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The (0,0) band of the B “IT-X *3.~ transition of NbO, near 6600 A, has been analyzed from spectra
taken at sub-Doppler resolution. The transition is notable for the great width of its Nb nuclear
hyperfine structure, which is caused principally by the unpaired 5so electron in the ground state
interacting with the large magnetic moment of the 3? Nb nucleus (/=9/2). A fit to the ground-state
combination differences, including four very precise microwave lines measured by Suenram et al.
[J. Mol. Spectrosc. 148, 114 (1991)], has given a comprehensive set of rotational, spin, and
hyperfine parameters. Prominent among these are the third-order spin—orbit distortions of the
spin-rotation interaction and the Fermi contact interaction, which are large and well determined,
reflecting different degrees of spin—orbit contamination of the the *3,},, and *3.;,, components of
the ground state. The & 2qr B *TI state was hard to fit, for a number of reasons. First, its spin—orbit
structure is asymmetric, because of strong perturbations by a 2II state which has been identified in
this work, from among the various weak bands in the NbO spectrum near 7000 A; the result is that
many high order centrifugal distortion terms are needed in an effective Hamiltonian model for the
rotation. Second, the hyperfine structure is perturbed, not only by this 2II state, but by distant 3 and
A states at higher energy. The 8%¢* C *3 7 state at 21 350 cm™! appears to be one of these. The
distant states generate large apparent nuclear spin-rotation interactions, both within and between the
A components of the IT state, as a result of cross terms between matrix elements of the operators
~2BJ-L and al-L. Similar cross terms arising from the operators AL:S and al-L produce
corrections to the Fermi contact matrix elements and are responsible for the unexpected negative
sign of the magnetic hyperfine parameter d. The “off-diagonal” quadrupole parameter e’Qgq, is
very large, and causes some of the higher J line shapes of the B—X system to be noticeably
asymmetric at Doppler limited resolution; its value is consistent with the electron configuration of

the B “II state being &2

l. INTRODUCTION

Magnetic hyperfine structure is a valuable source of in-
formation about the bonding in simple free radicals because
the hyperfine parameters are related to expectation values of
the coordinates of the electrons near the spinning nuclei.'~>
In most cases the relationship is given satisfactorily by the
Frosch and Foley expressions,' since the matrix elements of
the full Hamiltonian off-diagonal in electronic state are usu-
ally negligible. However, transition metal compounds, with
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their much greater densities of electronic states, sometimes
show clear examples of where these off-diagonal elements
are important. For instance, the two lowest electronic states
of NbN, 06 a !A and X 3A, interact strongly through both
the spin—orbit and the Fermi contact operators;® the effect of
the cross term between these operators is that the niobiura
hyperfine width in the a 'A state is reduced by a factor of 5
from what the expectation value (r~?),, for a niobium ator
would suggest.” Naturally care has to be taken in such cases
when the hyperfine parameters are interpreted in terms of
electronic wave functions.

Spin—orbit contamination of the hyperfine parameters, of
this type, obviously cannot be observed directly in singlet or
doublet states, or even 33, states, because there are never
more than three determinable parameters to be matched to
the three Frosch and Foley parameters, a, b, and c. (For the
moment we do not consider the “hyperfine A-doubling” pa-
rameter d.) Difficulties begin with orbitally degenerate triplet
states, where a contaminated state in case (a) coupling may
require as many as five magnetic hyperfine parameters, three
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for the AQ)=0 matrix elements and two more for the
AQ =11 elements.® In states of quartet and higher spin mul-
tiplicity each €2 component needs its own magnetic hyperfine
parameter in the general case, so that there are always more
determinable parameters than the combinations of Frosch
and Foley parameters can accommodate. Group theory argu-
ments in fact show that additional parameters, representing
the spin—orbit distortion, must arise.®

One of the aims of this work is to establish exactly what
happens when the hyperfine structure of a high spin elec-
tronic state is distorted by such effects, using the electronic
spectrum of NbO as a yardstick. What is found is that the
optical and microwave® data for the X 43, ground state of
NbO can be fitted very well, but the model must include the
third-order spin—orbit distortions of the spin-rotation and
Fermi contact interactions. The B #IT excited state has unex-
pectedly disorganized hyperfine structure, which requires ten
magnetic hyperfine parameters to describe it, including the
hyperfine A-doubling parameter d. An unusually large
nuclear spin-rotation interaction is shown to be a normal
result of AA==*1 interaction with nearby electronic states. It
is independent of the distortions of the electron spin structure
that arise from AA=0 interaction.

A second aim of this work is to clarify the electronic
states of NbO. Two low-lying *IT states are expected in
NbO,'®!" just as in the 3d analog VO.'>!* In VO it is easy to
see, even from the Doppler limited hyperfine widths,'* that
the A *I1 state comes from the configuration o8, while the
B *II state is now known'’ to come from &2 Only one
1T state has been definitely identified in NbO, and this is
shown from its hyperfine structure to correspond to the B *II
state of VO. Another state lying just below it, originally
thought to be the other expected *I1 state, is here reassigned
as a *I1 state. The transition to it from the ground state has
unusual spin structure, where only subbands coming from
the X *2,, component appear.

Il. EXPERIMENTAL DETAILS

NbO molecules were prepared in the gas phase by flow-
ing a mixture of NbCls vapor, argon, and oxygen through a
2450 MHz electrodeless discharge at a total pressure of
about 1 Torr. The NbCls vapor was produced by warming a
small quantity of solid, contained in a side arm of the quartz
discharge tube, to about 80 °C. The discharge was brilliant
white in color, with a slight reddish tinge, and formed a long
flame which was pumped through a fluorescence cell imme-
diately downstream from the microwave cavity. Strong laser-
induced fluorescence was excited by passing a laser beam
through the tail of the flame: at this point most of the NbO
molecules are in their ground electronic state, so that the
fluorescence can be observed against a relatively dark back-
ground. The laser used was a Coherent Inc. model 599-21
standing wave dye laser, operating with the dye DCM.

Because of the complexity of the hyperfine structure it
has been necessary to record almost the whole of the (0,0)

band of the B *II-X *3,~ system at sub-Doppler resolution.

o 1 15446 ¢!
5/2 3/2 ;
3/2 172 15410
12 1/2 15159
B4l
—1/23)2 14895
=
2
z
8
3/2 3/2 62
1/2 1/2 0
X4x-
FIG. 1. Broadband laser-induced fluorescence spectrum of the NbO

B *TI-X *3~ (0,0) band, showing the subband assignments.

This was a major undertaking, in which three continuous
segments of about 120 cm™! each, centered near 14 840,
15 160, and 15400 cm™!, were scanned by intermodulated
fluorescence.'® In these experiments the two chopper fre-
quencies were in the ratio 7:9 and the sum frequency, near
1300 Hz, was used for demodulation. The NbO spectra were
calibrated against the I, absorption spectrum,17 and succes-
sive 1 cm™! scans were concatenated, using fringes from a
passive Fabry-Perot interferometer, so as to average over a
number of lines in the I, spectrum. The concatenation pro-
cess used NbO lines that appeared on two adjacent scans to
obtain the relative order numbers of the Fabry—Perot fringes,
and to allow for any slight shifts caused by temperature,
pressure, or alignment effects. It was usually only possible to
assemble about 15 cm™! of truly “continuous” spectrum by
this method, because there are often gaps in the rotational
structure which halt the overlap procedure, and in any case it
was almost never possible to concatenate spectra taken on
different days. The principal difficulties we experienced with
the calibration were always at places where two continuous
spectra did not quite join. The measurement accuracy for
small frequency intervals was normally about =0.0003
cm™!, but over large intervals there were occasional incon-
sistencies of up to =0.0015 cm™'. The linewidths in our
sub-Doppler experiments were limited by pressure broaden-
ing to about 50 MHz (0.0017 cm™}).

lil. APPEARANCE OF THE B *TI-X *3~ SYSTEM OF
NbO

The (0,0) band of the B *II-X *3~ system of NbO, as
seen in broadband laser-induced fluorescence, consists of
three groups of red-degraded heads, with accompanying ro-
tational structure, in the region 6500—-6750 A. It is illustrated

J. Chem. Phys,, Vol. 100, No. 9, 1 May 1994



The upper state hyperfine width happens to be nearly zero at
this J value, so that the structure reflects the ground-state
splitting almost exactly. The ten hyperfine components re-
sulting from the /=9/2 nuclear spin of 3;Nb form a textbook.
pattern.

Hyperfine “satellite” lines with AF# AJ are prominent
at low J. They are valuable in the analysis because of the
direct hyperfine combination differences they provide for
both electronic states. The satellite lines die out beyond
J~7%, but the center dips (or crossover resonances) betweern
them and the hyperfine “main” lines with AF = AJ continu¢
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FIG. 2. The TR;,(7%) line, from the B *IT,,,~X %3, (0,0) subband, illus-
trating the ten hyperfine components resulting from the /=9/2 nuclear spin
of 23Nb. The upper state hyperfine width is essentially zero at this J value,
so that all the observed splitting comes from the ground state.

in Fig. 1. Because both states are in case (a) coupling there
are four allowed subbands, following the selection rule
AS=0, namely “Ils;;—*Z35, ‘M3-*2 1), ‘Wip-*21p,
and *TI_,,,~*23,,. Two weak case (a)-forbidden subbands,
*Ms;-*%y, and “I_,,-*%,,,, are induced by spin-
uncoupling effects. It was the recognition of the
*T1_,,,—*3,,, subband that had proved the case (a) nature of
the ground state,18 and led to the result that the second-order
spin—orbit splitting between the *3.5,, and *3,|,, components
is 62 cm™!. The reason why there are three groups of heads,
rather than four, is that the spin structure of the B 11 state is
anomalous: the separation of the *IIs,, and *II,,, substates
is only 36 cm ™", while the other two spin—orbit intervals are
about 250 cm™ .

The rotational structure of a B—X subband depends on
whether the lower state is *3,,, or *35/,, and on whether it
is case (a)-allowed or forbidden. As is known from other
examples of case (a) *S states,'®~?! the levels of a *3,5,, state
are grouped into parity doublets with the same value of J, as
in a %I1,,, state; 43, states also consist of parity doublets,
but the J values of the two close-lying levels differ by two
units. Therefore, the branch structure of a *I1—-*3;,, sub-
band is the familiar pattern of doubled P, Q, and R branches,
but “IT — *%,,, subbands appear to consist of S, R, Q, O, P,
and O form branches, and are therefore more spread out.
Case (a)-forbidden subbands have no intensity at low J, and
in this electronic transition of NbO they are first detectable at
J~104. Their intensity comes from the spin-uncoupling of
the *3, (a) state towards case (b). Since spin-uncoupling ef-
fects become very large at higher multiplicities, the ‘““forbid-
den” branches increase rapidly in strength; at J~504 they
are comparable in intensity to the allowed branches, indicat-
ing that the *2, state is almost fully uncoupled to case (b).

The F, electron spin component of the 43, state (J=N
+3/2) has particularly wide hyperfine structure, so that
branches with F lower levels show well-resolved hyperfine
patterns even in Doppler limited spectra. Figure 2 shows an
example from the TR;, branch at sub-Doppler resolution.

to at least J=221. Center dips are an artifact of the inter-
modulated fluorescence technique, and have intensities pro-
portional to the geometric mean of the intensities of the two
transitions producing them. This implies that center dips
should always be observable far beyond where the satellites
themselves are too weak to be seen. In principle the center
dips give information on how the hyperfine combination dif-
ferences change at higher J, but in the present spectrum they
usually lie so close to the main lines that their positions are
affected by blending. When the upper state hyperfine split-
tings are of the order of the linewidth, the center dips have
the undesirable effect of broadening the bases of the main
lines unsymmetrically. An exception occurs in the
*T15,,—*%.,/, subband, where the center dips are well sepa-
rated from the main lines because of the large hyperfine split-
tings in the “I1s,, state.

