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Dispersed laser-induced fluorescence spectra of ScF have been recorded on a Fourier transform
spectrometer. Most of the emission corresponds either to pure singlet or to pure triplet transitions,
but excitation of perturbed levels of the D 'II state results in fluorescence to both triplet and
singlet states. The triplet states of ScF were thus located in energy with respect to the singlet
ground state. Constants are reported for the observed low-lying singlet and triplet states: 4 'A,
a’A, and b T1. € 1993 Academic Press, Inc.

INTRODUCTION

The electronic structure and bonding in transition metal compounds have been
extensively studied with a view to understanding the role of the d electrons. The ScF
molecule provides a good starting point in such an investigation, because its electronic
structure is relatively simple. Scandium 1s the first of the transition metal elements,
with the fewest electrons, and (at least in the low-lying electronic states) only one d
electron should be involved in the metal-ligand bond. As a result, scandium mono-
fluoride has been extensively studied both experimentally and theoretically, and many
of its low-lying electronic states are quite well characterized.

Absorption and emission spectroscopy of scandium monofluoride have allowed
transitions involving low-lying singlet ( /-5) and triplet states (3, 6) to be observed.
McLeod and Weltner ( 7) used a matrix isolation experiment to show that the ground
state of ScF was a 'Z" state, but the energy gap between the ground state and the
lowest triplet state remained an unknown quantity (8, 9). Ab initio calculations by
Harrison in 1983 ( /0) gave a detailed picture of the electronic states of ScF up to the
Sc* 3d? dissociation limit, and in 1988 Langhoff et a/. (11) published a theoretical
study of ScF in which a more extensive atomic basis set was used to calculate electronic
states of ScF up to 28 000 cm™'. The permanent electric dipole moment of the ground
state calculated in Ref. (77} is in full agreement with the value reported recently by
Simard and co-workers ( /2), obtained from optical Stark splitting measurements.

By means of a laser-induced fluorescence experiment with a hot source, we were
able to study rotationally simplified spectra without reducing the rotational or vibra-
tional temperature of the molecules, thus obtaining data covering a wide range of
rotational levels in various electronic states. By exciting perturbed upper state levels,
which give transitions to singlet and triplet states simultaneously, we were also able
to establish the energies of the low-lying triplet states with respect to the ground X
1T state.

EXPERIMENTAL DETAILS

ScF vapor was produced by placing a mixture of Sc and ScF; powder in the tantalum
heater of a vacuum furnace, with argon as a buffer gas. This furnace has been described
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elsewhere (/3). The operating pressure was typically 2-5 Torr, but in some cases it
was increased to 30 Torr in order to enhance rotational relaxation. Heating the mixture
to 1500-1800 K formed ScF vapor, which was excited by several fixed-frequency lines
from an argon ion laser, and by the 568.2-nm line from a krypton ion laser. Both
lasers were used in multimode operation. The Ar* laser was a Spectra Physics 2045,
and allowed us to excite ScF with the 514.5-nm (3 W), 457.9-nm (1.9 W), 465.8-nm
(0.5 W), and 454.5-nm (0.2 W) lines. The Kr™ laser was a Coherent Innova 200-K3
model, which gave an output power of 1.3 W at 568.2 nm. Backward fluorescence
from this source was collected with a pierced mirror to attenuate the laser line and
focused into a fused silica optical fiber (core diameter, I mm). Care was taken to
reduce the strong black body emission from the wall of the tantalum heater by placing
a diaphragm in front of the optical fiber. The other end of the optical fiber was placed
at the entrance aperture of a commercial Fourier transform spectrometer (Bomem
DA3). Dispersed fluorescence spectra were recorded in the visible and near-infrared
regions at a resolution varying from 0.04 to 0.10 cm™! using either a Si detector or a
photomultiplier tube. Recording times varied according to the intensity of the fluo-
rescence signal, but were generally about 2 hr. The supply of scandium and scandium
fluoride usually needed to be renewed after about 3 days of operation.

