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The VN molecule has been produced in a molecular beam apparatus using a laser vaporization
source and its D *II-X *A(0,0) band has been studied by laser-induced fluorescence at low
(~0.1cm™}) and sub-Doppler resolution (~0.004 cm*l). Lifetimes of single rotational levels
of the D3I, component have been measured and interpreted. Rotational, fine, and hyperfine
structures in six of the nine subbands possible for a *II « *A transition have been recorded. Both -
states exhibit a rapid transition from case (a) — case (b) coupling cases, manifested by reversals
in the Landé patterns of the hyperfine structure. The data have been reduced to a set of 35
molecular constants using a modified case (ag) effective Hamiltonian in which two additional
magnetic hyperfine parameters are required for each state. The distortions in the hyperfine
structure are due almost entirely to second-order spin—orbit interaction between states arising
from the same configuration. Analysis of the derived parameters indicates that the X A state is
well represented by the single electron configuration ---80% 3#* 90! 18!, in which the 9o
molecular orbital (MO) is a V 4s—4p hybrid (88% V 4s) and the 16 MO is a pure V 3d orbital;
the dominant configuration for the D * state is - -80% 37* 18! 47!, in which the 47 MO is an
antibonding orbital composed of at most 82% V 3dm. The isoconfigurational a !A and e 'TI
states are calculated to lie 3390 and 2200 cm~! above their respective high spin companions.
The lambda doubling in the D °II, component has been interpreted in terms of spin—orbit
interactions with the B*S~ and d!3% states, both states arising from the ---80% 37* 1582
configuration; the d 'S state is known [Simard, Masoni, and Hackett, J. Mol. Spectrosc. 136,
44 (1989)] to lie 102 cm"l above D 31'[0, while the B33~ state probably lies about 8000 cm ™!

below.

I. INTRODUCTION

Interest in the spectroscopy and molecular structure of
transition metal containing molecules has grown at a tre-
mendous rate over the past 15 years. This is partly attrib-
uted to improved experimental and theoretical techniques
whereby much of the spectral complexity can be unraveled,
assigned, and rationalized, and to the possible involvement
of small transition metal compounds in adsorption phe-
nomena and combustion.

A great deal of effort has thus far been devoted to
transition metal monoxides. As a result, the ground states
of all the 3d transition metal monoxides"* and most of the
4d transition metal monoxides? have been characterized
experimentally and theoretically. In contrast, very little is
known about their nitrides. Work on the nitrides is a log-
ical extension to the work on the oxides. The fundamental
questions to be answered are: what are the effects of sub-
stitution on the electronic structure and bonding, and can
these be predicted using a simple model? Currently, the
experimental database includes ScN,® TiN,*7 VN,*°
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ZrN,'*!! NbN, 214 and MoN, 38 while the theoretical da-
tabase is limited to ScN (Ref. 17) and NbN.'® The 1988
grating resolution work of Féménias ef al and the sub-
Doppler resolution work of Azuma ef al. combined with
the recent detailed theoretical work of Langhoff and
Bauschlicher on NbN, ¥ make this species the best studied
of the transition metal nitrides. This paper deals with its
isovalent companion vanadium nitride VN.

The VN species was first observed almost simulta-
neously by Peter and Dunn,’ and Simard er al® in 1989.
Peter and Dunn prepared the species from the reaction of
vanadium halide compounds with active nitrogen in a mi-
crowave discharge and observed the 4 *d-X *A system in
emission. Their analysis of the (0,0) band at grating reso-
lution provided accurate values for the bond lengths and
approximate values for the first-order spin—orbit coupling
constant since no satellite subbands were observed. Simard
et al.® produced the molecule by laser vaporization in a
molecular beam apparatus and studied the (0,0) band of

- the d !3+-X 3A, intercombination system by laser induced
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fluorescence at sub-Doppler resolution. Nuclear magnetic
hyperfine structure was resolved for the low-J rotational
lines, but no hyperfine parameters were derived. In both
studies, the (0,0) band of the D°3M-X3A system was
noted, but no analysis has been reported so far. The D-X
system is the analog of the ¢’ system of TiO (Ref. 2) and
the B system of ZrO,? two astrophysically important and
well studied molecules. Its analysis would allow a compar-
ison of the electronic structure and bonding in these mol-
ecules. For TiO and ZrO, the leading electronic configura-
tions giving rise to the 3A and I states have been
established theoretically’®?' and experimentally” as

“*03B{n—1)a a0d T, _1y50s—1)a TESPectively, where n=4
for TiO and 5 for ZrO. No calculations have yet been
performed on VN, but the experimental data presented
here support this assignment.