Examples of hyperfine satellite lines and center dips are
shown in Figs. 3 and 4. Figure 3 illustrates the first two
505, lines and the first TR;; line in the *II5,,—*3,,, sub-
band. At these low J values the full complement of ten hy-
perfine components in each state is not developed and, since
the lower state hyperfine widths are much larger than the
upper state widths, the structure separates into groups of
lines with the same value of F”.

The 5Q5,(1%) line shown in Fig. 3 has a clear hyperfine:

intensity cancellation,”? where the F'—F"=4-4 componeni
is missing. Such intensity cancellations occur in certain @
lines for which J is less than I, at F' values where the angle
between the vectors F and J in a classical picture is ~90°.
Since the intensity of the rotational line is carried by the )
vector, none of it can be projected onto the F vector if the
two vectors are at right angles; as a result the intensity of that
particular F hyperfine component becomes zero. All the
low-J @ lines in the NbO spectrum show this effect, but it is
most obvious when the lower state is %3, F i» where the
hyperfine structure is wide. Figure 1 of Ref. 22 shows some
R0, patterns from the *I1,;,,—*3.5,, subband of this system
of NbO.

Figure 4 illustrates the R, and SR,;(1%) lines, from the

*T15,,—*3.,,, subband, with their extensive hyperfine struc-
tures. The two rotational lines are almost exactly blended;
the A-doubling splitting between their upper levels is negli-
gibly small, but their lower levels are the F; and F, compo-
nents of *%,,, J=13, separated by a small Q doubling
which is of the order of the sub-Doppler linewidth. To be
exact, the calculated ) doubling of the J”=1} levels varies
with F”, from 27 MHz at F"=6 to 62 MHz at F"=3; the

J. Chiem. Phys., Vol 100, No. 9, 1 May 1994
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FIG. 3. Some low-J lines from the B *I1,,,—X *3,7,, (0,0) subband of NbO showing the AF=0, +1 hyperfine selection rule. An intensity cancellation (see
the text) causes the F=4—4 component of °Q3( 1%) not to appear. Various high-J lines also run through this region of the spectrum.

blending therefore makes the hyperfine linewidths apparently
depend on F”, somewhat surprisingly.

A characteristic feature of all the subbands is the pres-
ence of “hyperfine reversals.” These are places where the
frequency order of the hyperfine components changes sign at
some particular J value in the lines of a branch, and they
occur because the hyperfine widths vary quite rapidly with J
in the two electronic states. Specifically they occur because
the hyperfine width of a rotational line is the difference of
the widths in the upper and lower levels, so that should this
difference happen to pass through zero the sense of the hy-
perfine splitting will reverse. At the point where the differ-

15384.205 cm™!

ence is exactly zero the hyperfine components all lie on top
of each other, producing an enormous “spike” in the spec-
trum.

Hyperfine reversals occur in all branches of the B-X
system except those with F'; lower states. The reason is that
the upper state hyperfine widths are generally smalier than
the lower state widths so that the hyperfine patterns mostly
reflect the ground-state widths. Figure 5 shows these widths
(as calculated from the final rotational constants) plotted
against J—3. It can be seen that all the electron spin compo-
nents of the ground state, except F'|, have hyperfine widths
that pass through zero in the accessible range of J values.

F—

3
&

6-5 6-6

15383.655 cm™!

36 34 F"

s = cross-over resonance (centre dip)

FIG. 4. The blended R,( l%) and SR43(1%) lines of the B *II5,-X 33, (0,0) subband of NbO. The lower state {) doubling is less than the sub-Doppler

linewidth, so that the two lines are almost exactly superimposed.
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FIG. 5. Calculated hyperfine widths, AEp=FE(F 0 =J+1)—E(Fy,
=|J—1, of the four electron spin components of the X *3,~, v =0 level of
NbO, plotted as a function of /—3.

The spikes seen in the branches of the B—X system occur
close to these J values, though naturally the exact details
depend on the upper state hyperfine widths.

Examples of hyperfine reversals in the Q, and %Q,;
branches are illustrated in Fig. 6. The reversal is very rapid
in the Q, branch, where the more open side of the hyperfine
pattern (the high values of F) is clearly different in the Q,
(73) and (10%) lines. The rapidity of the hyperfine reversal is
governed by the slope of the variation shown in Fig. 5; as
this figure predicts, the reversal occurs more slowly in the
®Q43 branch, where the “spiking” is spread over five rota-
tional lines rather than two. These hyperfine reversals may
turn out to be useful in the analysis of other electronic tran-
sitions of NbO involving the ground state because there
should always be reversals in the F3 and F, branches some-

Qi(8})  RQu3(93) Q4(9%)
| 1

RQu3(8%)

e i,

1
RQ3,(23}) RleTa)

RPy(37})

50

RQq3(10%)

Adam et al.: The B *II- X *3 " transition in NbO

where near J= 10%, and a reversal in the F ’2' branches near
J=35L

Closer examination of the spikes, e.g., the ®Q,5(8}) line.
shows that the hyperfine patterns do not collapse to sym-
metrical lines. Evidently the F dependence of the hyperfine
energy is not the same in the two electronic states. Now the
magnetic hyperfine energy is always proportional to F(F
+1) in these two electronic states, because of the vector
coupling J+I=F. Therefore, the asymmetry of the patterns
implies a sizeable electric quadrupole contribution. It turns
out that the B *II state is responsible, and that its quadrupole
coupling parameters are surprisingly large: e.g., e2Qq,=700
MHz, e.g., is 700 MHz. The off-diagonal quadrupole effects
are large enough to distort the line profiles noticeably even at
Doppler limited resolution (see Fig. 7). This was a puzzle in
the early stages of the analysis, and was one reason why we
had to record the whole spectrum at sub-Doppler resolution,

Bandheads are a severe problem. Figure 8 illustrates the
head of the 5Q;, branch (from the *II;,,—*3.,,, subband).
The density of lines at the bandheads rises to something like
200 per cm™!, and analysis becomes laborious. Because the
upper state energy level pattern is very complicated it was
not possible to write a sufficiently accurate predictor pro-
gram for the line frequencies (good to within +0.02 cm™")
until the analysis was nearly complete. Instead, the method
used was to extrapolate the frequencies of corresponding hy-
perfine components from line to line, starting in regions well
away from the heads. Blended lines have to be recognized by
their intensities, and weighted down in the extrapolation pro-
cedure. In the end, however, the analysis is unambiguous.
and every line can be assigned. (A weak low-J "R;; line
occurs near the middle of the figure but, since only one of its
hyperfine components is unblended, it is not marked: it is left
as an ‘“‘exercise for the reader” to find.)

RQu3(11))
1 RQu3(12})

RQy;(13})

Q,(10%)
Q4(123)

Qq(11})

15378.4874 cm™!

QP32(153)

RQgy(24})

FIG. 6. Hyperfine reversals in the ®Q,; and Q, branches of the B *II;;,—X %33, (0,0) subband, resulting from the rapid variation of the hyperfine widths
with J. A reversal in the sense of the hypetfine structure, where the relative energy order of the hyperfine components changes, occurs when the difference of

the upper and lower state hyperfine widths passes through zero.
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14846.00 cm™! 14845.80 cm™!

FIG. 7. Doppler limited tracing of the 0P12(24%) line of the
B*M_,,-X *%7, (0,0) subband, showing the asymmetric line shape
caused by the off-diagonal quadrupole coupling constant e>Qq, of the B *I
state.

Surprisingly, the B *“II-X #3~ system of NbO is almost
entirely free of rotational perturbations. Only one has been
found, and this is just a small anomaly within the hyperfine
structure of a single rotational level, namely B “II 52,
J=16%. This is discussed in more detail in Sec. V A.

6245
IV. DETERMINATION OF THE MOLECULAR
CONSTANTS
Barring the perturbation just mentioned, the

B Il-Xx 42_(0,0) band is free of local perturbations. At
first sight it would seem ideally suited for fitting the lines of
the spectrum to the differences between the eigenvalues of
Hamiltonian matrices for the upper and lower states. We
made strenuous efforts to fit the spectrum this way, but fi-
nally realized that the structure of the B *II state contains
strong global perturbations by distant electronic states which
produce systematic shifts of the rotational structure, but no
local avoided crossings. The “ILs,, substate was particularly
difficult to fit, though in hindsight the irregular spin—orbit
pattern of Fig. 1 might have warned us.

The spectrum has therefore been fitted in two stages.
First the ground state was fitted using combination differ-
ences; then the upper state parameters were obtained from
the line frequencies, with the ground-state constants held
fixed. In this way we could decouple the process of finding a
suitable model for the upper state from the problems of cor-
relation between the upper and lower state parameters.

A. Data for the ground state

The data set for the ground state contained 1906 combi-
nation differences from the optical spectrum, plus microwave

T
8
P <
8 g
0 -
=
8
~
3
| m
" 1 U b - uun q :u”, i
J"=11} Hml ml I” I”H“IH “ | | ”Hl” Il (RN TR o w0 T
“wojeint BEil 1 vy ] 1
| TN YRR I
151— IR IIDITRIN TS DTN
2 i T I T I R
TR D N OO I I
LIt iitnm T [ [ T TN
19!'— £ 3 0t oo gt poyoop Hin s n ILIU'Jl
2 1 JI JU [ TR
Ji J L LD Y W i
! i ) L S b ' (D :
1_ bl 1 [ vy T
2 S n—— e
I l i 1 Y vy
$ i ] d J L W
27k~ [T

FIG. 8. Sub-Doppler spectrum of the B “II3,~X “Z;, Q3 bandhead. The line density is nearly 200 per cm™" in this region. The weak line "Ry, (43), not
marked, lies near the middle of the figure; only one of its components, which lies just to the blue of the F=23 component of SQ3,(193), is unblended.
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measurements® of four hyperfine components of the R,(3)
pure rotational line, which became available in the final
stages of the fitting. It has been instructive to compare the
parameters obtained with and without the inclusion of the
extremely precise, but exiguous, microwave measurements.

The optical combination differences consisted of every
possible ground-state interval that could be obtained from
the unblended lines of the full data set, of the following
types.

(i) Hyperfine combination differences, from the inter-
vals between the main (AF=AJ) and satellite (AF#AJ)
hyperfine components of the low-J rotational lines.

(it) A\F" and A,F" hyperfine-rotational combination
differences. In principle there are ten of these for each rota-
tional interval because the ten hyperfine main branch lines
(AF=AJ) bave different upper state hyperfine levels. The
A,F"’s mostly give information on the rotational and cen-
trifugal distortion parameters, and are fairly insensitive to the
hyperfine parameters; only at low J do the hyperfine patterns
change rapidly enough with J for these combination differ-
ences to vary significantly with F. The A F” intervals estab-
lish the relative positions of the F| and F7 electron spin
components (*S,,,), and also the F} and F) components
(*S3,). They contain the principal information about the
electron spin-rotation interaction and its centrifugal distor-
tion, and also about the centrifugal distortion of the Fermi
contact interaction. This can be understood from the e/f
parities” of the electron spin components of a *3~ state,
where the F'; and F; components are of e parity while the F,
and F, components are of f parity. The selection rules for
electric dipole radiation stipulate that R and P branches are
of types ee or ff, while Q branches are ef or fe; therefore for
any particular upper level the lower state e/f parity is differ-
ent in the Q line compared to the R and P lines. Since A F”"

combination differences connect R lines and Q lines or Q
lines and P lines, they must give the relative energies of the
F,and F, or F5 and F, electron spin components. The point
is that when the *3 state approaches case (b) coupling the
hyperfine energies in the four electron spin components are
quite different, so that exact measurements of the energy
differences between them give a very precise measure of the
Fermi contact parameter and how it varies with J.

