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A molecular-beam-optical and radio frequency-optical double-resonance
study of the 4 2I7,-X 22+ band system of scandium monoxide®

W. J. Childs
Physics Division, Argonne National Laboratory, Argonne, 1llinois 60439

T.C. Steimle
Department of Chemistry, Arizona State University, Tempe, Arizona 85287-1604

(Received 12 January 1988; accepted 26 January 1988)

A molecular-beam-optical and rf-optical double-resonance study of the 4 *I1 (v’ = 0-2)

-X 22+ (v” = 0-2) band systems of gas phase scandium monoxide has been performed. No
localized perturbations in the X >+ state have been observed but strong perturbations in the
A1, (v = 1) state were detected. Quantum numbers for the optical spectrum could only be
assigned assuming a negative value for the excited state A-doubling-type magnetic hyperfine
parameter, contrary to current theoretical understanding of this interaction. The ground state
magnetic hyperfine parameters can be interpreted in terms of ab initio models for the electronic
states of ScO whereas the spin-rotation parameters cannot.

I. INTRODUCTION

Bonding in transition-metal-containing compounds is
the theme of a vast number of modern quantum chemical
computations. Transition metal oxide (TMO) bonding is of
particular concern both because of the importance of oxygen
chemisorption processes and the influence it has on bulk
electronic properties of the new high-temperature supercon-
ducting materials.! Although of great interest, it is difficult
to obtain quantitative information from current quantum
chemical computations even for a simple isolated diatomic
TMO molecule. The failing of ab initio calculations for TMO
molecules can be traced, in part, to the inability of the theo-
retical method to correctly describe the state distribution of
the transition metal atom. A difficulty with the first row TM
atomic calculations is the near degeneracy of the low-lying
states arising from the 3d" 4s, 3d" ~ ' 4s%, and 3d" ~ ' 4s4p con-
figurations. Therefore, accurate wave functions for the first
row transition metal atoms can only follow from an exten-
sive configuration interaction (CI) treatment.>* In addi-
tion, there are surprisingly large relativistic effects for the
TM atom* which have to be taken into account. The prob-
lems are compounded when accurate transition metal atom-
containing molecular calculations are attempted.

The small number (three) of valence electrons and the
low atomic number of scandium makes ScO an optimal
TMO from a computational point of view. Accordingly,
there are a large number of reported theoretical results, both
all-electron SCF® and all-electron SCF-CI*® as well as re-
sults from less rigorous theoretical treatments.®'° The early
ab initio calculations suggested that the bonding was nearly
purely ionic with a charge distribution Sc * 20 ~2. The more
recent calculations indicated that the charge distribution is
Sc*%70~°7 and that there is bond formation between the
3do and 3d orbitals centered on the scandium and the 2po
and 2pw orbitals of oxygen. This is consistent with the gen-
eral view of bonding in the first row transition metal ox-
ides.!! Namely, at the right-hand side of the Periodic Table
the TMO bonding is nearly purely ionic with a charge distri-
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bution TM +°%70 %7 while at the left-hand side the same
ionic character is preserved and there is considerable bond
formation.

The intensified theoretical interest in ScO has not been
paralleled by the needed detailed experimental spectroscop-
ic studies. There are four known electronic states': the
X=+, 4'?A (T, =15029 cm™"), A°[1, (T, =16 547
cm™'),and B*E* (T, =20 645 cm '), which in a simple
one-electron model all have the same closed-shell molecular
orbital core and a single unpaired electron in an orbital cen-
tered on the scandium nucleus. In the X 2= state the un-
paired electronic orbital is essentially the 4sp hybridized
atomic orbital while the primary configurations for the
A'?A, A?T1, and B 23" states correspond to a promotion
into a 3d8, (3d + 4p)w, and (3d + 4p)d molecular orbital,
respectively, all centered on scandium. The 4 I, (v’ = 0)—
X 2=+ (v" = 0) band system has been recorded in emission
and rotationally analyzed.'® That analysis showed that the
low rotational levels of the X 2=+ state had an energy level
pattern of a case bgg molecule with the nuclear spin (**Sc,
I=17/2) and electron spin angular momenta coupled to-
gether (by Fermi contact interaction). Other optical studies
include the low resolution laser induced fluorescence (LIF)
of the numerous bands of the 4 2[1-X 22 * system'* and the
high resolution LIF measurements and perturbation analy-
sisofthe 4 °I1, (v = 1)-X 23 (v" = 0) band system.'® In ad-
dition, the 4 %I, (v =0 and 1) permanent electric dipole
moment has been determined'® and the ground state matrix
isolated ESR spectrum recorded.!’

