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Abstract

The emission spectra of TiF have been reinvestigated in the 4200–15000 cm�1 region using the Fourier transform spectrometer
associated with the National Solar Observatory at Kitt Peak. TiF was formed in a microwave discharge lamp operated with 2.5 Torr
of He and a trace of TiF4 vapor, and the spectra were recorded at a resolution of 0.02 cm�1. The TiF bands observed in the 12000–
14000 cm�1 region have been assigned to a new transition, F4D–X4U. Each band consists of four sub-bands assigned as, 4D1/2–

4U3/2,
4D3/2–

4U5/2,
4D5/2–

4U7/2, and
4D7/2–

4U9/2. A rotational analysis of the 0–1, 0–0, and 1–0 bands has been obtained and spectroscopic
constants have been extracted.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, there has been growing interest in
experimental and theoretical studies of the transition
metal halides. Among the IV B group of the transition
metal halide family the electronic spectra of TiF [1], TiCl
[2–5], ZrCl [6,7], HfF [8], and HfCl [9] have been inves-
tigated recently at high resolution and a number of low-
lying electronic states have been characterized. Some ab
initio calculations have also been carried out on the
spectroscopic properties of these molecules [10–15], pro-
viding results in good agreement with the experiments.
From these studies, it has been concluded that the TiF
and TiCl molecules have 4U ground states while ZrCl,
HfF, and HfCl have 2D ground states.

The continued interest in transition metal-containing
species arises due to their chemical and astrophysical
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importance. Among the titanium containing molecules,
TiO has been identified in the spectra of M-type stars
[16–18] and sunspots [19,20] and TiH has tentatively
been identified in M-type stars [21] and brown dwarfs
[22]. There is a possibility that the titanium halides such
as TiF and TiCl may also be found, however, only lim-
ited spectroscopic data studies are available. For exam-
ple, the complex TiF bands located in the 380–440 nm
region were known for several decades [23,24], but were
left uncharacterized due to the complexity of the spectra.
Even the identity of the ground state remained in ques-
tion with some groups suggesting a 4R� ground state
[24], while others were suggesting a 2D ground state
[25]. The first identification of the ground state was
made recently when we reported the observation of a
G4U–X4U transition of TiF near 15033 cm�1 [1] using
high resolution laser and Fourier transform emission
spectroscopy. From this work it was concluded that
the ground state of TiF was in fact a 4U state rather than
a 4R� or a 2D state. This assignment was supported by
the theoretical results available for TiF [10–12] and
TiH [26]. A high level ab initio study of TiF was initially
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carried out by Harrison [10], who predicted the spectro-
scopic properties of a number of doublet and quartet
states. This work predicted a 4U ground state for TiF
with a 4R� state about 0.1 eV above the ground state.
The lowest doublet state of TiF was predicted to be a
2U state located at about 0.65 eV above the ground
state. The more recent ab initio studies of TiF by Boldy-
rev and Simons [11] and Koukounas et al. [12] also sup-
port a 4U assignment for the ground state.

Recently the ground state of TiF has been investi-
gated by millimeter/sub-millimeter wave spectroscopy
[27] and its assignment as a 4U state has been confirmed
by observation of pure rotational transitions in the four
spin components. These measurements have provided
precise rotational, fine structure, and hyperfine parame-
ters for the ground state of TiF.

In the present paper, we report on the observation of
a new electronic transition of TiF near 13232 cm�1. This
transition has been labeled as the F4D–X4U consistent
with available theoretical results for TiF [10–12], TiCl
[11,13–15], and TiH [26]. A rotational analysis of the
0–1, 0–0, and 1–0 bands of this transition has been ob-
tained and the results are reported in this paper.
2. Experimental details

The TiF molecules were excited in a microwave dis-
charge through a flowing mixture of 2.5 Torr of helium
and a trace of TiF4 vapor. The spectra were recorded
using the 1-m Fourier transform spectrometer associ-
ated with the McMath-Pierce Telescope of the National
Solar Observatory at Kitt Peak. The spectra in the 3000–
15500 cm�1 region were recorded in two steps. The
3000–10000 cm�1 region was recorded using InSb detec-
tors with silicon and green glass filters. Four scans were
coadded at a resolution of 0.02 cm�1 in about 40 min of
integration. The spectra in the 8000–15500 cm�1 region
were recorded using midrange silicon diode detectors
and a RG715 filter. This time nine scans were co-added
in about 60 min of integration at a resolution of
0.02 cm�1. No new bands were observed in the 3000–
10000 cm�1 region while a number of new bands were
observed in the 12000–14000 cm�1 region in addition
to strong TiO bands (although no oxygen was added
to the system). The oxygen required to form the TiO
bands was probably present in the system as an impu-
rity. The carrier of the new bands was identified as
TiF after a rotational analysis.