The most abundant vanadium isotope (°'V) has a nu-
clear spin of 7/2 and a magnetic moment of +5.1485 nu-
clear magnetons. Of all the known stable nuclei, this is the
fourth largest magnetic moment, after *Nb (4 6.167 nm)
and "*°In (+5.5229, +5.5348 nm). In VN, the inter-
action of the *'V nucleus with the unpaired electrons gives
rise to very impressive magnetic hyperfine structure in both
the X A and D *II states, but more especially in the X A
(o'8') state where the o orbital is mostly V 4s, which
makes the Fermi contact interaction very large. For both
states, the hyperfine structure is complicated by the phe-
nomenon of spin uncoupling and, because of the presence
of nearby perturbing states, by second-order spin—orbit dis-
tortlon, in a way analogous to its isovalent companion
NbN.#

We report here a study conducted at low (0.1 cm™1)
and sub-Doppler (0.004 cm™'=120 MHz) resolution on
the hitherto unanalyzed D *I1-X *A(0,0) band of VN. The
extensive data set, comprising observations from six of the
nine subbands possible for a I « 3A transition, has been
reduced to 35 molecular constants. Some of these constants
are discussed in terms of the leading configurations giving
rise to the D *IT and X 3A states and are used to extract
quantitative information on nearby perturbing states.

Il. EXPERIMENTAL PROCEDURE

The experimental procedure has been described in de-
tail in previous publications.*® Only a brief description will
be given here. The VN molecules were produced in a free
jet molecular beam apparatus by laser vaporization of V
metal (Johnson Matthey 99.5%) in the presence. of He
carrier gas (backing pressure 360 kPa) doped with
2%—5% of NHj. ‘

The fluorescence from the VN ‘molecules is excited at
right angles to the molecular beam axis about 4.3 ¢m from
the free jet orifice, either by the output of a pulsed XeCl
(Lumonics 860) excimer-pumped dye laser [Lumonics
Hyperdye 300, full width at half-maximum (FWHM)
=0.1 ecm™], or the output of a narrow linewidth cw ring
dye laser (Cobherent Inc. 699-29), both lasers operating
with Kiton Red 620 dye. The intrinsic resolution of the
molecular beam system is 0.004 cm~! (120 MHz). The
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wavemeter was calibrated using 7, absorption lines as cal-
ibration standard.*

The fluorescence is imaged at the slits of a 1 m f/8
Spex monochromator equipped with a 1200 grooves/mm
holographic grating and viewed by a Hamamatsu red sen-
sitive R943-02 photomultiplier tube. The use of a mono-
chromator makes it possible to observe four of the satellite
subbands without difficulty. This was accomplished by tun-
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FIG. 1. .Low resolution fluorescence excitation spectrum of the D [Ty~
X 3A,(0,0) (top), the D3M,-X3A,(0,0) (middle), and the D3I~

3A3(0 0) subbands of VN. The vertical axis is the fluorescence intensity
in arbitrary units. Lines marked with filled triangles are due to vanadium
atomic transitions. See the text for details.
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FIG. 2. A portion (3.3 cm™?) of the high resolution fluorescence exci-
tation spectrum of the DSH(,—X 3A1(O,0) subbands of VN. The tick
marks on the horizontal axis occur at every 1 MHz increment. The ver-
tical axis is the fluorescence intensity in arbitrary units. See the text for
details.

ing the monochromator to the appropriate, strongly al-
lowed subbands D 3T1,~X *A,, D°1,~X 3A,, and D *I—
X3A,, and scanning the dye laser in the appropriate
wavelength region of the satellite bands. The following sat-
ellite bands have been observed and studied at high reso-
lution: D°3M,~X °A,, D°M,-X3A,, D*M-X3A,, and
DM X 3A,.

Lifetime measurements have been performed with a
Tektronix model 7912, 400 MHz programmable digitizer
equipped with a model 7A24 amplifier. From the length of
the viewing zone and the speed at which the excited mol-
ecules leave the detection zone (~1.7X 10’ cm/s), we es-
timate that unbiased lifetimes up to ~1 us can be mea-
sured with the present apparatus.

il. APPEARANCE OF THE SPECTRA

Figure 1 shows the three main subbands at a resolution
of about 0.1 cm™'. The rotational temperature of these
spectra is of the order of 30-35 K. Each subband is red
degraded and consists of P, Q, and R branches. Despite the
low resolution, the rotational structure of the P and R
branches is fully resolved. The strong Q branches and the
missing lines clearly indicate that the transition is STI-3A.
The following will show that the *A state is the ground
state of VN: Also, from a comparison with TiO, a molecule
isoelectronic with VN, the upper *II state is expected to be
the fourth excited triplet state of VN, so that the labeling
D3N-X *A results. '

The D °*My-X 3A, subband is characterized by a large
A doubling of about 19.4 cm™!. A doubling is also appar-
ent in the D *I—X °A, subband and increases with in-
creasing J. At this low resolution, the A doubling in the
D *I1,—X 3A; subband is not resolved.