In a continuation of our investigation of the bonding in
Group I1Ia TMO compounds, we report here on the molecu-
lar beam optical and radio frequency-optical double reso-
nance measurements for gas phase scandium monoxide. Pre-
vious results on YO'®-%° indicate that the electronic state
distribution for the Group IIla TMO compounds is more
complex than current spectroscopic data would indicate.
Specifically, the strong vibrational dependence of the spin-
rotation parameter (X 23%) for YO is proposed to arise
from a perturbation of two as yet unobserved low-lying II
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states. It is suggested that the primary configuration for
these unobserved states has three unpaired electrons and
they can be expected to have quite different chemical proper-
ties from the known electronic states. Therefore, the fine and
magnetic hyperfine interactions of gas phase ScO were ana-
lyzed for the v =0, 1, and 2 levels of the X 23 * state. The
interpretation of these parameters in terms of possible elec-
tronic configurations is presented. In the process of these
measurements a strong perturbation in the 4 *I1 (v=1)
state was observed and an rf-optical labeling technique?!
used to assign the quantum numbers associated with the per-
turbed features. The details of the perturbation are discussed
separately.'>*!

Il. EXPERIMENTAL DETAILS

The molecular beam laser-rf double-resonance method
has been used for nearly 10 years®>~%° to obtain high-preci-
sion measurements of level splittings in the lower states of
electronic (optical) transitions. Because of the well-colli-
mated nature of the molecular beam, the single frequency
tunable dye laser produces excitation spectra that are nearly
Doppler-free with the 15-20 MHz linewidth (FWHM)
typically observed arising primarily from imperfect collima-
tion. The molecular beam is orthogonally intersected twice
by a single-frequency laser beam: once near the molecular
beam source (the “pump” region), and once further down-
stream (the “probe” region). When the laser is tuned into
resonance with a particular hfs component of an optical line,
the number of molecules in the lower hfs level is severely
depleted so that little fluorescence is induced by the probe
beam. If the depleted lower level is repopulated (in the space
between the pump and probe regions), by driving a suitable
rf or microwave transition, the probe beam LIF is enhanced.
The increase in LIF can be large, and, when combined with
the typically 10 kHz linewidth seen for the rf transitions,
makes this double resonance technique both sensitive and
precise. Although the precise rf transition measurements are
limited to the ground electronic state, upper-state splittings
can then be inferred by combining the lower-state splittings
with observation of the spacings between the hfs components
in the optical lines.

In addition to providing high-resolution measurement
of rf ground state transitions, the rf-optical double resonance
technique provides a sensitive means by which quantum
number assignments for optical transitions can be deter-
mined. The laser-rf double-resonance technique uniquely
identifies the lower level associated with any optical line by
precisely measuring the lower-state hfs splittings. The pre-
cisely determined ground state energy level spacings for an
extensive range of quantum numbers can only be reproduced
by a unique quantum number assignment consistent with the
model Hamiltonian. The optical selection rules then dictate
the quantum number assignment for the upper state. This
technique was used in the past for the assignment of optical
features in NO,?%?7 and was used in the present study?' to
assign the transitions in the 4 M, (v =1, and 2)-X22+
(v" =1, and 2) band system for which there was no pre-
viously published high-resolution optical analysis.

The ScO molecular beam is produced by electron-bom-

bardment heating of a tantalum oven, 1.7 cm tall and 0.8 cm
in diameter containing Sc,0, and some scandium metal
chips. The beam effuses from a 1.5 mm hole in the oven lid. A
Coherent Radiation 599-21 tunable single-frequency dye la-
ser is used to induce fluorescence, which is detected (in the
probe region) through an interference filter by a cooled,
photon-counting photomultiplier. An ~ 100 A pass-band
filter centered at 6000 or 6100 A was used to reduce the
background of black-body radiation from the beam source.
The remaining background consisted primarily of scattered
laser photons.