The spectral line positions were measured using a
data reduction program called PC-DECOMP developed
by Brault. The peak positions were determined by fitting
a Voigt line shape function to each line. The spectra
were calibrated using the measurements of TiO lines
published in our previous paper [28]. The molecular
lines appear with a width of 0.035 cm�1 and a maximum
signal-to-noise ratio of about 8:1. The line positions are
expected to be accurate to about ±0.003 cm�1. How-
ever, there is considerable overlapping and blending
caused by the presence of different TiF and TiO sub-
bands in the same region, so that the error in the mea-
surement of blended and weak lines is expected to be
somewhat higher.
3. Observations and analysis

The new TiF bands are located in the 12000–
14000 cm�1 spectral region. The bands with high wave-
number R heads near 12584, 13235, and 13783 cm�1

have been assigned as the 0–1, 0–0, and 1–0 bands of
a new 4D–X4U transition of TiF. The present assignment
is supported by the available ab initio calculations on
TiF [10–12] and TiCl [11,13–15] as well as the energy le-
vel diagram presented in our previous paper on TiF [1].
The TiF bands were easily identified by the expected line
spacing based on the rotational constants reported from
the analysis of the G4U–X4U transition [1]. The structure
of each band appears very complex because of overlap-
ping from the four sub-bands. Overlapping from the
A3U–X3D bands of TiO [28] also contributes to the com-
plex appearance of the TiF bands. For TiF, a 4D–4U
transition should consist of four sub-bands: 4D1/2–

4U3/2,
4D3/2–

4U5/2,
4D5/2–

4U7/2, and
4D7/2–

4U9/2, which should
be separated by substantial spin–orbit interactions in
the lower and upper excited electronic states. A careful
inspection of each band using a color Loomis–Wood
program helped us identify and assign the rotational
structure of all four sub-bands. The rotational assign-
ment in the four subbands was obtained by comparing
the lower state combination differences to those from
the G4U–X4U transition of TiF [1]. The X-assignment
was based on the observed magnitudes of the X-dou-
bling constants in the different sub-bands. X-doubling
constants of unusually large magnitude have been deter-
mined for all four spin components of the F4D state. The
observed X-doubling splittings follow the trend of 4D7/2

< 4D5/2 <
4D3/2 <

4D1/2, as expected. The rotational anal-
ysis of these bands indicates that the X4U state is free
from X-doubling, while the F4D state has large X-
doubling.

A compressed portion of the 0–0 band is presented in
Fig. 1, in which the high wavenumber R heads of the
four sub-bands of TiF have been marked. The R heads
of the overlapping TiO bands have also been marked in
this figure. The four sub-bands with R heads at 13235,
13182, 13125, and 13065 cm�1 have been identified as
the 4D1/2–

4U3/2,
4D3/2–

4U5/2,
4D5/2–

4U5/2, and
4D7/2–

4U9/2

sub-bands of the 0–0 band. The structure of each band
consists of R, Q, and P branches consistent with a
DX = 1 transition. These branches are doubled due to
the X-doubling in the excited state. The observation of



Fig. 1. A compressed portion of the 0–0 band of TiF with the R-heads of the four sub-bands marked. The R-heads of the overlapping TiO bands
have also been marked.
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large X-doubling in the F4D state is evidence for a strong
interaction with a nearby state. Since no bands that
cross spin components have been observed in our spec-
tra, the four spin components were treated separately as
Hund�s case (c) states although they obey Hund�s case
(a) coupling.

The 4D1/2–
4U3/2 sub-band is located on the high wave-

number side of the band as shown in Fig. 1. The 0–1, 0–
0, and 1–0 bands of the 4D1/2–

4U3/2 sub-band are located
near 12584, 13235, and 13783 cm�1, respectively. The
rotational assignment in these bands was obtained by
comparing the combination differences for the common
vibrational levels. Very good agreement was also ob-
tained between the lower state combination differences
from the new transition and the corresponding values
obtained from the G4U–X4U transition [1]. No local
rotational perturbations were observed in any of
the bands. A portion of the rotational structure of the
4D1/2–

4U3/2, 0–0 band between the 4D1/2–
4U3/2 and

4D3/2–
4U5/2 R-heads is presented in Fig. 2. This portion

of the spectrum is free from overlapping by TiO bands.
The band with an R head near 13182 cm�1 has been

identified as the 0–0 band of the 4D3/2–
4U5/2 sub-band.