RESULTS

We recorded laser-induced fluorescence transitions between a number of singlet
and triplet states of ScF. The transitions we have observed are indicated in Fig. 1,
which summarizes the experimentally known states of ScF and compares experimental
and calculated (/7) term values. Details of the excitation and subsequent emission
associated with the different laser lines used are given in Table I. For the sake of
consistency, we have adopted the labeling of the excited electronic states proposed in
Ref. (11). The wavenumbers of the main fluorescence lines are listed in Table II.

The strongest features of the fluorescence spectra were bands belonging to the
D'TI-X'Z* and D 'Il- 4 'A systems. Rotational relaxation was observed in both the
D-X and D-A fluorescence, but the information for all other systems was limited to
direct emission from the rovibronic level populated by the resonant pump transition.
The presence of more than one series of lines for most of the observed transitions
made it possible to deduce effective spectroscopic constants for the lower electronic
states involved in fluorescence from a least-squares fit, which assumed that the rovi-
brational levels of each state could be expressed by the simple case (a) formula: 7,
= ZIm Ylm (U + %)['(J(J + l))m-

The spectroscopic constants derived from fitting rotational and vibrational energies
of the lower states observed in fluorescence to such a formula are presented in Table
II1. They allow the observed levels of the lower singlet states with v < 10 to be recal-
culated to within 0.04 cm™!, and those of lower triplet states to within 0.2 cm™".
Several factors contribute to the difficulties encountered in determining constants for
the triplet states. In general, little rotational information was available, and this led
us to constrain B, for the a >A, ; substates to take the values given in Ref. (8). Further
approximation in the rotational constants arises because A-doubling has been neglected
in this work. For the *T1-3I1, *T1-3A, or *A->A transitions, we cannot tell which A-
doubling components are involved. In the D 'II-a A transitions, we can of course
identify the parity of the upper state level from the pump transition, and hence the
lower state components, but from the few R-Q and Q-P combination differences we
can measure in the a *A; , substates, we find that the splitting is negligible anyway. It
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F1G. 1. Experimental and theoretical { /]) term energies for the electronic states of ScF, indicating the
transitions observed in fluorescence.

is also possible that the simple case (a) expression is not particularly well suited to
multiplet states for which AA /B ~ 150. The errors contained in this simplified treat-
ment are carried over into the calculation of the molecular constants for the triplet
states given in Table III. The simple expression for the energy levels is not appropriate
for the excited states, which are poorly represented and often perturbed, and have not
been considered in this work. We have therefore reproduced the measured wavenum-
bers in Table 1.

Much of the laser-induced fluorescence we recorded was either purely singlet or
purely triplet emission. However, the 454.5- and 465.8-nm lines from the Ar* laser
excited perturbed levels of the D 'II state (v’ = 4 and v’ = 2, respectively), which
resulted in fluorescence to both singlet and triplet states. Part of the spectrum excited
by 454.5 nm, illustrating fluorescence to both X '=* and a *A| , states, is shown in
Fig. 2. The energies of the triplet states observed through forbidden transitions with
AS # 0, (namely b °I1, and a A, ,) could thus be established with respect to the
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TABLE 1

Laser Induced Fluorescence Transitions in ScF

Excitation v" observed in fluorescence in low-lying state
%,asr;r Line (v'-v") system X1z AlA ala; a3A; b3y b3,
nm
4579 R44) (52) DI- X1z 0-3,5-10 4.7
Q34 (5-2) Dm-x izt 0-3,5-10 4.7
514.5 R(59) (1-2) pin-x1e* 0-5 0-2
P(64)  (0-1) DI-XxIz* 0-5 0
R(53) (O-1) (ME!A -ala; 0
P(94) (7-3) 2. X1z 2-7,9-13, 15
454.5 R(32) -1y D}‘I‘l -X ;E* 0-2, 4, 6-8 35 3,4,7,10 3-5,7-11
R(33) (0-0) My - b3y 0 0
R(36)  (0-0) 30, - b3, 0 0
465.8 P(39) (2-0) Dr-x1z* 0-6 1-3 0-2 0
Q5T (O ?.x1g 2-5,79
568.0 R(52) (1-0) g 3A-a3A, 0-5 1
R@7)  (1-0) g 3Ag-aldy 0-4

singlet states directly, and from triplet-triplet transitions involving these states (either
observed here or previously reported (8, 9)), the energies of the known triplet states
of ScF could be determined.