The laser wavelength was measured by a Hall-type in-
terferometric “lambda meter”?® which had a reproducibility
of about + 0.002 A. A portion of the laser light was passed
through a 50 cm temperature-stabilized confocal Fabry—
Perot étalon with a free spectral range of 150 MHz to pro-
vide markers for incremental laser frequency measurements.
A precision of about 1 MHz in the separation between fea-
tures in the optical spectrum could be achieved in this way.
The radio frequencies were provided by a 0—1 GHz rf synthe-
sizer, with suitable amplifiers and doublers, and rf frequency
and power meters supplemented the setup. The precision of
the rf transitions was typically + 2 kHz.

lIl. OBSERVATIONS AND ANALYSIS

The present study was greatly facilitated by the pub-
lished rotational analysis of the A ZH, W =0)-X23+*
(v” = 0) band system'® and the optical assignments of nu-
merous features in the 4 21, (v’ = 1)-X 22+ (v” = 0) band
system used in the electric dipole moment determinations.'$
As in the previous optical studies, a modified *Il (case a)->=
(case b) branch labeling scheme is adopted. In this scheme
the F; label (i = 1or2forJ = N + Sor N — §), customarily
used as a subscript in the branch designation, is replaced by
G( =1 + S) which is the approximately good intermediate
quantum number for the X =+ (case bgs) state. Because of
the large splitting between the G = 3 and G = 4 levels of the
X 23 * state thereare 16 branches: SR, 20,6 + *R,5, 2Psg

+ 90,5, °P, for the 4 *I1,,,—X 22+ subband and *R,,;,
%06 + °Rig, P + Qs °Pyg for the 4711, ,-X 22+
subband with G = 3 and 4.

A portion of the molecular beam LIF spectrum for the
PPs + FQ.c (40) branch features and the 2P,; + 20,4
(40) branch features are presented in Figs. 1 and 2, respec-
tively, and are representitive of the LIF spectra for the two
subbands. The large splitting ( ~ 8 GHz) between the G =3
and G = 4 branch features results from ground state mag-
netic hyperfine interaction and is nearly independent of the
rotational quantum number because the X 23+ state re-
mains a case bgs molecule even for high ¥ values. The small
splittings in each branch feature result from the splitting of
each level in the 4 °I1, state into eight (27 + 1) components
by magnetic hyperfine interactions and splitting of the
ground state levels into 2G + 1 components by spin-rotation
interactions. Because the upper-state splitting is larger for
the branch features associated with A 2II,,, substate, it is
assumed that the 4 *I1, ,, hyperfine splitting comes primar-
ily from the A-doubling-type magnetic hyperfine interac-
tion.?®
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FIG. 1. A section of the 4 °I1,,, (v' = 0)-X 2+ (v" = 0) subband in the
PP,c + "Qic (N " = 40) spectral region as recorded by molecular-beam-
laser induced fluorescence.

All recorded rf transitions were magnetic dipole al-
lowed either within the G=3 or G=4 set of levels
(“AG = 0” transitions) or between the G=3 and G=4
levels (“AG = 1” transitions) of a given rotational level of
the X 2T+ state. The latter set of transitions all occur at ~8
GHz. The 4 °I1,,, (v'=0)-X?2* (v" =0) subband was
initially selected for the rf-optical double-resonance mea-
surements because the overlap of the optical features assured
that numerous hyperfine levels were simultaneously
pumped, thereby reducing the search time. Initial observa-
tions were of the AG = 1 type for N " =40. Attempts to as-
signs F and G quantum numbers for each rf transition made
by assuming a set of quantum numbers and then seeking a
least-squares fit to a = * Hamiltonian failed. The difficulty
in assigning quantum numbers was partly a consequence of
the laser pumping a feature made up of several unresolved
hfs components. A switch from the *Q,; + ®R, (N ") lines
of AM,,<X?2}, to the *P,;(N") lines of 4°11,,,
«X?21,, for which the optical hfs components are re-
solved, was made. Although AG = 0 as well as AG = 1 tran-
sitions were now observed it was still impossible to find a set
of quantum numbers that led to a satisfactory least-squares
fit to the observations.
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FIG. 2. A section of the 4 2I1,,, (v' = 0)-X 23+ (v* = 0) subband in the
9P, + 90, (N” = 40) spectral region as recorded by molecular-beam-
laser induced fluorescence.
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In this procedure, the optical hfs components of the
A, (v=0)-X*=* (v=0) subband were labeled as-
suming a positive value for “d,” the parameter that describes
the strength of the A-doubling-type magnetic hyperfine in-
teraction of the excited electronic state. Current theoretical
description*® of this interaction requires that “d ” be positive,
although there are instances, particularly for excited elec-
tronic states,>'~>* where it is experimentally determined to
be negative. When, assuming a positive d value, the quantum
number assignment for the features in Fig. 1 was made it was
impossible to obtain a satisfactory fit to a >S * Hamiltonian.
The sign of d was then reversed and consequently the order
of the 4 °I1, ,, hyperfine levels reversed and an excellent fit
of all the ground state rf measurements was achieved.