(iii) Hyperfine-rotational separations between corre-
sponding lines of the electron spin satellite and main
branches. These are of the type °P,(J)—MP,,(J), where
one of the lines comes from a case (a)-forbidden subband (in
this example the °P;, branch, which belongs to the
‘M _,;,—*3 ), subband), and the other is from a case (a)-
allowed subband. These combination differences connect the
F'| and F3 components or the F; and F components. Un-
fortunately the only reasonably intense case (a)-forbidden
subbands are *Ils;,—*37, and *II_,,~-*%],, with the
former being too severely overlapped to give many useful
data; as a result the separations of this type, which determine
the second-order spin—orbit splitting A(*Z ™) and its centrifu-
gal distortion, come mostly from the subbands
“TI_y/2-*2 1, and Moy -*25,.

B. Model for the ground state

The X 3~ state of NbO has 4A=E(*S;,,)-E(*Z )
=62 cm™ !, which is best described as case (a) coupling. To
be sure, the increasing rapidity of spin uncoupling in higher
multiplicity states?® causes the X %~ state of NbO to be
almost fully uncoupled to case (b) at the highest J values
observed here (see Fig. 5); however, a case (b) basis, with its
greater algebraic complexity, is not required in the present
case since there are no internal hyperfine perturbations.?>?

The Hamiltonian has been taken in the form

H=B(J—8)?+(2/3)N(352—8%) + ¥(J—8)-S—D(J—S)*+ (1/3)\p[(352-S?),(J-9)?].,
+(172) yp[(J—8)-S,(J— )21, + 10 ysT>(L2,J)-T3(S,S,S)/[ V6(A| T3(L)|A) ]+ bI-S+cl,S,
+(1/2)D,[(I-8),(J—8)?]+ + + 10e2Qqo(312 - P)/[41(21— 1)]
+5\14bsT (1) - TH{T2(L?),T3(S,8,8)H[3(A|T3(L?)|A)]. (1)

The terms can be identified by their parameters. B, A, and vy
are the rotational constant and the spin—spin and spin-
rotation interactions, with their centrifugal distortion correc-
tions D, A, and v, . The operators in square brackets are
the anticommutators [x,y] ., =xy+ yx, which are required to
preserve the Hermitian form for the matrices. The term in yg
is the spin—orbit distortion of the spin-rotation interaction,®
in other words the “second gamma” introduced by Hougen?’
to account for various anomalies reported®® in the g *3~
state of SiF.% There still seems to be no agreed form for this
term. Nelis ez al.,’® in their laser magnetic resonance study
of the a *Z ~ state of CH, reworked the effective operator of
Brown and Milton® as

J. Chem. Flys., Vol.

#3  =CT3LELN)-T3(S,S,S), 2)

spin-rot ™

where C=10 ys/[ V6(A|T2(L})|A)]. Their new form gives
simpler matrix elements in case (b) coupling and also adds
diagonal elements to the Hamiltonian matrix written in a
case (a) basis. However, we find that it converges more
slowly than the J form of Eq. (1) to the asymptotic expres-
sions for high rotational quantum number. Since the reason
for including this term for NbO is to allow the possibility of
different spin-rotation parameters in the *%;, and ‘35,
components of the X *%~ state it seems advisable to use the
faster-converging form.

106, Mo. 9, 1 May 1394
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TABLE 1. Matrix of the rotational and hyperfine Hamiltonian for a 43~ state in case (a ) coupling, where one spinning nucleus is present.

jle JSe
2F 2f
7 9
—2)\-—5 y+B(x+4)— yp(Tx+ 16)_Z ys—2\p(x+4)
Dl(x+ )+ Tx+ 4]+ o (bc—0b
~D[(x+ay+ Txk a5 lertg (b+e—9b9)
Qg 3W(W+1)— 411+ 1)J(J+1)] Symmetric

81(21- 1)J(J+1)(2J—-1)(2J+3)

1 1
:2(J+§) B—5 y=2D(x+4)=2kp
+3 ! +11)—(b—3b, —W
3 EVD(X ( 5)4J(J+1)]

1 1
- 3x’B—— y=2D(x+2) =5 7p(x+7)

2
3e e _v
<J§74 ¥s—(b+2bg) 4J(J+1)]
1
:[—\/5} J+5]2D+yp)
Y 3e2Qq[W+J+1]
I Y [”“'”“41(21—1)(1—1)(J+1)
(- ¥,
2¢ T (b—3by)
4J s
Y
—o— \3(27=3)/(27+ 1)(b+2bg)
37 8J
<"' e
<J_2 Le|  e20q0PP=(U4I-1)2-(1/4)Z
2f
3e 0
J-2 5‘?
where

3
2x——2- v+ Bx—3ypx+2Apx—D(x*+3x)

W
27U+ 1)
€20qo(6—x)[BW(W+1) =411+ 1)J(J+1)]

812I- 1)J(I+1)(2/-1)(2J+3)

9 9
+Z ys+ CI+Z (b+c+bg)

% 327+ 3)/(20—1)(b+2by)

3 \/(415—9)/(415—1){(b+c+bs)

Y
3e2Qq[W+J+1]
412I-1)(J-1)({J+1)

e2QqoVI*—(9/4)(J—1)2—(9/4)Z

3
x=J(J+1)-4— L W=FF+1)-I(+1)=J(J+1), Y=NU+J+F+1)J+I-FWF+J~I}F+I-J+1),

and

SVF—=I+J— I F+I+(J-F+I-1)(F+I-J+2)

Z=rx 161(21—1)J(J— 1)(2J— 1) J(2J+ 1)(2J—3)

The hyperfine terms in Eq. (1) are Frosch and Foley’s b
and ¢ magnetic hyperfine parameters,' the centrifugal distor-
tion correction to b (D), which is at the limit of determin-
ability, the electric quadrupole interaction (¢?>Qgq,), and fi-
nally the spin-orbit distortion of the Fermi contact
interaction (b 5).3 ! There is no argument about the form of
this operator, though in the present work we have recast it
into a simpler form (with the same matrix elements) to show
the parallel with the corresponding distortion of the spin-
rotation interaction: the different numerical factors reflect the
different construction of the compound tensor for the hyper-
fine operator. The parameter bg allows the effective Fermi
contact interaction to be different in the *3,,,, and *3.,,

components, and is well determined in the ground state of
NbO.

The matrix elements of the Hamiltonian in Eq. (1) are
given in a case (ag) basis in Table I. They are listed in
algebraic form rather than as angular momentum coupling
coefficients because in our experience the execution time for
least-squares fitting increases by about a factor of 10 when
subroutines for the Wigner n—j symbols are called. Even
with free computer time the advantage of the algebraic forms
is considerable when different models have to be tried out, or
data sets debugged. The tensor expressions from which the
matrix elements were derived are familiar®? except for those
for the spin—orbit distortions, which are
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(A;SS0' Q' IF| #3) + S . AsSS L TQIF)

“ spin-rotation

1

J 1

35 F 1 J 2 3 1
7 \/7[7551,,—(—1)’“”{1 S I}\/l(1+1)(21+1)bs]§ (—1>4(0 . _q)

{ J s 3 s
><(—1)”‘“'\/(2J+1)(2J'+1)&_0, . Q)(—l)s—z’(_z, . 2)

X(285=2)(25—1)28(28+1)(25+2)(28+3)(2S +4). 3)

For reference, the algebraic form for the diagonal matrix
element of # gn_maﬁm is

<‘% ggi)n«otation): -Q% 7S[3S(S+ - 52— 1]. (4)

C. Ground-state parameters

The final ground-state parameters are given in Table II.
Two sets of constants are listed: first, those obtained from the
full set of optical combination differences; then those that
result on adding the four microwave lines of Suenram et al.’
The microwave lines were given a weight of 10°, except for
the R,(3) F=5—4 component which was weighted 250 000.

The microwave data’ consist of the transitions R,()
F=5—4,4—4, 3—4, and 6—5. The first three have a com-
mon lower level, and therefore determine two of the F(J
=1}) hyperfine intervals directly; the fourth line shares no
common levels with the other three. Interestingly, the micro-
wave lines only improve the determination of the Fermi con-
tact and dipolar interactions (b and c¢) by a factor of 2, pre-
sumably because of the large number of optical combination
differences that also carry information about them. However,
the microwave measurements improve the precision of the
quadrupole parameter e2Qgq, by a factor of 70. The reason
for the difference is that the influence of ¢?Qqq on the en-
ergy levels dies out rapidly with J, so that these low-J mi-
crowave lines are particularly well suited for its determina-
tion while only a few of the optical combination differences
are sensitive to it.

Another interesting comparison is that small higher or-
der parameters, such as 7y,, change by up to five standard
deviations when the microwave lines are inciuded. It might
be thought that low-J data would not affect the centrifugal
distortion parameters, which are only important at high J; in
fact the microwave measurements sharpen the values of the
principal constants such as 7, so that higher order parameters
that are strongly correlated to them become better deter-
mined.

D. Model for the B *II upper state

The two lowest substates of the B *IT state, *II,,, and
*TI_,,,, are well separated from the others and could be
fitted satisfactorily to a simple rotational and hyperfine
model. The other two substates, *II s/, and *II,,,, which are
only 36 cm™! apart, could not be fitted by this model until
many higher order terms had been added. This implies that
the B *II state is globally perturbed, meaning that it interacts
strongly with other states that are nearby, though not close
enough to produce avoided crossing patterns. It also implies
that extrapolation will be unreliable for energy levels beyond
the range of J that has been fitted.

Table III lists the parameters that were used to fit the
B “II state, grouping them according to their origins. It can
be seen in this table that seven parameters are needed just to
describe the rotational structure; this is almost equivalent to
having a separate B and D value for each of the four ()
substates, and is an indication of the extent of the global

TABLE II. Rotational and hyperfine constants for the X *S~, v =0 level of NbO. Values in cm™". Quoted error
limits are three standard deviations: ro (X *37)=1.6852, A.

Optical data only

Microwave and optical data

A 15.580 835+0.000 Ogg 15.580 8,5+0.000 Os;
B 0.435 013,0.000 001, 0.435 0115,0.000 0015,
10’ D 3.4335+0.009, 3.423;,+0.008;
¥ 0.033 990,+0.000 07, 0.033 978,+0.000 005,
10° Ap 0.54,,%0.01;, 0.544,+0.01,,
107 vp 0.554+0.07 0.664+0.04,
10* s 0.763,+0.016, 0.757,+0.016,
b 0.052 418,+0.000 0334 0.052 368,0.000 0184
¢ —0.003 59,:0.000 11, ~0.003 403+0.000 05,
10’ D, ~0.8,+0.45 —0.3,+0.3,
e2Qq0 —0.001 4,+0.001 8, —0.000 97,3+0.000 02,
by ~0.000 2854+0.000 008, —0.000 293,0.000 006,
L.ILS. error 0.000 6008 cm™! 0.000 6108 cm™!
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TABLE III. Terms needed to fit the rotational and hyperfine structure of the B *II, v =0 state of NbO, with their effective operators. Matrix elements between
the two components of the IT state are given, with the standard spherical harmonic phase choice, as (A== 1lexp(=2i¢)|A=F1)=—1.