The 0–1 and 1–0 bands of this sub-band are located
near 12529 and 13731 cm�1, respectively. X-doubling
is also present in this sub-band although its magnitude
is smaller than that in the 4D1/2–

4U3/2 sub-band.
On the lower wavenumber side, the next two R heads

at 13125 and 13065 cm�1 have been assigned as the 0–0
R heads of the 4D5/2–

4U7/2 and 4D7/2–
4U9/2 sub-bands.

The 0–1 and 1–0 bands of these two sub-bands are lo-
cated near 12474, 13672, and 12414, 13610 cm�1,
respectively. It is surprising to note that X-doubling is
present even in these high X sub-bands, although it is
only resolved for J > 49 in the 0–0 band of the
4D7/2–

4U9/2 sub-band.
It is difficult to make a definite e- and f-parity assign-

ment in the bands with resolved X-doubling. We have
therefore chosen to label the branches in the different
sub-bands arbitrarily. The observed F4D electronic
states probably belong to Hund�s case (a), however, in
the absence of transitions across spin components, it be-
comes difficult to obtain reliable Hund�s case (a) con-
stants. We decided to obtain a fit by using the usual
Hund�s case (c) empirical term energy expression for
each of the spin-components

F vðJÞ¼ T vþBvJðJ þ1Þ�Dv½JðJ þ1Þ�2þHv½JðJ þ1Þ�3

�1=2½pvðJ þ1=2ÞþpDv
ðJ þ1=2Þ3þpHv

ðJ þ1=2Þ5�:
ð1Þ

Initially, band-by-band fits were obtained. Once the lines
in each of the observed bands were assigned, the final fits
were obtained by combining the lines of all the bands of
each sub-band. The hyperfine-free pure rotational line
positions in the four spin components of the ground state
(extracted using the data published by Sheridan et al. [27])
were also included in the final fits. The fits of the four sub-
bands provided a single set of constants for each vibra-
tional level of the four spin components. The observed
lines positions in different bands are deposited in the Jour-
nal�s Electronic Depository, which is available on the
WorldWide Web. The molecular constants for the upper
and lower states are provided in Table 1.



Fig. 2. An expanded portion of the 4D1/2–
4U3/2 sub-band near the R-head.

Table 1
Spectroscopic constantsa (in cm�1) for the F4D and X4U states of TiF

Constants v = 0 v = 1 v = 0 v = 1

F4D1/2 F4D3/2

Tv 13231.56761(71) 13779.6698(11) 13177.66605(93) 13725.5029(11)
Bv 0.3316835(25) 0.3292612(48) 0.3359967(25) 0.3334928(43)
107 · Dv 1.755(24) 1.561(54) 2.745(19) 2.967(42)
1011 ·Hv 1.751(76) 1.79(17) �1.694(41) �1.10(11)
102 · pv �5.2239(80) �7.824(11) 0.1360(72) 0.093(12)
105 � pDv

2.009(15) 2.905(21) 1.645(10) 2.284(19)
109 � pHv

�4.614(67) �6.011(86) �2.750(31) �3.897(67)

F4D5/2 F4D7/2

Tv 13120.47394(83) 13667.6152(13) 13059.10470(92) 13605.0985(15)
Bv 0.3409074(23) 0.3381944(58) 0.3484275(25) 0.3460614(76)
106 · Dv 0.4187(17) 0.3437(64) 1.1909(19) 1.2750(97)
1011 ·Hv �1.634(34) �3.05(19) 2.42(12) 6.95(34)
103 · pv 1.059(62) 1.30(15) — —
106 � pDv

�2.652(79) �3.39(26) �0.383(33) —
109 � pHv

�3.70(23) �3.70(99) 0.242(12) —

X4U3/2 X4U5/2

Tv 0.0 650.60096(97) 0.0 650.6812(12)
Bv 0.364716957(86) 0.3622249(20) 0.367031233(94) 0.3644936(21)
107 · Dv 4.1342(11) 4.1532(79) 4.4773(12) 4.4738(73)

X4U7/2
4U9/2

Tv 0.0 650.7310(11) 0.0 650.7815(12)
Bv 0.369404286(96) 0.3668289(20) 0.371865327(88) 0.3692541(20)
107 · Dv 4.8468(12) 4.8285(75) 5.2639(11) 5.2434(67)

a Numbers in parentheses are one standard deviation in the last two digits.
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4. Results and discussion