DISCUSSION

At this point, we were able to compare theoretical and experimental term energies
for the known electronic states of ScF (see Fig. 1 and Table V). The theoretical values
are the (MRCI + Q + rel) values given in Table IX of Ref. (//), for which quadruple
excitation terms and a relativistic correction are taken into account after the multi-
reference configuration interaction calculation. Experimental values for the electronic
states which were not observed in this work are from Refs. (4-6, 8). There is a good
match between theoretical constants and the experimentally determined parameters
of both multiplicities, particularly for the low-lying states. The molecular constants
quoted in Table Il confirm earlier experimental results (values available from Refs.
(4, 8) are given in faint type in Table I11), which concerned only the lowest vibrational
levels of the X 'S, 4 'A, and a A electronic states. Our measurements, which are
from Fourier transform records rather than from spectra taken on photographic plates,
should be more reliable than the older data in terms of wavenumber calibration, but
more importantly, our extension of the observed vibrational levels in the X I3,
A 'A, and a *A states ought to make this set of parameters useful for future work.

A few comments arise from the spectra themselves. Although the D 'II state of ScF
is well known (it has been referred to in the past (3, 8, 9) as E 'II), and the low-lying
A 'A state has also been studied (4), the D-A transition had not been identified before.
The strong D-4 and D-X fluorescence progressions observed here have extended the
range of known vibrational levels to v = 7 in 4 'A, and up to v = 15 in the X state.
The upper states involved in laser-induced fluorescence experiments are frequently
poorly represented because of the selectivity of the technique, and although we observed
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TABLE III

Constants (cm™') for some Low-Lying States of ScF

Xz Ala a 34, a 3, b 310, b 310,
T, 0.0 4586.0(3) 1953.8(8) 2011.7(4) 6240(2)® 6287(1)®
®, 735.00 645.54(3) 649.3(2) 649.3(3)
735.6 648.9 648.9
®.X 3.604(3 3.101(9 3.17(6) 3.17(6)
ee 3.8 ® ® 3.03
100 oy, 6.2(2) 7.2(7) 9(3) 9.4(3)
B 0.39514(2) 0.36486(2) 0.36234 (8 0.3665 (@ 0.346 () 0.3521¢)
° 0.3950 0.3651 0.3623 0.3665
103 ¢, 2.638(5) 2.53(7) 2.58(4) 2.57(1)
2.66 2.9 2.5 2.54
106 v, 6.0(9) 11(4) 7(1)
107 D, 4.618(20) 4.68(3) 4.0(1) 5.0(1)
10 B, 4(3)

* Deduced from B, given in Ref. (8).
b Tg.
€ By estimated from A, F.

some rotational relaxation in D 'II, these lines showed that levels with v’ = 2 are
strongly perturbed. It is hoped that future experiments will furnish enough data to
make it possible to deperturb these levels, giving information about the perturbing
triplet state at the same time.

These perturbations explain the appearance of transitions with AS # 0, which were

a 3A
ISI Iql 2

(
17000

T
17500 18000 18500 19000 cw”’

FIG. 2. Part of the fluorescence spectrum of ScF excited by 454.5 nm, showing transitions to both singlet
and triplet states. The laser pumps J' = 33, v’ = 4 in D'IL. Vibrational numbering is given for the X 'S+,
a’A,, and a’A, states.
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TABLE 1V