Substate origins Tsp Ty Ty Toapz

Rotation BAp Xp 1p
Spin~rotation interaction b2
A doubling otp+tgp+2qq

Magnetic hyperfine hsiy By hip hosn

d bsy by by -y
Electric quadrupole e?Qqq ¢20q,
Nuclear spin-rotation c &
Centrifugal distortion of
rotation DAghy
A doubling Dyiprg Dpizg D,
Magnetic hyperfine D,

Tql
BI-L—SP+3AplL,S, (J-L=8)?], +3\ p[(352 -8,
(-L—8)2], +3mplL .S (S?— {387~ 1}/5),J~L-S)],
WI-L-8)-S
~Ho+p+q)(She ¥+ 522 1 i(p+2g)(J, S e 2¢
L HIS_e¥t)—5q(JieTHP4 2P0
hol J/Q
+5d(1.S ¥ P+1.S e %) +3boq (I.S_+1_S.)
[V6e?QqoT3(L1) — €*QqyT%,(1De ™) /[41(21 ~ 1)]
L JH3ET e M4 J_[_e¥?)

Operators are constructed as anticommutators of the lower rank
| operators with (J=L—S)?,
.8 ~5D o prgl(She HP+ 527, (J-L-8)],,
where [x,y].=xy+ yx is the anticommutator,

perturbations. Given this amount of disorganization it is not
surprising that the magnetic hyperfine structure does not fol-
low the normal case (a) patterns. In an unperturbed “II(a)
state the four substates have low-J hyperfine patterns de-
scribed by a combination of the Frosch and Foley param-
eters,

h=aA+(b+c)3; (5)

the *I1,,, substate has different hyperfine patterns for its two
A-doubling components, governed by the parameter d, while
the patterns at high J depend on b, which appears in the
Af)==*1 “spin-uncoupling” matrix elements. We found that
the maximum flexibility was needed for the B *II state of
NbO, and therefore took four independent diagonal 4 param-
eters, one for each substate, with three different off-diagonal
b parameters in the three spin-uncoupling matrix elements.
These are labeled hg and bgq+ in Table III. The 4 param-
eters were found to require apparent centrifugal distortions,
but it was later realized that these result from electronic per-
turbations by distant 3, and A states, and are better described
as nuclear spin-rotation interactions. There are two param-
eters of this type, a diagonal parameter, ¢;, and a A-doubling
parameter, &, representing interactions between the compo-
nents of the IT state. A centrifugal distortion correction to the
Fermi contact interaction, called D, , has been introduced, it
is at the limit of determinability.

Table III also lists the effective Hamiltonian operators
for the various terms. The rotational and hyperfine matrix for
a *Il state can be derived from the algebraic and tensor ex-
pressions to be found in Refs. 32-35; it is given as Table IV.
This table is set up for an unperturbed *IT state, but the
modifications needed to make it consistent with the operators
of Table III are obvious. The matrix elements of the higher
order centrifugal distortion terms are not shown. They can be
obtained by straightforward, though lengthy, matrix multipli-
cation. For example, the coefficients for D, are the matrix
product of those for B and those for g; they are listed in Ref.
14. It should be noted that the sign of a centrifugal distortion
term is the same as that of its principal term, with the excep-

tion of that for D itself, in other words we write
BJ(J+1)—DJ*(J+ 1)2, but the equivalent for all the other
terms does not have the minus sign. The off-diagonal ele-
ments of the higher order terms have to be averaged in order
to preserve the Hermitian forms of the matrices.

E. Molecular constants for the B *Il, v=0 state of
NbO

Constants for the B *TI, v =0 level were determined by
a least-squares fit to the 7327 assigned hyperfine lines from
the four spin-allowed (AZ,=0) subbands of the B—~X transi-
tion; the 31 upper state parameters listed in Table III were
floated. The ground state was not refined further. Its energy
levels were calculated from the final constants of Table II,
which were held fixed. There is no need to describe in detail
how the upper state parameters were chosen. In essence we
began with a simple model and added parameters in trial-
and-error fashion until the systematic trends in the least-
squares residuals had been eliminated. At the beginning we
worked with limited data sets, where J ran to 5% or to 12%, in
order to establish the T,’s and the hyperfine parameters, be-
fore tackling the high-J data. The final constants are given in
Table V. All of them are well determined except for D, and
&, where the 3¢ error limits are comparable to the parameters
themselves.

V. PERTURBATIONS IN THE B *IT STATE—LOCAL
AND GLOBAL

A. A local perturbation in B *II;,

The one small electronic perturbation occurring in the
B *I1, v=0 level of NbO merely affects the hyperfine struc-
ture of the J=165 level of 4H5,2f. The appearance of the
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perturbation is illustrated by the ®Q,;(16%) line, shown in
Fig. 9. The lowest F hyperfine component is seen to be split
into two nearly equally intense lines, and the nearby hyper-
fine structure is bunched. The lines going to this upper rota-
tional level were omitted from the data set from which the
*I1 constants were derived.

With just one rotational level affected the “window”

Adam et al.: The B 4TI- X *3~ transition in NbO

into the perturbing electronic state is too small to allow any-
thing to be said about its nature, even though it is possible to
deduce its hyperfine parameter. A similar situation was en-
countered in one of the spin components of the C *Z~ state
of VO.” Our approach has been to assume that the interac-
tion can be represented by a 2X2 matrix for each F value, of
the form

TABLE IV. Matrix of the rotational and hyperfine Hamiltonian for a *I] state in case (a g) coupling, where one spinning nucleus is present.

& 39

59 )

i
-V3(z—4) B-z y+ap

—~2D(z=2)—bWI{4J(J+1)}

3
T5n+(z—5)(B+5 AD+2)\D)

1
—D(z2~7z+13)+5 eWw

v

75
+eZQq‘,[T ~JJ+1)[G
+ShspWHAJ(J+1)}
1
T3,,+(z+1)(B+§AD—2xD)
-D(z2+92—15 +l W
; 3f (z2°+92 ) TRl
2 e 27
+52qu[-4——1(l+1) G
+3hy, WHA(I+ 1)}
; 1
2 ¢
Symmetric

VAT TG 1
<1—1;; VY2545~ 1) -5 bYVBRI=3)2I =5~ 1)
X[ ks, +15€2Qqo¥]
VAT
<J—l%; %bv\/3(2/+3>(21+5)/(4ﬁ—1) VV@s-9)i(4r7 - 1)
X[h3n+9¢*Qqo¥]
g le 0 N O TE)
~157

1
X[b:equzY(.l—-z-)]

1

5 av\3@I+3)I(20-1)

i
iiequzVY

X (4 =9) 2 +5)/(2]—1)

C —2D\3(z— D) (z—4)

1 i
£(z-1D(z-4)|5 a+5 €°0q:6

—5 EWH2IU+ 1))

,_—1 1
—2vz—1 B_E y=2xp

=2D(z+2)—-bW/{4J(J+1)}

=tfan| 43
—V3(z—=1)}2D J+5

1
*7 (+29)

1 1 1
$-2—\/Z(Eq+i e20q,G
=dWH{4J(J+ 1)}

—% £W/(2.I(.l+1)))]

,—1 1
~V3z B—E'y—AD—ZD(z+2)

—bWH4AJ(J+1)}

1
T|/2+(Z+3)(B‘E Au‘hn)

. .
—D(z2+13z+5)+5c,w +\3(o+p+gq)

2 3
+e°Qqyq 4——-J(J+I) G

+hy WHAII+ 1)}

FVzl(p+2q)+dWi{20(J+ 1)}

3
T_”z+(z+l)(B—§AD+2)\D)

1
—D(zz+Sz+1)+5 oW

3 3
+e°Qqq z—.l(1+l) G

—h_ 1, WHAIJ + 1)}

1
0 =5 e2Qq, VY V(ATT=9)(27-5)(2]+ 1)
- - 1
NEI=3)@I+ D) 5 dV\BET=3ID)
X b:equzY(.H-%)

1
—V[kyyTd+3e?0qoY) -3V3

%bvﬁ ~V{k_1;2~3€%Qq0Y]
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where

IW(W+1)—4I(I+1)J(J+1)

i 2
2=(./+§‘), W=FF+1)-I1+1)-JJ+1), G

TR )IF+ - 1)(2I+3)’

Y=(W+J+ D8K2I-1)(J2-1)],

There are AJ=*2 quadrupole matrix elements as follows:
V-0 -1)2-07

J=2 Q=H Q= )=3¢ X,

< j "} Q YRV YR ey

where

f

e

<J—2 o’

V=J(F+I+J+ 1)(F=I+J)(J+I=F)(F—J+I+1)/(4J)

1
JQ§> = tg e20q,ZqaX

VF+I+T+ INF=I+JYJ+I=F)F=J+I+ DJ(F+I+J)F—=I+J=1)(I—~F+J— 1) (F+1-J+2)

41(2I-1)4J(J~1)

’

Zspp-12= (2T +3) (2 +5)[(2J - 1)(27=3),  Zip3n=N(27-5)/(2]=1),

Zapan=VRI+DN2I=1), Z_ips5n=V(2J-5)(2J-T)/[(2J-1)(2J+1)].

He T(B *I)+ k(B *II)F(F+1) a

a Tpenurbing+ k penufbingF (F +1 ) .

There are five parameters to be determined, though with only
one doubled line there is not enough experimental informa-
tion to determine all five. However, the parameter k(B )
can be obtained from the B *II energy levels calculated from
the constants of Table V. The intercept T(B *TI) can also be
derived from the calculated levels, but was floated in the
least-squares treatment in order to allow for possible calibra-
tion shifts. The analysis is summarized in Table VI. The in-
teraction matrix element a is found to be 0.0144 cm™'. An
electronic perturbation as small as this is not normally seen
except with very precise data; it seems likely that the mecha-
nism is a spin—orbit interaction where the Franck—Condon
factor is very unfavorable. The k parameter for the perturbing
state is —0.000 44 cm™', which is slightly smaller than that
of the F, component of the ground state at this J value.
There are no signs of systematic trends in the least-squares
residuals, so that the model appears to be adequate.

B. Distortion of the spin—orbit structure of the B *II
state

The spin—orbit structure of the B *II state (see Fig. 1)
does not follow the simple expression Eyn_omiy=AAZ, but
rather is crowded towards high frequencies. This immedi-
ately suggests that the low-{) substates have been pushed
down by a perturbing state above, or alternatively that the
high-(} substates have been pushed up by a state at lower
energy. There are in fact two absorption bands near 7000 A
found in argon and neon matrices that have very similar in-
tensity to the B *IT-X *3~ system;'®!! these have been as-
signed as two of the spin-allowed subbands of another quar-
tet system, A *IT (a)-X *3 7 (a), with the lower level being
X #3715, since only this component is populated in the low-
temperature matrix.!' These bands also appear weakly in our
room temperature laser-induced fluorescence survey spectra,

(6)

though they are overlapped by “hot” vibrational structure
from the B—X system such that their assignment is not ob-
vious.

Two close-lying 411 states, such as A and B, could per-
turb each other’s spin—orbit structure like this if they lie very
close and have very different diagonal spin—orbit couplings,
but in that case we should expect to see the full quartet
structure of the other state. An alternative explanation is sug-
gested by the MoN spectrum,”’ where the corresponding
B “II state also shows a crowding of its spin—orbit structure,
similar to that of NbO but in the opposite sense. Crowding of
this type must presumably be a normal occurrence, indicat-
ing some simple interaction mechanism such as spin—orbit
perturbation by a nearby 2IT state.