In a previous paper, we have reported the observa-
tion of the G4U–X4U transition of TiF at 15033 cm�1

[1] and have concluded that the ground state of TiF is
a 4U state. In that paper, we presented an schematic en-
ergy level diagram (Fig. 6 of [1]) for the low-lying elec-
tronic states of TiF based on the predictions of
Harrison [10] for TiF and ab initio results available
for TiH from the work of Anglada et al. [26]. From this
figure, we have suggested that the energy levels of TiF,
TiH, and Ti+ follow a remarkably similar pattern. As
shown in this figure, there are a number of quartet states
below the G4U state which remain unobserved. The
detection of a new 4D–4U transition near 13200 cm�1

is fully consistent with this energy level diagram for
TiF [1] which shows two quartet states, F4D and E4P,
located just below the G4U state. The new transition
can, therefore, be safely assigned as F4D–X4U. Although
no local perturbations have been found, the observation
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of large X-doubling in the F4D state is probably due to
mixing with the E4P state, which has not yet been
detected.

The spectroscopic constants for the different spin
components of the F4D and X4U states of TiF are pro-
vided in Table 1. The observation of large X-doubling
constants pv, pDv

, and pHv
and the higher order centrifu-

gal distortion constant Hv in the different spin compo-
nents of the F4D state probably arise because of
interaction with the E4P state. These constants are not
needed for the X4U state, indicating that the ground
state is relatively unperturbed.

The spectroscopic constants for the individual spin
components of the ground state agree very well with the
values reported in our previous paper [1]. The vibrational
intervals (DG1/2) values for the X4U3/2 [650.60096(97)],
X4U5/2 [650.6812(12)], 4U7/2 [650.7310(11)], and X4U9/2

[650.7815(12)] spin components are very similar to our
previous values [1] within the quoted error limits,
and the inclusion of hyperfine-free pure rotational data
from Sheridan et al. [27] has greatly improved the
rotational constants (Table 1). The present rotational
constants provide equilibrium constants of Be =
0.3659630(10), ae = 0.0024921(20) cm�1 for the X4U3/2

component; Be = 0.3683001(11), ae = 0.0025376(21)
cm�1 for the X4U5/2 component; Be = 0.3706920(10),
ae = 0.0025754(20) cm�1 for the X4U7/2 component;
Be = 0.3731709(10), ae = 0.0026112(20) cm�1 for the
X4U9/2 component. The variation of vibrational intervals
and equilibrium constants for different X states indicates
that the ground state is a well behaved case (a) state.
The DG1/2, Be, and ae constants for the excited state are
548.1022(13), 0.3328947 (37), 0.0024223(54) cm�1 for
the F4D1/2 component; 547.8368(14), 0.3372487(35),
0.0025039(50) cm�1 for the F4D3/2 component;
547.1413(15), 0.3422639(39), 0.0027130 (62) cm�1 for
the F4D5/2; component and 545.9938(18), 0.3496106(48),
0.0023661(82) cm�1 for the F4D7/2 spin components.
The relatively large variation in the values for the different
spin components compared to those for the ground state
reflects the presence of interactions in the excited state.
The case (a) rotational constants for the v = 0and 1 vibra-
tional levels, determined by averaging the values for the
four spin components, provide approximate equilibrium
constants of B0

e ¼ 0:3406 cm�1, a0e ¼ 0:0025 cm�1, and
r0e ¼ 2:195 Å for the F4D state and B00

e ¼ 0:3695 cm�1,
a00e ¼ 0:0026 cm�1, and r00e ¼ 1:8311 Å for the X4U state
of TiF.
5. Conclusion

The emission spectrum of TiF has been recorded at
high resolution using a Fourier transform spectrometer
and a number of new bands have been detected in the
12000–14000 cm�1 region. The bands with high wave-
number R-heads near 12584, 13235, and 13783 cm�1

have been assigned as the 0–1, 0–0, and 1–0 bands of
a new F4D–X4U system of TiF. This assignment is sup-
ported by the ab initio results available for TiF [10–12]
and TiH [26]. A rotational analysis of the 0–1, 0–0,
and 1–0 bands has been obtained and spectroscopic con-
stants have been extracted. The observation of large X-
doubling in the excited state is consistent with the global
interaction of the F4D state with a nearby state, proba-
bly the unobserved E4P state.
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