The energy level pattern for the X 23 state is irregular
and a strong function of rotational quantum number. The
N" = 40 energy level pattern is presented in Fig. 3 where the
labels a—x refer to the various types of transitions that were
observed. Table I gives the Fand G quantum numbers for all
the types of transitions observed. The F = 26-27 transition
forthe N = 30,G = 4, X >2% (v = 2) level isshown in Fig. 4
and is representative of the rf transitions measured by the rf-
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FIG. 3. The energy level pattern for the hyperfine splitting of the N = 40
level of the X 2Z* state as determined by rf-optical double-resonance spec-
troscopy. The measured rf transitions are labeled a—x.
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FIG. 4. The a type of transition (see Fig. 3) for the N=30X?2* (v=2)
level as measured by rf-optical double-resonance spectroscopy.

optical double-resonance technique. The observed transition
frequencies, quantum number assignments, and observa-
tion — calculated frequencies are presented in Table II. For
v = 0, the table lists 39 AG = 0 and 39 AG = 1 transitions.
The corresponding numbers of observations for v = 1 are 78
and 12, and for v = 2 they are 14 and 11, respectively.

There are no localized perturbations in thev =0, 1, and
2 levels of the X 23 state and therefore an effective Hamil-
tonian approach®**® was used. The required terms of the
effective Hamiltonian can be written as

TABLE 1. The quantum numbers associated with radio frequency transi-
tions listed in Table II (and depicted in Fig. 3). All transitions are charac-
terized by Av = 0 and AN = 0 in the X 2= * state and are magnetic dipole
allowed.

lower state upper state
Transition
type G FN G F-N
a 4 —4 4 -3
b 4 -3 4 -2
c 4 -2 4 -1
d 4 —1 4 0
e 4 0 4 1
f 4 1 4 2
g 4 3 4 2
h 4 4 4 3
i 3 -2 3 -3
J 3 -1 3 -2
k 3 0 3 -1
i 3 1 3 0
m 3 2 3 1
n 3 3 3 2
0 3 3 4 2
P 3 3 4 3
q 3 3 4 4
r 3 2 4 2
s 3 2 4 1
t 3 2 4 3
u 3 1 4 2
v 3 1 4 1
w 3 0 4 1
x 3 -3 4 -2

Hgo =98N+ b8+ L8, + CIN

eqQ ¥ _ 72 7 7
+ 41.(21_1)(312 1 )+Hcdsr +Hcdhs' (1)
In this expression, the quantities 7, b, ¢, C;, and egQ are the
strengths of the spin-rotation, contact, dipolar, nuclear spin-
rotation, and electric quadrupole interaction. The operators
I:IC,,S, and H_, . represent higher-order terms which have
been treated phenomenologically. Namely, b, ¢, and ¥ have
been replaced by b, + b, N*(N + 1), ¢o +¢;N(N + 1),
and by ¥, + ¥ N(N + 1) + 7, N(N + 1)? respectively.
The matrix representation of H, was set up in terms of the
adjustable parameters and diagonalized to produce eigenval-
ues from which rf transition frequencies were calculated. A
least-squares procedure was used to minimize the observed-
— calculated transition frequencies. The results of the fits
are presented in Table IIL. The limited data for the X *3+
v = 2 level required that the higher-order terms y,, b,, ¢,
and ¥,, be held fixed to estimates based on the v =0 and 1
results.