We have recently carried out experiments on the spec-
trum of supersonic jet-cooled NbO, prepared by the reaction
of laser-ablated Nb metal with oxygen gas;>® in these experi-
ments the molecules are rotationally cold but “spin hot,”
meaning that the X 423",2 component is populated almost to
the same extent as the X *3.7;, component. The spectra show
only two bands in the 7000 A region, rather than the four
expected for a second TT1-X *3, transition. Since, from their
consistent gas-to-matrix shifts, these are the same bands that
appear in the magnetic circular dichroism experiments of
Ref. 11, they must have orbitally degenerate upper states; we
therefore conclude that the bands in the 7000 A region have
to be a 2I[1-X 43~ transition. In agreement with this,
Pinchemel er al’” have analyzed the shorter wavelength
band of the two, at 14330 cm™', and find that it is an
Q=3/2-X *%7,, band, or II;,~X *3[,, in our assign-
ment. The longer wavelength band, at 13 551 em™ ! is pre-
sumably 2IT,,,-X *37,,.

A mechanism explaining the distortion of the B *II
state, and which is consistent with the various observations,

J. Chem. Fhys., Vol. 1G0, Ne. §, 1 May 1994
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TABLE V. Rotational and hyperfine constants for the B *IT, v =0 level of NbO. Values in cm™!. Quoted error
limits are three standard deviations. ro(B *TI)=1.7278¢ A.

Ts;,  15414.627 8, +0.000 15,
Ty, 15378.8336 +0.000 1,,
T\, 151284069, %0.000 3,
T_, 14863.6089, 20.000 24,
B 0.413 79345 +0.000 000,
10°D 0.363 0g +0.000 1,
v 0.162 3,4 +0.000 154
Ap 0.000 8964 +0.000 00154
10* A p —0.1675, +0.0114
10° %, —0.814; +0.003,
o+p+gq 6.379 8, +0.001 7,
p+2q 0.062 301, +0.000 008,
q 0.000 1164 +0.000 003,
Doipiq —0.000 0364, +0.000 000,
10° qu -0.2319, +0.001 0,
10’ D, —0.1004 +0.0215

ks, —0.019 44 +0.000 1,,
hsp 0.018 75, +0.000 15,
Bup 0.023 93, +0.000 3¢5

howp 0.054 8, +0.000 256
bsy  —0.018 7y +0.000 Ogg
by, —0.019 Ogs *0.000 1gs

by.; —001724 +0.000 2¢9
d  —0.006 02 +0.000 02,

e?Qq,  —0.002 03 +0.000 41,

e*Qq, 0.024,5 +0.009,

10°¢, —0.152 +0.005,
10° ¢ 1.1gg +0.9,5
10D, —0.4y +0.6,,

10"A; —0.1828, +0.001 24

107 A, —0.1155, +0.000 94

r.m.s. error = 0.000 786 4 cm ™!

is that the two bands in the 7000 A region comprise a spin—
orbit induced *II-X %3~ transition. If it is assumed that
their intensity comes from spin—orbit mixing of the B *II
state into the 2IT state, with the selection rule AQ=0, the
case (a) spin selection rule AZ =0 for the *II-*% ™ transition
(see Fig. 1) is transferred to the 2II-*3~ transition; the
lower states of the new bands must then both be X *%7,, in
accord with the matrix spectra.lo’11

We can test this proposed mechanism as follows. It is
assumed that the spin structure of the B *II state would fol-
low Eginomi=AAZ in the absence of the 211 perturbation;
also that the shifts caused by spin—orbit interaction are equal
and opposite in the B *IT and *II states. The energy level
diagram that results is given in Fig. 10. Since the spin—orbit
interaction is diagonal in (), there will be a 2X2 matrix for
each ) value, where we know the eigenvalues and the diag-
onal elements from the figure. We can calculate the off-
diagonal elements from the formula®

|H ol =3V(A = Xp)? = (H 1 — Hpp)?, (7
and find
|Hy2l32=371 em™';  |H}5|;,=333 cm™'. (®)

In theory these two matrix elements should be the same
whatever the electron configuration of the 2IT state, because
the 3, dependence of the spin—orbit interaction follows from
the Wigner—Eckart theorem,

<ASZ‘Q|H5pin—orbit|A’S’2IQ}

r

cens ] S N ASIH e ATS), ©
( 1) _2 q 2/( S” spm—-orbltu S>’ ()

and the two 3 —j symbols are the same for }=1/2 and 3/2.
The fact that the elements in Eq. (8) differ by only 11%
suggests that we are on the right track.

On the other hand, the only low-lying ?IT states expected
for NbO are the two from the same configuration, & ’m, as
the B *II state and the two from the configuration o (cor-
responding to the A *II state of VO'¥). The 211 states from

the same configuration should lie above the B *II state,®
while there should be no spin—orbit interaction possible be-
tween the 827 B *II state and the o8 2I1 states, since the
first electron would have AA=*2. The mechanism of Fig. 10
might therefore seem to be impossible. The way around this
impasse is provided by the hyperfine structure of the 3=3/2
upper state of the 14 330 cm™' subband. Although this has
not been analyzed in detail yet, preliminary results®’ show
that it has a magnetic hyperfine parameter

h3/2=0.0471 Cm_l. (10)

According to Eq. (5), this is the sum of the Frosch and Foley
a and 3(b+c) parameters, where we expect a to be in the
range 0.01-0.02 cm™ L. Therefore, %(b + ¢) must be positive,
which implies that the effects of an unpaired so electron
must be present.

We next investigate what the Fermi contact parameters
should be in the 2IT states from the configuration od, where

RQap(25%) g,
3 8
\4
il T
Fa 12 20 n
RQu(163) Qq(153)

FIG. 9. Sub-Doppl?r spectrum of NbO near 15 376.5 cm™!, illustrating the
perturbed XQ,3(163) line. A very small upper state perturbation doubles the
F=12 component of this line.
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TABLE VI. Analysis of the hyperfine perturbation in the NbO B 4H5,2f, v=0,J= 16% level.
Data (in cm™})
Line F'= 21 20 19 18 17 16 15 14 13 12
R0 16%) 15 376.8170 0.8019 0.7872 0.7737 0.7616 0.7502 0.7399 0.7311 0.7251 0.7223
0.6931
Pyl 7%) 15 360.1740 0.1432 0.1135 0.0855 0.0590* 0.0340 0.0111 59.9894 09711 0.9654
0.9280
*=blended line
Upper state energy levels
Q 15 535.1205 0.1140 0.1073 0.1012 0.0961 0.0910 0.0866 0.0833 0.0822 0.0840
0.0548
P 15535.1198 0.1128 0.1060 0.1001 0.0947* 0.0899 0.0863 0.0828 0.0818 0.0833
0.0549
Average 15 535.1202 0.1134 0.1066 0.1006 0.0954 0.0905 0.0864 0.0830 0.0820 0.0836
0.0548
Results

T(B *II)  15535.0432+0.000 5

k(B “IT) 0.000 163 4= fixed

T(perturbing)  15535.138 1::0.018 7

k(perturbing)  —0.000 438 320.000 120 6
a 0.014 41£0.000 53
r.m.s. error 0.000252 5 cm™!

the ¢ orbital is predominantly Nb 5so. It is not possible to
calculate exact values because the two 2I1 states cannot be
treated separately, but we can estimate the ranges in which
the parameters should lie. The starting point is the pair of
linearly independent Slater determinant functions,
10353 6m(' ) X 0)=(2) " "{| " w0 = |67 = ol},

(11)
[21—13/2;877'(31-1)XO‘>=(6)_1/2{2I6+’T]’_O—'I—,5+’IT~O'!

~|8* 7 ol}.

The form of these functions assumes that the exchange split-
ting between the 87 'IT and >II states is large compared to
the electrostatic interaction between the two 2IT states. The
eigenvalues of the Fermi contact operator b , 1,5, for these
two functions are 3b(I,) and —¢bs(1,), respectively, where
sb(1.) is also the eigenvalue in the 3/2 component of the
X *3,7 ground state. This means there should be a very large
Fermi contact parameter for the first of the two 2II functions
which, from the ratio of the S values, should be three times
that of the ground state, or bz~0.15, cm™". Since the real
211 states must correspond to linear combinations of these
functions, this value is an upper limit; electrostatic interac-
tion between the two 21 states must lower the actual value,
but cannot reduce it below +sb(I,)=0.05, cm™'. The
other 2IT state will have a smaller contact parameter, which
must be less than 0.05, cm™!, but whose sign cannot be
predicted by these arguments.

The hs,, parameter of the 14 330 cm™! upper level given
in Eq. (10) is therefore consistent with a *II state from the
odm configuration. However, there must be configuration in-
teraction (CI) occurring between the *IT states from the &2
and o8 configurations, if the 8§27 B *II state is to interact
with one of the o8 *I1 states, while at the same time the
211 state that is seen lies below the B *II state.

The spin—orbit matrix elements of Eq. (8) are consistent
with what would be expected for a &% *II-2I1 perturba-
tion. Again there is the problem that two interacting Il
states arise from the configuration &%, and we can therefore
only give limiting values, which correspond to the *IT func-
tions from the couplings §%('%*) X and & 2(33,7)X a7, Tak-
ing £}=3/2, the relevant Slater determinant functions, includ-
ing that for the B *II state, are

Q
15446 cm~! 5/2
15410 3/2
B4I
15170 em~! 15160 1/2
L 14895 ~1/2
HS.O.
371 333 cm™!
14478
14330 3/2
211
14050 cm™?

ez 5L g

FIG. 10. Energy level diagram illustrating the spin—orbit interaction be-
tween the 3=3/2 and 1/2 components of the 527B*II and (o8 states
of NbO.
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|B *[Ls0)=(3)"V*{| 6% 6~ ar| +| 8% 6 ur|+ |67 6 @},

PILy03 (1S ) X )= (2) V| 6% 6~ ] —IF&‘ |},
(12)

PT15,: 82 7) X w)y=(6)" V2| 6* 6~ 71| - | 6* 6 m|
—IF&'wl},

from which we obtain the two possible values

4 2 4 I+
(*T132| H gpin—orbid H3/2)=73' as('%7) or

-5 24, (3. (1)

The value of a 5 can be taken from the NbN spectrum, where
the spin—orbit splitting of the o8 X *A ground state® gives
a5 (Nb)=446 cm™'. We can obtain a,, by scaling the value
from the corresponding B *II state of VO:!? taking the spin—
orbit parameters for V* and Nb* from Ref. 39, we have

a,(NbO,B *TI)=a,(VO,B *II) X {(Nb*)/{(V*)
=193.5%502/152 cm™'=639 cm™!,

(14)

Substituting these numbers into Eq. (13), the limiting values
for the electronic part of the spin—orbit matrix element are
found to be 728 and —301 cm™'. The actual value will be
reduced by the CI mixing of the previous paragraph and the
vibrational overlap integral, but it is seen that the “experi-
mental” value, 3(371+333)=352 cm™!, from Eq. (8), is not
inconsistent with the calculated range.

To sum up, Fig. 10 appears to provide a consistent ex-
planation of the results. It is probable that the distortion in
the spin structure of the B “II state is caused by a 2II state
lying below it, which appears weakly in the spectrum near
7000 A, and where both ?I1,,, and %I1,,, combine only with
X *37,,. This I state is a CI mixture of 827 and o,
where the sign of the Fermi contact parameter is positive.