Comparison of Experimental and Ab Initio
(Ref 11) T, and R, Values

State Te (em?) R, )
Expt Cak Expt Calc
m 38806.1 12 - 1.8543 1.2
mn 35009 ! - 1.82712
A 31549.25 24 - 1.8125 24
o, 29139.8 1.2 - 1.9153 1.2 -
‘o, 29049.2 12 - 1.923; 12 -
’n, 28252.52 - - -
i, 28208.5 2 - - -
mn 26891.5 1 27755 1.9098 ! 1.924
F lo 22903.6 23 24026 1.8674 2.3 1.875
E A 22105.0 23 23791 1.8937 23 1.899
D' 20383.5 ! 21150 1.864g ! 1.873
g A, 191393 20449 -
g 34, 19067 3 - - -
d 3, 17328.5! 18364 1.8961 1.2 1.894
d 30, 172274} - 1.901g 1.2 -
C iz 16164.7 1 16769 1.9065 1 1.928
B 'l <10735.5! 9578 191811 1.928
b 3, 6287 2 6434 <1.8942 1.902
b301, 62402 - <1909 2 -
AlA 4586.6 4482 1.8600 1.884
a 34, 2011.7 2362 1.8559 1 1.876
a A, 1953.8 - 1.8666 ! -
X gt 0.0 0.0 1.7873 1.796

! Value taken from Ref. (8).
2 Constant for v = 0.

3 Value taken from Ref. (6).
* Value taken from Ref. (3).

the focus of this study. In studying the forbidden bands, we found that different flu-
orescence patterns were seen following excitation to different levels of D 'II. From v’
= 2 in D 'Il we observed a P, R doublet in fluorescence to b 311, and a P, Q, R triplet
in fluorescence to a >A,, whereas Fig. 2 illustrates that from the more strongly perturbed
v’ = 4 level of D 'II, P, R doublets were seen in fluorescence both to a A, and to
a *A,. A transition with AS # 0 is also the most likely explanation for the series of
fluorescence lines with J' = 93 excited by 514.5 nm and for the fluorescence with J’
= 57 excited by 465.8 nm (see Tables 1 and 11). The upper levels do not correspond
to a known singlet state and probably belong to either the e *II or the /4 311 state
calculated in Ref. (11). Another instance of singlet-triplet excitation seems to occur
in the pump transition R(53)(0-1) E 'A < g *A;, which is resonant with the 514.5-
nm line of the argon laser and gives rise to the £ 'A-4 'A fluorescence series in Table
I1. The E 'A state is already known (4), and the only likely lower state for this excitation
is the a *A state.
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The 454.5-nm line of the argon ion laser coincides with transitions involving two
components in the (0-0) band of the strong violet degraded triplet system which has
been discussed before (3, 6, 9-11). Fluorescence close to the laser line consists of P,
R doublets (see Table II), corresponding to a transition with AA = 0. At shorter
wavelengths, a second system is observed in fluorescence, which shows R, Q, and P
lines. The combination differences between these lines, which are observed around
26 300 cm ™!, agree with calculated combination differences for the a *A, , substates,
and the P, Q, R triplet is characteristic of a transition with AA = —1. We therefore
assign the upper state for both these transitions as *II, and from the newly established
energy of a 3A, we find that the upper ’II state lies at about 28 000 cm ™', and is above
the range of states calculated in Ref. (/7). We have not given this state a label for this
reason, but it is very likely that the upper state is the fourth °II state calculated by
Harrison (10) to have T, = 32 000 cm™' and R, = 1.932 A. Although the term energy
calculated in Ref. (10) is higher than observed, the prediction for its internuclear
distance matches rather well. The violet system is thus reassigned as *I1 — b 11,
confirming suggestions made both by Harrison and by Langhoff and coauthors (717),
that this system does not involve the a 3A state.

CONCLUSION

Laser-induced fluorescence spectra have allowed us to measure the energy gap be-
tween the lowest singlet and the lowest triplet states in ScF, and have extended the
range of observed vibrational levels in the low-lying electronic states. The D 'II-4 'A
and 3I1-b *II transitions have been identified, and a new triplet transition, *II,, —
a 3Ay,, has been recorded. Preliminary spectroscopic constants are reported for a
number of low-lying states, which confirm the quality of existing ab initio calculations
for a number of electronic states in scandium monofluoride.
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