMath-Pierce Solar Tele-
scope of the National Solar Observatory. The spectra in the
10 000–20 000 cm21 region were recorded using Si-diode
detectors, a quartz beam splitter, and RG495 filters with six
scans coadded in 45 min of integration. The spectra in the
19 000–30 000 cm21 interval were recorded with Si-diode
detectors and CuSO4 filters and 14 scans were coadded in 80
min of integration. For each setting the spectrometer resolution
was 0.02 cm21.

In addition to the TaN and TaO bands, the final spectra also
contained Ta and Ne atomic lines. The Ne atomic lines were
used for absolute wavenumber calibration using the measure-
ments of Palmer and Engelman (22). The TaO lines have
widths of about 0.06 cm21 and appear with a maximum signal-
to-noise ratio of about 15:1, so that the absolute accuracy and
precision of measurements of strong and unblended lines is
expected to be of the order of60.002 cm21.

FIG. 1. A portion of the 0–0 band of theH2P1/2–X2D3/2 transition of TaO
near theR head.

FIG. 2. Some high-J lines of the 0–0 band of theH2P1/2–X2D3/2 transition
of TaO showingV-doubling in theP, Q, andR branches.

FIG. 3. A portion of the 0–0 band of theK2F5/2–X2D3/2 transition of TaO
near theR head.
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TABLE 1
Observed Line Positions (in cm21) in the H2P1/2–X2D3/2 Transition of TaO
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TABLE 1—Continued
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OBSERVATION AND ANALYSIS

The spectral line positions were extracted from the observed
spectra using a data reduction program called PC-DECOMP
developed by J. Brault. The peak positions were determined by
fitting a Voigt lineshape function to each spectral feature. The
branches in different bands were sorted out using a color
Loomis–Wood program running on a PC computer.

In addition to some TaN bands (21), most of the bands
observed by Cheetham and Barrow (14) in the 17 000–28 000
cm21 region are also present in our spectra. A close compar-
ison of our spectra with the list of bands reported by Cheetham
and Barrow (14) indicates that two new transitions of TaO with
the 0–0 origins at 20 634.32758(40) and 22 188.88201(50)
cm21 are also present in our spectra. We have assigned these

TABLE 1—Continued
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TABLE 2
Observed Line Positions (in cm21) in the K2F5/2–X2D3/2 Transition of TaO
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TABLE 2—Continued
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TABLE 2—Continued
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transitions asH2P1/2–X2D3/2 and K2F5/2–X2D3/2 after a rota-
tional analysis and comparison with the matrix absorption (18)
and MCD matrix isolation results (19).

The 0–0 and 0–1 bands of theH2P1/2–X2D3/2 transition are
located near 20 640 and 19 619 cm21, respectively. The 0–0
band of this transition was observed at 20 804 cm21 in a neon
matrix and at 20 919 cm21 in an Ar matrix (18) andV 5 1/2
was assigned to the excited state on the basis of the MCD
matrix isolation experiment. Each of these bands consist ofR,
P, andQ branches, all doubled due to presence ofV-doubling
in theH2P1/2 state. A part of the 0–0 band near theR head is
presented in Fig. 1 where some low-J, -R, and -Q lines have
been marked. Some high-J lines of this band are presented in
Fig. 2 where theV-doubling observed inR, P, andQ branches
is clearly evident. Apart from the 0–0 and 0–1 bands no other
bands belonging to this transition could be identified in our

spectra because of their weak intensity. We have obtained a
rotational analysis of the 0–0 and 0–1 bands and find them
free of local perturbations.

To higher wavenumbers, another new transition with a 0–0
R head near 22 195 cm21 has been identified. This band also
consists ofR, P, andQ branches, but in this case noV-dou-
bling has been observed even for the highestJ lines observed.
The excited state of this transition, therefore, has been identi-
fied as2F5/2. This transition corresponds to a state labeled asK
by Weltner and McLeod (18) and was observed at 22 333
cm21 in a neon matrix and at 22 201 cm21 in a Ar matrix. The
V-assignment ofV 5 5/2 (with2F symmetry) by Brittainet al.
(19) is consistent with our present observations. We have,
therefore, labeled this transition as theK2F5/2–X2D3/2 elec-
tronic transition. A part of the 1–0 band of this transition near
the R head is presented in Fig. 3 with some low-J, -R, and -Q

TABLE 2—Continued
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lines marked. We have obtained a rotational analysis of the
0–1, 1–2, 0–0, 1–0, and 2–1 bands of this transition, again
without finding any perturbations.

Although the first lines in the different bands were not
identified because of overlapping from lines returning from the
head, a rotational assignment could be accomplished by com-
paring combination differences for the common vibrational
levels. The lines from both the transitions were initially fitted
separately using a simple empirical energy expression given as
follows:

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

6 1/2@pv ~J 1 1/2! 1 pDv ~J 1 1/2!3# .
[1]

In the final fit the lines from bothH2P1/2–X2D3/2 andK2F5/2–
X2D3/2 transitions were combined and fitted simultaneously in
order to obtain a single set of molecular constants for the
X2D3/2, H2P1/2, andK2F5/2 states. The lines in different bands
were weighted depending on the signal-to-noise ratio and the
extent of blending. Thee/f parity assignment in different tran-
sitions was chosen arbitrarily to provide negativeV-doubling
constants in the excitedH2P1/2 state, since there is no observ-
able V-doubling present in the groundX2D3/2 state. The ob-
served line positions for theH2P1/2–X2D3/2 andK2F5/2–X2D3/2

transitions are provided in Tables 1 and 2 respectively, and the
molecular constants for theX2D3/2, H2P1/2, andK2F5/2 states
are provided in Table 3.