Vi. INTERPRETATION OF THE MOLECULAR
PARAMETERS

A. Magnetic hyperfine parameters of the ¢ X 3~
ground state

The Fermi contact interaction parameter for the ground
state is consistent with the electron configuration 8%, where
the o electron is in a molecular orbital with about 80% Nb
Ss atomic character. The argument goes as follows. The de-
tailed analysis of the atomic beam spectrum of the 4d* 5s
ground configuration of the Nb atom® has given values for
the contact parameter a.? for both the 4d and the 5s elec-
trons:

a}i=-511.5+30.5 MHz;
al®=6700+118 MHz,

5

(15)

where the negative value for the 4d electron is ascribed to
spin polarization. The contact parameter for the ground state
of NbO should therefore be (6700—2X511.5)/3=1892 MHz,
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or 0.063 12 cm™!, assuming the atomic orbitals are un-
changed in the molecule. The experimental value can be ob-
tained from the b and ¢ parameters of Table II,

bp=b+(1/3)c=0.051 23, cm™ . (16)

Since the 4d 6 molecular orbital has to be essentially identi-
cal in the atom and in the molecule, the difference must
reflect the degree of contamination of the Nb S5s orbital in
the molecule. Put another way, the percentage of Nb Ss
atomic character in the “5so” molecular orbital can be ob-
tained by correcting the experimental value of b for the two
6 electrons, and dividing by the atomic contact parameter,
which gives 84.0%.

The experimental Fermi contact parameter is also con-
sistent with the ab initio calculations of 2 (0). The value
for this quantity given by Froese’s self-consistent field (SCF)
calculations is 3.9784 ag ®.#*! Using the expression’

8 1
bp=<1%) —32 ggN#BI/-N(_S); <¢%(0)>nl’ (17)

we find

br=0.003 186 25 cm™!

x(gﬂ)x(-—&m)xl 3.9784
3 )\ oz )73

=0.048 511 ecm™!. (18)

Herman and Skillman’s calculations*?* give the slightly

higher value ¢2,(0)=4.736 a;>, which translates as
br=0.057 75 cm™ ..

The dipolar constant ¢ can be compared in similar fash-
jon to the atomic value. Biittenbach and Dicke* have de-
rived the value (rj;),,=2.119 a; > from the atomic param-
eter aj%. This is somewhat lower than the SCF calculations,
which give 3.122 a5? (Ref. 41) and 3.494 aj°*** respec-
tively, and the disagreement has been ascribed*® to configu-
ration interaction. The dipolar parameter can be written'

3 Mo 1
C_E BENMBMN 47ThC 28
X, (3 cos? ;= 1)n(ri *Yu, (19)

which, for the configuration 4d 8% 550, becomes

¢=0.003 186 25 cm™!

6.167) 2
o2 ) %3

005 287 cm™!. (20)

x> 2 x2.119
2 7]
=—0.

The experimental value, c=—0.003 408 cm™ !, is 64.5% of
the theoretical.

There are considerable differences between the gas and
matrix® values for these magnetic hyperfine parameters. For
instance,
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Gas Matrix,Ref.10 Matrix/gas
b 0.052 37 0.055 07 1.05
c —0.003 41 —0.002 40 0.70

where the values are given in cm™!, and the comparison has
been made with the Frosch and Foley' parameter b, rather
than b . The gas-to-matrix shift for the contact parameter is
typically of the order of 5%—-10% for diatomic transition
metal compounds. For example, in the ground state of
MnH,* the gas phase value of the contact parameter is 11%
smaller than the matrix value;* this has been rationalized*
as partial suppression of the sp hybridization of the so mo-
lecular orbital (MO) by the polarizing influence of the argon
matrix, where the hybridization would otherwise push the
unpaired electron density out behind the Mn nucleus and
lower the contact parameter. The shift in the contact param-
eter is therefore not out of line with what happens in similar
compounds. On the other hand, the 30% gas-to-matrix shift
in the dipolar parameter is unexpectedly large. We are not
aware of similar shifts in other systems.

B. Electric quadrupole parameter of the X 3~
ground state

The magnetic hyperfine parameters of the ground state
of NbO are reasonably well explained in terms of the atomic
parameters and the parentage of the molecular orbitals. The
quadrupole parameter e?Qgq,, which includes a contribution
from the paired valence electrons as well as the unpaired
ones, is not so easy to interpret. The best we can do with the
present data is to estimate the contribution of the unpaired
electrons to e’Qqq.

The calculation goes as follows. The quantity e*Qgq, is
proportional to the same expectation values as the magnetic
dipolar constant c:

e?Q

4meghc

(e?Qqo)=— 2 (3 cos? ;= 1)n{ri Y-

(21)

Substituting the value of the nuclear quadrupole moment,
—0.22 barns (—0.22X107%8 m?), from the atomic data
tables*® and Froese’s value*! for (r;%),,, we find

e2Q0qo(X #37)=-0.007 8376 cm™!
8
><(—0.22)(—7)(3.122)

=—0.006 152 cm™ . (22)

The factor (—8/7) represents the two d & electrons, for which
the expectation value (3 cos® 6—1) is —4/7.** The experi-
mental value, —0.000 977 cm” !, is six times smaller than the
calculated contribution from the unpaired electrons, though
with the same sign.

There is still disagreement over the quadrupole moment
of 9*Nb. The hyperfine structure of muonic *>Nb gives*’
Q=—0.32%X 10728 m? while Biittenbach and Dicke** have
interpreted the atomic quadrupole coupling constants as giv-
ing 0=(~0.36%0.07)x 1028 m? If we take their value,

Ial - P t
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together with their derived expectation value (rj >3),, we
predict an even larger contribution to the molecular quadru-
pole constant, e2Qg,=—0.006 83; cm™".

C. Third-order spin—orbit distortion of the Fermi
contact interaction in the X 43~ ground state

The parameter for the third-order spin—orbit distortion of
the Fermi contact interaction,31 bg, is very well determined
in the X 3.~ state, but unfortunately there is no simple in-
terpretation for it. When this parameter is nonzero it means
that the effective Fermi contact interactions in the X 37,
and X *33), components are slightly different. Now the b
parameter is a sum of products of spin—orbit and Fermi con-
tact matrix elements®' with distant electronic states. We
should therefore look for large spin—orbit matrix elements
between the ground state and various excited states. The
strongest spin—orbit interaction felt by the ground state will
almost certainly be with the 23" state from the same con-
figuration, 08%. The position of this state is not known yet.
Wherever it may be, it turns out that its contribution to bg
must be very small because this has to be proportional to the
difference between the Fermi contact interactions in the
X %37 and *Z* states.’! Since these two states both come
from the configuration 08, it is easy to show that their Fermi
contact parameters should be the same, barring the factor of
3 from the spin multiplicity, so that the 3 * state cannot
contribute to bg . Another way of looking at this is that spin—
orbit mixing of the 2% state into X *2;, mixes foreign char-
acter into the ground state, but the foreign state has the same
hyperfine parameters as the ground state. More detailed in-
vestigation shows that the Fermi contact matrix element be-
tween X *2 7, and 23}, is identically zero, as can be seen
by writing the electronic wave functions as Slater determi-
nants, so that no third-order contribution to the b parameter
is possible. Evidently in the present case the bg parameter
arises from a more complicated mechanism which we have
not so far elucidated.

D. A doubling in the B *IT state

There is remarkably good agreement for the A-doubling
parameters of the B *II state with the “pure precession,” or
“unique perturber,” relations. Assuming that a distant 43~
state is the only state responsible for the A doubling we
should have

1 (*II|[(A+2B)L . |*>~)?
O+p+q="‘§< | AEn2+l > s (23)

) (*TI|[(A+2B)L,|*3 " )(*II|BL.|*% ™)

pt2q=— AEns

24)

‘TI|BL |42 7)?
q=—2u-AE+T|Z”—. (25)

The ratios of these parameters are found to be
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Calculated Observed
(o+p+q)(p+2q)=(A+2B)}/(4B) 111.5 102.4
(p+2q)lg=(A+2B)/B 446 523

where we take A as 1 (551 cm™!)=183.7 cm™! and
B=0.413 79 cm™", from Table V.

The positive signs of the A-doubling parameters suggest
that A Eys must be negative, since the other quantities are all
positive, and point, not to the ground state, but to the C 43~
state®® at 21 436 cm™! as the state responsible. In this case
we have an interaction between 4d 8% 4dw B *T1 and 4d 8*
4do C *3”, where the pure precession relations should hold
quite well if the amount of oxygen atomic character mixed
into the “4do” and “4dm” orbitals is not unduly great. All
the same we should never expect the agreement to be as
good as is found for hydrides.

The full consequences of pure precession in quartet
states have not so far been investigated. We defer the detailed
discussion to Sec. VI E, because it is necessary to consider
the magnetic hyperfine structure as well. A prediction that
can be tested here concerns the various vy parameters. (In
lighter molecules, where the effects of spin-—orbit interaction
are less, these would be called spin-rotation parameters. In
heavier molecules the second-order cross term between the
spin—orbit and orbit—rotation interactions becomes impor-
tant; it has the same operator form as the spin-rotation inter-
action and is indistinguishable from it, so that the experimen-
tal y parameter represents their sum.) According to the
unique perturber model the ¥'s in the 43 and *II states
should be the same, and equal to half the A-doubling param-
eter p+2q of the *II state. The prediction is not borne out
by experiment; the calculated value for the two y’s is 0.03115
cm™!, whereas experimentally they are —0.0157 (C *S7)
and 0.162 cm™! (B *II), respectively. However, as we shall
see, very good agreement is found for the value of y (B *II)
if the effects of perturbing A states are also included.

The value of y (B *II) is nearly 40% of the rotational
constant B. Since it appears in the case (a) Hamiltonian ma-
trix, Table IV, as a correction to the B value in the AQ==*1
(spin-uncoupling) matrix elements, its size is surprising at
first sight. In light molecules, where the y parameter is domi-
nated by the true spin-rotation interaction, a correction of
this magnitude is not feasible but, as spin—orbit effects be-
come relatively more important, v can easily become of the
order of B, or even larger. In particular, if the manifold of
possible perturbing states is fairly dense, it must become
very important. Its effect on the energy levels in this case is
to “soften” the spin uncoupling, so that the transition from
case (a) coupling to case (b) occurs less rapidly than ex-
pected; a negative y has the effect of intensifying the spin
uncoupling.

E. Magnetic hyperfine structure of the B *II state

The principal magnetic hyperfine parameters of the
B “II state are shown plotted against Q in Fig. 11. In pure
case (a) the hg’s should fall on a straight line, while the three
bgqr’s should be identical. The bqg:’s are the same to
within 0.0018 cm™!, but the hg’s show a pronounced zig—
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FIG. 11. The magnetic hyperfine parameters s and bgg of the B *TI
v=0 state of NbO plotted against (). The parameters hq appear in the
matrix elements diagonal in (), and in theory should be equal to aA + (b
+¢)3, such that a plot of hq against {) should be a straight line. The bgq-
parameters appear in the AQl=*1 spin-uncoupling matrix elements, as the
effective coefficients of (/. §_+7_5.) acting between [Q) and |Q' =Q*1).
The value of h,/, has been lowered, and that of k4, raised, by spin—orbit
interaction with the (¢6m)?II state, which has a positive Fermi contact pa-
rameter, unlike the B *T] state.

zag pattern. The explanation of the zig-zag is that the
*I15,, and *I1,,, components are mixed by spin—orbit inter-
action with the 211 state lying 1100 cm™! below (see Sec.
V B). The I state has a positive Fermi contact parameter
b, so that the ?I15,, and 2II,,, components have, respec-
tively, positive and negative A values. The spin—orbit mix-
ing therefore raises and lowers the hg values of *TI;,, and
*I1,,,, respectively. The relative amounts of the raising and
lowering can be estimated from the eigenvectors of the 2X2
matrices whose off-diagonal elements are given as Eq. (8). A
simple calculation shows that k3,, should be raised by 3.0
times as much as A, is lowered; the experimental ratio i3
2.2, which is in satisfactory agreement considering the
crudeness of the model.