IV. DISCUSSION

As was the case for YO, the ground-state spin-rotation
parameter is a strong function of the vibrational quantum
number, whereas the magnetic hyperfine interactions are
nearly independent of v. This indicates that the dominant
contribution to y corresponds to the second-order interac-
tion and serves as a sensitive probe of the existence of per-
turbing electronic states. In contrast, the dominant contri-
bution to the magnetic hyperfine interactions is from matrix
elements within the Born—-Oppenheimer description of the
X 23 ™ state and is nearly independent of vibrational level.
The determined value of 1.947 GHz for the Fermi contact
parameter b, ( = b + 1/3 ¢), is close to the 2.01 GHz value
established by ESR matrix isolation measurements'’ and is
interpreted in terms of electron density at the nuclei and the
spatial distribution of the unpaired electrons.

The experimentally determined magnetic hyperfine pa-
rameters can be compared with theoretical predictions. The
Fermi contact parameter b, and the dipolar parameter ¢ are
related to the electronic wave functions through the expecta-
tion relationships

by =%Z§i#33~/‘~<5(ri» (2)
and
_ o g3 3cos’6, — 1)
c=r Z 2g.ﬂag~#~< > 3)

in the usual notation. The results of the @b initio calcula-
tions® indicate that the primary configuration for the X 23+
state of ScO is

(core) 37*70°84", (4a)
where

37 ~3dm(Sc) + 2pm(0), (4b)

7o ~3do(Sc) + 2pa(0), (4¢)

80 ~4sp(Sc). (4d)

J. Chem. Phys., Vol. 88, No. 10, 15 May 1988
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TABLE II. Experimental values for the rf transitions of gas phase ScO in its X2 2+ state.