DISCUSSION

The transitions observed by Cheetham and Barrow (14)
either involve theX2D3/2 or the X2D5/2 spin components of
the ground state. The relative position of various electronic
states was established by observing theN2D3/2–X2D5/2 and
N2D3/2–X2D3/2 transitions originating from the same excited

state. This observation established that theX2D5/2 spin com-
ponent lies 3505 cm21 above the lowestX2D3/2 spin com-
ponent suggesting a2Dr ground state. However a low-lying
4S2 state is also expected to be present based on the isova-
lent VO (9 –11), NbO (12, 13), CrN (23), MoN (24 –26), and
WN (27) molecules. In fact all of these molecules have4S2

ground states. There are no high level ab initio calculations
available for the low-lying states of TaO. The electronic
structure of TaO resembles that of WCH molecule which
was recently investigated by laser excitation spectroscopy
(28). The ground state of WCH has been identified as2D3/2

arising from thes2d configuration. The4S2
1/2 state of WCH

was located at 813 cm21 above the ground state and was
suggested to arise from thesd2 configuration. A similar
pattern probably exists for TaO with the4S2 state arising
from thesd2 configuration lying above the2Dr ground state
which arises from thes2d configuration. It is surprising to
note that no transitions of TaO involving quartet states have
been identified.

The 2Dr state of VO, analogous to theX2Dr state of TaO,
is well characterized experimentally. Although the2D–4S2

TABLE 3
Molecular Constants (in cm21) for the X2D3/2, H2P1/2, and K2F5/2 States of TaO

TABLE 4
Equilibrium Constants (in cm21) for the

X2D3/2 and K2F5/2 States of TaO

a Numbers in parentheses are one standard deviation in
the last two digits.
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separation is not known precisely, a separation of;10 000
cm21 has been suggested by Mereret al. (10). The spectro-
scopic properties of other low-lying electronic states are
provided by Bauschlicheret al. (29). For NbO, a2D–4S2

separation of 0.4 eV has been suggested by Dykeet al. (20)
from their photoelectron study combined with ab initio
calculations. The lowest2D state and a number of other
doublet excited states of NbO have recently been observed
by Launilaet al. (30). For TaO, Dykeet al. (20) predict that
the 4S2 state lies above the2D state by 0.02 eV which is
obviously very small and is unreliable based on the nature of
their calculations.

The molecular constants of Table 3 have been used to
evaluate the equilibrium constants for theX2D3/2 and K2F5/2

states which are provided in Table 4. The present ground state
constants are in excellent agreement with the values of
Cheetham and Barrow (14) but are expected to be more accu-
rate by at least an order of magnitude. All of the known
transitions of TaO terminate either in theX2D3/2 or X2D5/2 spin
components of the ground state, suggesting that all known
excited states are the spin components of various doublet
electronic states. Because of the large spin-orbit splitting of
3505 cm21, the X2Dr state is best described as intermediate
between Hund’s case (a) and case (c). Since transitions involv-
ing the4S1/ 2

2 spin component have characteristic64B branches
in addition to6B and62B branches, it is almost certain that
no transitions involving the4S2 lower state have been ob-
served so far.

The equilibrium constants for theX2D3/2 andK2F5/2 states
have been used to evaluate the effective equilibrium bond
lengths for these states (Table 4). The ground state bond length
of 1.6873430(29) Å for TaO can be compared with the bond
lengths of 1.592048 Å for VO (11) and 1.685197 Å for NbO
(13) calculated from their respectiveB values, although they
arise from different configurations than in TaO. A value of
1.732 Å for TaO was calculated by Dykeet al. (20) from their
Hartree–Fock–Slater calculations.

Unlike for the VO and NbO molecules, no hyperfine broad-
ening was noticed in any of the TaO bands, although tantalum
has a spin of 7/2 and nuclear magnetic moment of12.37
nuclear magnetons. This may be due to a cancellation of
hyperfine effects in the ground and excited states. Of the many
transitions observed by Cheetham and Barrow (14), a little
hyperfine broadening was observed only in theD–X2D3/2 sys-
tem, which was not rotationally analyzed. Several of the ex-
cited states labeled byF, G, I, J, andO in the matrix spectra
remain still to be observed in gas phase. We do not find any
unassigned bands in our spectra which could be attributed to
these states. Probably these transitions are relatively weak in
intensity. After we completed our analysis, we learned that the
H2P1/2–X2D3/2 and K2F5/2–X2D3/2 band systems were also
observed in Stockholm (31).

CONCLUSION

The high-resolution emission spectrum of TaO has been re-
corded in the 10 000–30 000 cm21 region using a Fourier trans-
form spectrometer. In addition to previously reported transitions
(14), two new electronic transitions with the 0–0 band origins at
20 634.32758(40) and 22 188.88201(50) cm21 have been as-
signed as theH2P1/2–X2D3/2 andK2F5/2–X2D3/2 transitions. The
excited states of these transitions have previously been observed
in matrix absorption experiments (18) and theirV-assignments
are consistent with the results of MCD matrix isolation experi-
ments (19). A rotational analysis of a number of bands of these
transitions has been carried out and molecular constants for the
H2P1/2 andK2F5/2 states have been obtained for the first time.
TheX2D3/2ground state spin component of TaO has a bond length
of re5 1.6873430(29) Å, compared withr0 5 1.592048 Å for VO
(11) andr0 5 1.685197 Å for NbO (13).
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