Values of a and (b + ¢) can be obtained from the unper-
turbed *I1s,, and “TI_,,, states:

a=%hsp+h_1,)=0.01765 cm™!,
(b+c)=%hs—h_i;p)=—0.0247¢ cm™ "

Assuming the molecular orbitals are unchanged from those
of the Nb atom, the value of a should be (5/3) times the
atomic parameter a9y, which is 351.7 MHz,* leading to the
value a=0.019 55 cm™'. If we take b as the average of ths
bag'’s, i.e., —0.01835 cm™', ¢ is obtained as —0.0064,
cm” !, This value seems high because, applying Eq. (19) for
the configuration 82w, the calculated value is —0.0039,
cm™!. On the other hand the Fermi contact parameter is
given as

bp=b+(1/3)c=-0.020 50 cm™', 27)

only slightly larger than the atomic contact parameter aig},

which is —0.0170¢ cm ™! [see Eq. (15)]. These estimates may

(26)
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in fact be unreliable, because the same electronic perturba-
tions that cause the magnetic hyperfine d parameter to be
negative, as we discuss below, also give a correction to the
bggp' parameters.

Two of the anomalous features of the magnetic hyperfine
structure of the B *II state are this negative sign for d, and
the unusually large value of the nuclear spin-rotation param-
eter ¢;. We can discount the ?II state that distorts the spin—
orbit structure as a cause of these effects, because it is easy
to show that it can only have very small hyperfine matrix
elements with the B *II state. To be exact, if we write the
Fermi contact operator in the microscopic form

HFC=E b,-I-si, (28)
i

and take the electronic wave functions as in Eq. (12), we
obtain

(*I15) §J1F|HFC|2H3/2;JIF>
QW(FIJ)
=3 \/_(bs

ZJ (J+1)°

where the quotient at the end represents the matrix element
of the operator /.. If it is possible to define a contact inter-
action for a non-o electron caused by spin polarization, as is
done for atoms,49 it can be seen that the matrix element of
Eq. (29) must be very small, as it is the difference of the
contact parameters for d & and dw electrons; these can only
be different to the extent that the d# molecular orbital has
some oxygen character mixed in while the d § molecular or-
bital does not.

However, prompted by the unique perturber patterns
shown by the A doubling, we have investigated the effects of
AA==1 perturbations on the magnetic hyperfine structure,
It appears that they can explain a number of the observed
anomalies, as we now show. The effects of perturbing *3 and
“A states can be worked out by taking the interaction Hamil-
tonian as

=ta(J,L_+I1_L.)+¥A+2B)(L,S_+L_S,)
~B(J,L_+J_L.), (30)

(29)

where a is the electron orbit—nuclear spin interaction con-
stant, in the Hamiltonian H=al-L. Specifically we have
considered perturbing *S~ and *A states, and the calcula-
tions can be done separately for the two types of state. For
perturbing 43~ states, the basis set consists of the 12 func-
tions |A;SZ;JQIF) for the 3~ and *IT states, with A=0
and =1. Evaluation of the matrix elements is standard, al-
though the matrix elements of /. may be unfamiliar:

VJ+1)-Q(Q=*1)
2J(J+1)

(JQF 1IF|1.JIQIF)= W(F1J),

@31

where W(FIJ)=F(F+1)~I(I+1)—J(J+1). The 12X12
matrix is symmetric about both diagonals, so that it can be
factorized by taking sums and differences of the basis func-
tions (a Wang transformation). The form of the coupling
block that results is given in Table VII. Next a Van Vleck
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TABLE VII. Matrix of coupling elements between a *IT state and a unique
perturber 43~ state. t=W(FIJY/[2J(J+1)] and z=(J + 2)2 L, represents
the orbital matrix element (*IT|L . |*3, 7). Upper and lower signs correspond
to the Wang sum and difference functions, respectively, which for a 2~
perturbing state give the f and e levels. They must be inverted for a unique
perturber 43, state.

I*Z3) [*Zin)
(el (tar - ByVz—aL, 0
("I %(A + 2B)\3L, (2‘” - B)\/_L+
¢TI 0 (A+2B)L++(2at BU+DHL,
(il 3 bar - B)VE=1L. T 3(A + 2B)\BL,

transformation is applied, in order to fold the coupling ele-
ments into the effective Hamiltonian matrix of the *II state.
Many elements are generated, as summarized in Table VIII.

#A states give contributions of the same general form to
the elements of Table VIII, but only for the terms without
double signs. This means that the expressions in the table
have different meanings depending on whether they carry
double signs or not, being sums over 2,” states only, or sums
over %~ and A states. What they describe can be understood
by comparing this table with the complete Hamiltonian in
Table IV. For instance the terms labeled +A2, +AB, and
+B? become the A-doubling parameters o +p+gq, p+2gq,
and g, where the relative signs come from the effective
Hamiltonian of Ref. 35. (See also Table III.) Equations (23)-
(25) then follow at once.

The other terms in Table VIII can be identified as fol-
lows. The terms in a* and Fa? are, roughly speaking, contri-
butions to the quadrupole parameters e“Qq, and equz, re-
spectively. They will be small compared to the quadrupole
parameters themselves, and we do not consider them further.
The B? terms on the diagonal give a contribution to the ro-
tational consta.nt B which, if perturbing A states are ignored,
is equal to —%g; similarly the A? terms on the diagonal are
small corrections to the spin—orbit intervals, or in other
words contributions to the higher order spin—orbit constants
A and 7. The unsigned AB term in the spin-uncoupling ma-
trix elements gives rise to the H(*I1) term; the 3~ contribu-
tion to it is related to the A-doubling parameter p + 24, as we
described above. The magnetic hyperfine effects resulting
from the AA=*1 perturbations are represented by the terms
in aA and aB. The aA terms are obviously electronic correc-
tions to the b and d parameters, but the aB terms have no
counterpart in the Frosch and Foley Hamiltonian;' instead
they represent nuclear spin-rotation interactions.

Nuclear spin-rotation interactions are familiar in micro-
wave spectra of closed-shell molecules,® and are known to
arise in linear molecules from second-order cross terms be-
tween the operators —2BJ-L and al-L, as we have here.
The most detailed accounts for open-shell molecules have
been given for OH by Meerts and Dymanus®® and Brown
et al.>! There are two terms needed in the effective Hamil-
tonian, one for the sum over 3 and A states, which is parity-
independent, and the other for the sum over 3, states only,
which contributes to the A doubling. These terms can be
written
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TABLE VIII Corrections to the Hamiltonian matrix for a *II state perturbed by a *S ™ state, to second order.

[*TL5) [*IL572) 1P [ LIPY)
1 1 . 1 . 1
(s (z—4)(2 a’r2—aB:+ B’ - \/3(2—4)( —7 Aarts AB) 0 +(z— l)(z—-4)( -7 a2t2+aBt-—B2)

TN

(‘I aBr+ B2)

. 1
A2+(z—1)(z a’?—

(*10,

6 1 BN Symmetric

( - Aar+~ AB) :,/3(z—1)(% Aat—AB)

1
*vz(z—1) (—Z a’: +aBt—B2)
A2+z(—

—\/5(—— Aat+= AB)+— V3A?

-aBt+B2)

E-S

% Jz(Aar—2AB)

. i
24 (z— 1)(2 aztz—aBH—Bz)

INER

*‘z=(J+-é-)2; t=[{F(F+1)—I1(I+1)=-J(+1)]/[2J(J+1)]. The other symbols, a,B, and A (where A=A+2B) are matrix elements of L., eg,
a=(*TI|aL,|*3 "), and when taken in pairs they indicate second order perturbation expressions, such as

AB=(*TI|AL.*S ™ )*T|BL,|*S " MAEqs-,
B?=(*I|BL .|*Z")*/AEps- .

4A states give analogous corrections, but only to those terms without double signs; in other words they do not contribute to the A-doubling effects. Therefore
when the perturbation expressions are equated to the experimental parameters, different symbols are required depending on whether the sum is over 2, states

only, or %~ and A states. For example,

with double sign: aB=(*TI|aL,|*S " )*TI|BL,|*S")YAEps-=—% &

no double sign: aB= E I aL . *AMCTLBL . |*AYAEq = —c¢;.

A=ETA
Upper and lower signs correspond to f and e levels, respectively.

Hyp=cL-J+36(J (1o 2%+ _1_e*%), (32)

where the £ notation is taken from Ref. 52. The exact defi-
nitions of c¢; and £ are given below Table VIIL. (The defini-
tion of the parity-dependent term & is opposite in sign to that
given in Ref. 52 because we consider perturbing 3.~ states
rather than 3*; the same considerations apply to the
A-doubling parameters, as explained in Ref. 35.)

Given these preliminaries, it is possible to establish vari-
ous pure precession relations. The corrections to the b and d
magnetic hyperfine parameters, caused by perturbing 2~
states, are

CTI[(A+2B)L |*S W |aL , |*3~ >

Ad=2Ab= Afps

(33)

The net effect is that the “true” d value is altered by an
amount:

Ad=-2

(o+p+4q)=-0.001 235 cm™!
(34)

This correction is about a factor of 5 smaller than the ob-
served d parameter but, significantly, it is negative, which
agrees with the experimental sign of d. Evidently perturba-
tions by 3, states can reverse the sign of the apparent d hy-
perfine parameter, even though the true 4 is proportional to
the expectation value (sin? ), which should be a positive
number:

a
A+2B

d= ; ggNuau~(4::hc)( : )E (sin? By (ri Y-

3%)

The usual explanation for a negative value of d is configu-
ration interaction;53 here is a case where it seems we can say
how this configuration interaction might occur. The discrep-
ancy in the magnitude of the correction suggests that further
perturbation mechanisms, as yet unknown, must be operat-
ing.

The correction to the Fermi contact parameter given in
Eq. (33) arises because the second-order cross termn
(I-L){(L-S) looks like a term in I-S. Equation (33) is not the
whole story, and if we include perturbing *A states, we find
that there is a simple relation between Ab and v, which gives

Ab=—~ay/2B=-0.003 47 cm™ . (36)

However the relation may not be very useful in the present
instance because there will be additional corrections to the
bqaq'’s coming from the *IT/2I1 interaction described in Se:.
V B. This spin—orbit mixing is presumably the reason why
the three b values are not quite the same; we do not
pursue this point.