Obs. Obs. Obs. Obs. Obs. Obs.
Trans.* freq. calc. Trans. freq. calc. Trans. freq. calc.
v N type (MHz) (kHz) v N type (MHz) (kHz) v N type (MHz) (kHz)
0 10 h 42.010 -2 0 38 h 22.430 4 0 40 s 7875.921 1
0 12 h 39.865 0 0 38 4 7868.186 1 0 40 r 7880.293 0
0 15 h 37.207 0 0 38 q 7845.756 -3 0 40 w 7852.215 -2
0 18 a 40.542 0 0 38 t 7866.877 1 0 40 v 7867.098 1
0 20 h 33.545 0 0 38 s 7872.547 2 0 40 u 7871.473 3
0 20 P 7818.881 -1 0 38 r 7875919 -2 0 40 a 55.142 2
0 20 q 7785.338 1 0 38 w 7850.798 —1 0 40 b 46.241 —1
0 20 a 42.057 0 0 38 u 7868.088 1 0 40 c 36.767 0
0 22 a 43.481 -1 0 38 a 53.836 —1 0 40 d 26.668 0
0 24 a 44.844 1 0 39 h 21.811 0 0 40 e 15.892 1
0 25 h 30.324 1 0 39 D 7871.409 1 0 40 f 4.374 1
0 25 a 45.508 1 0 39 q 7849.598 1 0 40 g 7.958 -1
0 26 a 46.164 1 0 39 t 7869.584 2 0 40 i 31.133 3
0 27 a 46.811 -1 0 39 r 7878.088 1 0 40 J 25.985 1
0 28 a 47.457 1 0 39 w 7851498 —2 0 40 k 20.582 0
0 29 a 48.095 0 0 39 v 7865.891 —1 0 40 ) 14.879 0
0 30 h 27.269 -1 0 39 u 7869.764 2 0 40 m 8.824 1
0 30 a 48.731 —1 0 40 h 21,190 -2 0 40 n 2.351 1
0 31 a 49.368 0 0 40 ¥4 7874.681 -3 0 40 x 7695.199 4
0 34 a 51.273 1 0 40 q 7853.495 3 0 41 q 7857.442 -3
0 35 h 24.254 1 0 40 o 7882.643 0 0 41 t 7875.140 5
0 36 a 52.550 1 0 40 t 7872.333 -2 0 41 r 7882.539 —1
0 41 w 7852.946 —4 1 21 a 45.704 0 1 29 d 26.257 0
0 41 v 7868.320 -5 1 21 b 39.264 -1 1 29 e 15.661 -1
0 41 u 7873.213 2 1 21 c 31.561 1 1 29 i 29.832 5
0 42 q 7861.455 -1 1 21 d 22.519 3 1 29 J 25.141 4
0 42 t 7877.983 -1 1 21 i 24.715 5 1 29 k 20.019 4
0 42 s 7879.418 -1 1 21 J 20.570 3 1 29 ! 14.425 9
0 42 r 7884.828 1 1 21 k 15.756 5 1 29 m 8.292 8
0 42 w 7853.696 -3 1 21 ) 10.214 5 1 29 u 7871.937 -2
0 42 v 7869.578 0 1 21 m 3.876 7 1 29 t 7871.418 2
0 42 u 7874.989 4 1 21 t 7848.561 0 1 29 x 7700.757 0
0 43 a 57.134 1 1 21 x 7720.906 8 1 30 a 53.151 —1
0 50 h 14.734 -1 1 22 a 46.57t 0 1 31 a 53.956 —1
1 11 g 18.593 5 1 23 a 47.422 0 1 31 b 45.905 0
1 13 v 7850289 —10 1 24 a 48.262 0 1 32 a 54.760 ~1
1 13 h 36.363 2 1 25 a 49.092 0 1 32 b 46.593 —1
1 14 a 38.828 1 1 26 a 49913 0 1 33 a 55.564 -2
1 15 h 34.343 2 1 27 a 50.729 0 1 34 a 56.372 0
1 16 h 33.401 3 1 28 a 51.539 -1 i 35 a 57.181 0
1 17 a 42.013 3 1 28 b 43869 —1 1 36 a 57.991 —1
1 18 h 31.613 3 1 29 a 52.347 0 1 37 a 58.806 -1
1 19 a 43.914 2 1 29 b 44.543 0 1 38 a 59.627 1
1 20 a 44.821 2 1 29 c 35.863 0 1 38 b 50.863 —1
1 38 c 41.505 -2 1 61 a 80.630 —1 2 22 t 7873.125 -5
1 38 d 31.508 -2 1 62 a 81.676 1 2 22 h 24.220 -1
1 38 e 20.818 -1 1 63 a 82.734 0 2 22 v 7870.014 -1
1 38 u 7890.060 -1 1 64 a 83.807 0 2 22 g 9.158 2
1 38 t 7900.917 5 1 65 a 84.895 1 2 23 u 7876.335 -3
1 39 a 60.451 1 1 65 h —6642 —10 2 23 t 7876.671 1
1 40 a 61.279 0 1 66 a 85995 —1 2 23 h 23.271 0
1 40 h 14.551 2 1 67 a 87.114 1 2 23 v 7871.514 0
1 45 a 65.518 -1 1 69 a 89.395 0 2 24 h 22.330 -1
1 49 a 69.050 0 1 70 a 90.559 —1 2 25 h 21.399 0
1 50 h 6.605 1 1 71 a 91.741 0 2 26 h 20.473 -1
1 53 a 72.732 2 1 72 a 92.939 —1 2 27 h 19.552 -2
1 55 h 2.394 -2 1 73 a 94.156 1 2 30 a 57.800 -1
1 57 a 76.583 0 1 75 a 96.640 0 2 30 u 7892.296 -1
1 60 a 79.601 2 2 14 u 7859.384 4 2 30 t 7903.012 4
1 60 b 69.261 1 2 14 v 7859.093 5 2 30 h 16.817 -1
1 60 ¢ 58.771 1 2 18 a 45.533 2 2 30 v 7882.766 1
1 60 h ~2.016 -8 2 19 h 27.152 1
1 60 u 7946.992 4 2 20 h 26.160 2
1 60 t 7990.904 4 2 21 a 48.773 0
1 60 4 8014.574 —4 2 22 a 49.812 —1
1 60 q 8016.580 -6 2 22 u 7874.221 -6

*See Table I and Fig. 1 for associated quantum number assignment.
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As indicated by configuration (4), the unpaired electron is
in an sp hybridized orbital thus allowing for bond formation
between the 3d(Sc) and 2p orbitals. The 8¢ orbital can be
written as a linear combination of the 4s and 4p orbitals:

80 =c,4s + c,4p, (3

where ¢, and ¢, are the mixing coefficients. A comparison of

(X225, |B(OL ~ v Y (n'V'|Z,(1rs; + 17 s7) X228 )
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the experimentally determined Fermi contact value for ScO
(X2Z2*) (bp = 1.947 GHz) with the calculated value for an
unpaired electron in a 4s orbital of atomic Sc*® (b, = 2.823
GHz) establishes that ¢, = 0.83. This compares well to the
Mulliken 4s population of 0.82 obtained by ab initio calcula-
tions.5

The second order contribution y® is given by

};2) — 42

E(n'Y) —E(X?*Z")

where the microscopic form of the spin—orbit operator has
been used. In Eq. (6), the summation is over all the vibronic
’[1,,, states. Equation (6) simplifies greatly if it is assumed
that the electronic wave function has a single unpaired elec-
tron in an essentially atomic orbital and there is only one
interacting state. This simplified expression has been suc-
cessfully used to predict ¥(X 23) for the isoelectronic com-
pound CaF,*” where the sole interacting state was assumed
to be the A 1 state. When similar assumptions are made for
ScO, the predicted value for y'?’ is greater than a factor of 10
larger than the observed value and shows little vibrational
dependence.

The strong vibrational dependence of y(X *Z*) of ScO
suggests that there is more than one *I1, ,, state making sub-
stantial contributions to ¥, or that a single interacting
?11,,, state has a markedly different potential energy sur-
face. Although there are a large number of plausible low-
lying electronic configurations that would produce perturb-
ing 21, ,, states, the ab initio calculations® give no indication
of their existence. A possible configuration would be

(core) 3m70%80' 16" -211,,%11,%d %P *TI*® 7N
which represent a promotion of a 37 electron of the X 2+
state into a 3d6 molecular orbital centered on the scandium.
The near degeneracy of the Sc* (®D,;3d4s) and Sc+
(°F,;3d%) states (AE~0.5 ¢V)>® and the known existence of
low-lying states of ScF arising from Sc* (4s3d) configura-

tions'? supports the suggestion that configuration (7) is im-
portant. As was demonstrated previously,?® the two 2II

TABLE III. Spectroscopic parameters for the v =0, 1, and 2 levels of the
X233+ state of ScO as determined by rf-optical double resonance.

Parameter value (MHz)

Parameter v=0 v=1 v=2
Yo 3.217 5(4) 4.434 4(2) 5.702 9(6)
b, 1922.534(1) 1923.848(1) 1925.124(7)
% 74.416(2) 74.656(2) 74.884(12)
(eqQ)o 72.240(5) 71.663(8) 71.177(59)
(Crdo 0.021 81(1) 0.022 08(2) 0.022 38(10)
" 2.323(4)X107*  2.432(2)x107%  (2.538x107%)*
b, 4.615(9)x10™*  4.542(5)X10™*  (4.49x10~%)*
a 1.47(1) x 107* 1.49(1)x10~* (154107
Vs 1.0(1)x10~° 0.79(3)x 10~* (0.62x107°)*
*Held fixed during fit.

(6)

{ .
states of configuration (7) contribute with opposite sign to

¥ and, therefore, could explain the strong vibrational de-
pendence of ¥(X 23 %).

CONCLUSIONS

The molecular-beam-optical and rf-optical techniques
have provided precise spectroscopic information about gas
phase scandium monoxide in its X 22 * and A4 2[1, states. No
localized perturbations for the X 23 (v = 0-2) state were
observed, but strong perturbations in the 4 °IT (v = 1) were
detected. The optical spectrum could only be assigned by
assuming a negative “d (4 *I1) magnetic hyperfine param-
eter, which suggests that the current theoretical interpreta-
tion of this parameter must be modified. The magnetic hy-
perfine parameters of the X °2+ state can be interpreted in
terms of the present theoretical model, while the fine struc-
ture parameter (X 2Z*), cannot. The strong vibrational
dependence of y(X 2Z%) suggest that the low-lying elec-
tronic state distribution is more complex than current spec-
troscopic data and ab initio calculations indicate. A mani-
fold of low-lying states arising from a three-open-shell
configuration can be responsible for this behavior.
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