Further pure precession relations also hold for the
nuclear spin-rotation parameters ¢, and & There should be a
simple relation between ¢; and Y*II), because both arise
from perturbing 3, and A states:

c;=— 'ya//{, 37
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TABLE IX. Low J rotational and hyperfine energies of the v =0 levels of the X *%~ and B *II states of NbO, calculated from the constants of Tables If and

V. Values jn ecm™".

F= J+9/2 J+712 J+5/2 J+3/2 J+1/2 J—1/2 J=3/2 J~5/2 J=7/2 J=9/2
X 43"
J=1 F\. -30.1805, —30.6210,
. Fy -28.7939, —28.5379
J=3 F,. ~29.7142, —29.9424, —30.0925, —30.2038¢
Fy —-26.7362, —26.5890, —26.4740; —26.3857;
Fs, 32,6243, 324529,  32.3133 32.2034,
Fay 32,6252, 324541 323149,  32.2054,
J=3 Fi. ~28.4043, —28.5657, —28.6909, —28.7893, —28.8651, —28.9205,
Fy ~23.7914; —23.6766; —23.5841; —23.5087, —23.4497, —23.406l,
Fy, 347816, 347069,  34.6393,  34.5809,  34.5332,  34.4967,
Fyy 347859, 347117,  34.6448;  34.5872;  34.5401;  34.5043,
J=1 Fi. —26.2434 —263761 —264860 —26.5766 —26.6500 —26.7076 —26.7502 —26.7783
Fy —-19.9838 —19.8878 —19.8064 —19.7383 —19.6827 —19.6389 —19.6064 —19.5849
Fy. 37.8490 37.8052 37.7653 37.7299 37.6995 37.6748 37.6559  37.6432
Fay 37.8605 37.8177 37.7788 37.7445 37.7152 37.6913 37.6732  37.6610
J=§ Fi. —232287 —23.3460 —23.4466 —23.5322 —23.6041 —23.6630 —23.7096 —23.7442 —237671 —23.7786
Fy -15.3209 -152363 —15.1630 —15.1002 —15.0472 —15.0037 —14.9692 —14.9436 —14.9266 —14.9181
Fi, 41.8119 41,7835 41.7574 41.7338 41.7131 41.6955 41.6811 41.6702  41.6629  41.6592
Fy 41.8359 41.8090 41.7843 41.7623 41.7430 41.7267 417135 417035  41.6968  41.6934
BN
J=% —1/2f 148639271  864.1031
1/2f 151304567  130.3455
—1/2¢ 14863.8287  864.0209
. 1/2¢  15130.6433  130.5966
J=3 —1/2f 14865.2499 8652995  865.3341  865.3547
1/2f 15131.5724  131.5433  131.5140  131.4873
3/2f 153809642 3809190  380.8813  380.8511
~1/2¢ 148650529  865.1153  865.1557  865.1764
1/2¢ 151319745 1319715 1319689  131.9670
3/2¢ 153809642  380.9190  380.8813  380.8511
J=3 —1/2f 14867.3719  867.3952  867.4135 8674276  867.4380  867.4453
1/2f 15133.5182  133.4998  133.4827  133.4675  133.4547  133.4447
3/2f 153829805 3829603 3829427 3829279 3829160  382.9070
5/2f 154162780  416.3150 4163465 4163727 4163936  416.4092
—1/2¢ 14867.0782  867.1104  867.1344  867.1517  867.1638  867.1718
1/2¢ 151341379 1341399 1341420  134.1440  134.1458  134.1472
3/2¢ 153829806  382.9603 3829427 3829280 3829161  382.9071
5/2¢ 154162780 4163150  416.3465 4163727  416.3936  416.4092

where A=A +2B. Similarly & should be related to the per-
turbation correction Ad of Eq. (33), and to the A-doubling
parameter g2

£=—2AdB/A=qalB. (38)

To check these relations it is assumed that the observed value
of d comes entirely from the electronic perturbation, such
that Ad=d=—0.006 024 cm™’, and that A=184.5 cm™},
from Ts;, and T_;,, in Table V. The comparison is as fol-
lows:

Calculated Observed
c; —1.56xX107% —1.53X1075 em™',
£ 2.7X1073 1.2x1073

5.0x107°. (39)

The agreement for ¢; is excellent, and confirms the large
value of W*I). The parameter ¢ is not well determined,
though it is seen to lic between the two calculated values.

It seems that Eq. (37) may give a useful method for
breaking the least-squares correlation between y and the cen-
trifugal distortion parameter A, which complicates the fit-
ting of rotational data for doublet and triplet IT states.>* Nor-
mally one of y or Ap has to be set to zero but, if the nuclear
spin-rotation parameter ¢, can be measured, an estimate of y
becomes available. This particular correlation does not occur
in quartet states because there are more substates available to
provide data; the equivalent indeterminacy for quartets is the
strong, but not total, correlation between v and 7, .

F. Quadrupole parameters of the B *II state

As in Sec. VI B, above, the diagonal quadrupole param-
eter e’Qq, sums the contributions to the field gradient tensor
from all the electrons, both paired and unpaired;’ it is not
easy to estimate the effect of the electrons in closed shells,
while the effect of the unpaired electrons is given by Eq.
(21). The parameter ¢>Qq, is easier to interpret because it
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represents the contribution of the single unpaired 7 electron
to the nonspherical charge distribution, and there is no need
to include the paired electrons. Given the quadrupole cou-
pling constant of the Nb atom,*® »°? (44*5s)=—-232.0
+0.2 MHz, we can estimate e2Qq, (NbO), &27) from the
relation®?

e2Qq,=—3b%. (40)

The comparison between experiment and estimate for the

quadrupole parameters, with the values given in cm™}, is

Calculated Observed
e*Qq, —0.005 12 —0.0020,
e?0q, 0.023 22 0.024s

The estimate for e?Qgq, is well within the error limits of the
experimental determination, and indicates that the charge
distribution near the Nb nucleus in the 7 molecular orbital is
not unduly altered from that in a Nb 4d atomic orbital by the
bonding to oxygen. The agreement for e2Qq0 is not expected
to be as good since the effects of the paired electrons are not
included.

Vil. DISCUSSION AND SUMMARY

The analysis of the B *II-X *5~ (0,0) band of NbO
presented in this work demonstrates how complex the hyper-
fine structures of high multiplicity states can become when
the atoms involved are moderately heavy. The X *3.~ ground
state is well behaved, but requires a total of 12 parameters to
account for its rotational and hyperfine structure. The third-
order spin—orbit distortions of the spin-rotation and contact
hyperfine interactions are essential in modeling the energy
levels correctly, and are well determined in the least-squares
treatment. For instance, the parameter b, for the third-order
distortion of the contact term, is only a factor of 10 smaller
than the dipolar parameter. The reason why these terms are
needed is that spin—orbit interaction with distant states can
contaminate the two case (a) components, *3.7,, and *S.3,,,
differently, so that the two components have slightly differ-
ent spin-rotation and contact parameters. These third-order
parameters are not simple to interpret, because cancellation
effects may occur such that the largest off-diagonal spin—
orbit matrix elements do not necessarily generate important
third-order terms.

The B *II state is more difficult to fit. For a start its
spin—orbit structure is crowded towards high frequencies,
with the Q=5/2 and 3/2 components only 36 cm™' apart, out
of a total spin—orbit width of 551 cm™". The reason for the
crowding is that there is a *II state about 1100 cm™! below,
whose wave function is a configuration interaction mixture
of 8%m and o8, spin—orbit interaction between the 211 and
*T1 states has the effect of pushing the two middle compo-
nents of the quartet state upwards, and altering their 4 hyper-
fine parameters. The main effect is on the rotational struc-
ture, where we have had to introduce a number of higher
order centrifugal distortion terms to account for the mixing
of 2IT character into the *II state, and the consequent break-
down of the *II spin-uncoupling formalism. Obviously the
fit is somewhat artificial, and it is likely that extrapolation of

the “IT energy levels beyond the observed range of J will be
unsatisfactory; as an indication of this, a preliminary fit just
to the lower two spin—orbit components gave a root-mean-
square (rms) error that was two-thirds of the best we
achieved for the full data set. The alternative solution, a si-
multaneous fit to the ?IT and I states, is not practical at
present since only the (}=3/2 component of the Il state has
been analyzed rotationally.*’

Nevertheless the hyperfine structure of the B *II state is
quite severely distorted. One of the reasons is suggested by
the A-doubling parameters, which are consistent with a
‘““pure precession” model. A probable perturbing state is the
6% C *37 state at 21 436 cm™!, We have calculated the
effect of distant *3, and *A states on the rotational and hy-
perfine structure of the B *TI state, and find that it repro-
duces the distortions qualitatively, making various predic-
tions that can be verified experimentally. In particular it
explains the large size of the apparent spin-rotation param-
eter y(B *II), and the unexpected negative sign for the
hyperfine parameter. To our knowledge it has not been ap-
preciated how electronic perturbations by distant 2, states
with the same multiplicity can act so as to reverse the ex-
pected sign of d in a II state.

To cope with the distortions we had to use a total of 13
hyperfine parameters for the B *IT state. These include four
diagonal magnetic hyperfine parameters, kg , one for each (}
substate, and three off-diagonal contact parameters, bqq’,
instead of Frosch and Foley’s a, b, and ¢. The values of these
magnetic hyperfine parameters are shown, plotted as a func-
tion of £}, in Fig. 11. The zig—zag pattern of the hq param-
eters seen in this figure arises because of the spin—orbit in-
teraction with the ?IT state lying just below. The Fermi
contact parameter of the B *II state is negative, as shown by
the negative slope for the h’s, while that of the 2T state is
positive; the spin—orbit mixing therefore locally reduces the
negative Fermi contact parameter for the *Il;,, and *IT,,,
components.

Approximate values can be derived for the Frosch and
Foley parameters, and these are in quite good agreement
with what would be expected for the configuration &% from
the Nb atomic spectrum. The quadrupole parameters of the
B *II state are very large, with ¢>Qgq, being so large that the
higher-J line profiles are asymmetric at Doppler limited reso-
lution, rather like the spectrum of I,. It is interesting how this
asymmetry grows in at higher J, because of the way equ2
only appears in J-dependent matrix elements off-diagonal in
() in Table IV. The e’Qq, parameter is nicely consistent
with the configuration &2, but equo clearly must include
a sizeable contribution from the electrons in closed shells.

A large diagonal nuclear spin-rotation parameter, c,, is
shown to arise from AA =1 perturbations by distant 3, anc
*A states. There is a simple relation between ¢; and the
““spin-rotation” parameter y, which is obeyed very well in
the present instance. The relation should be general for all IT
states, and measurement of ¢; may provide a valuable way ot
estimating y in a 2II state, where the total least-squares
correlation® with A, permits only a combination of the two
to be determined. A parity-dependent nuclear spin-rotation
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FIG. 12. Calculated hyperfine widths, AE(=E(F )~ E(F ), for the
B *T1, v=0 state of NbO, plotted as a function of J —15.

parameter is also needed for the B 1 state of NbO; it results
from perturbations by distant 3, states.

In view of the complexity of the energy level formulas
and the widths of the hyperfine patterns we list the low-J
energy levels, both for the ground state and the B 11 state,
in Table IX. It is expected that these will be useful in jet-
cooled laser ablation experiments, either in the visible region
or in the microwave. To illustrate the patterns at higher J
values, Figs. 5 and 12 show the hyperfine widths plotted as a
function of J for the ground state and the B 11 state, respec-
tively. The figures have been calculated from the final least-
squares constants of Tables II and V. We also give the cal-
culated A doubling of the B 11 state, plotted as a function of
J, in Fig. 13.

The configuration interaction between the 2II states of
8%mand odmis interesting; it permits the 8% B *I1 state to

o1y

A

cm~!

FIG. 13. Calculated A doubling of the B *II, v =0 state of NbO, plotted as
a function of J. The plotted values correspond to the F,,=J+I hyperfine
components.
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interact with a 2II state lying below it, and which possesses
the hyperfine hallmark of the odw configuration. It seems
that such configuration interaction is turning out to be more
common than expected in the low-lying states of the early
transition metal diatomics; similar examples have recently
been found in NbN’ and VN,55 where it is the reason for the
small size of the matrix element between the 7 C *IT and
& 137 states. Clearly the single configuration approximation
is starting to break down earlier than had been thought, and
suggests that it will be a formidable task to interpret the
spectra of such molecules as FeO and CoO in detail.
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