Figures 2, 3, 4, and 5 show portions of various sub-
bands at high resolution (0.004 em™! or 120 MHz).
Clearly noticeable here is the impressive nuclear magnetic
hyperfine structure arising from the interaction of the un-
paired electrons with the spinning vanadium nucleus. The
largest hyperfine widths (F,,~Fn,) are found in the
D *I1,~X 3A, subband, where they can be as large as 0.4
cm ™! in the low-J, Q lines. Since I=7/2 for 3V, the max-
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FIG. 3. A portion (5 cm™!) of the high resolution fluorescence excitation
spectrum of the satellite D *I1;—X 3A,(0,0) subband of VN showing the O
branch. The tick marks on the horizontal axis occur at every 1 MHz
increment. The vertical axis is the fluorescence intensity in arbitrary units.
This spectrum was recorded by collecting the fluorescence at the wave--
length corresponding to the D [, — X *A, transition (~ 6245 A).

imum number of hyperfine levels is 8 (=27/+1) though
this occurs only for J»4 because F = |J+I|:-+|J—I|. For
J=3, 2, 1, and 0, the number of hyperfine levels is limited
to 7, 5, 3, and 1, respectively. The hyperfine selection rule
AF=0, =1 applies, but the intensities of lines with
AF==AJ decrease rapidly with J, such that they are not
seen beyond J~3. High J rotational lines therefore have
just eight strong hyperfine components. All the spectra are
free of local perturbations.

It is instructive at this stage to examine the hyperfine
structure in more detail. In the Q branch of the D3Il ~
X 3A1 subband, shown in Fig. 2, it can be seen that the

Q) T T T

BRI

— Frequency ~—

47970898 GHz
(15590.2994 cm=1)

FIG. 4. A portion (5 cm™!) of the high resolution fiuorescence excitation
spectrum of the satellite D >Ti-X 3A,(0,0) subband of VN near the zero
gap. The tick marks on the horizontal axis occur at every 1 MHz incre-
ment. The vertical axis is the fluorescence intensity in arbitrary units. This
spectrum was recorded by collecting the fluorescence at the wavelength
corresponding to the D °Ily— X °A, transition (~6202 A). Note that
reversal of the hyperfine Landé pattern does not occur in this subband.
See the text for details.
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FIG. 5. A portion (2cm™ 1y of the high resolution Auorescence excitation
spectrum of the main D *[1,-X 3A;(0,0) subband of VN near the zero
gap. The tick marks on the horizontal axis occur at every 1 MHz incre-
ment. The vertical axis is the fluorescence intensity in arbitrary units.
Assignments of the hyperfine lines are shown for the first @ lines. Note
that hyperfine widths are the largest for this subband. See the text for
details.

hyperfine width is positive for J<35, collapses to zero at
J=135, and becomes negative for J> 6. In other words, there
is a reversal of the Landé pattern at J=5 in the @, branch.
Fully resolved Landé patterns with opposite sign are
shown in the P,(2) and P(13) lines. Figure 6 shows the
calculated hyperfine widths for all spin—~orbit components
of both the 3A and M states. These widths were calculated
using the final constants derived from the fitting of the
spectra. A collapse of the hyperfine structure occurs when
the hyperfine width is the same in both states. The points at
which the hyperfine structure collapses are indicated in

J

o0} i

0.05 ¢

FMA.X - FMN / Cm-l
o
o
(=]

-0.05 |

0 10 20 30

J

FIG. 6. Calculated hyperfine level widths (Fp.x ~ Finin) as a function of
the rotational quantum number J for all spin components of the D *IT and
X 3A states. These widths were calculated using the fitted parameters (see
the text for details). The value of J where reversal of the Landé pattern
would occur in particular subbands are indicated by filled circles. Note
that no reversal occurs in the D *f-X A, subband.

Fig. 6 by filled circles for all the possible subbands. Note
that no reversal occurs in the D 3[IX *A, subband, at
least within a reasonable range of J.

The reversals in the hyperfine structure are caused by
the transition from case (a) to case (b) coupling in the
3A electronic state (spin uncoupling). They can be under-
stood qualitatively as follows: Within the case (ag) formal-
ism, the diagonal elements of the hyperfine Hamiltonian
(see Sec. V) are given by23

A+ (b+c)SIQ[F(F+1) —I(I+1)—J(J+1
(ASEJQIFIthslASEJQIF)?,[a +(0+e)2]10[ 2(J (j+)1) (I+1)—J(JT+ )],

where all the quantum numbers have their usual meaning. Therefore, if both states were in a case (a) coupling scheme,
the hyperfine widths would decrease asymptotically to zero with increasing J so that no reversal would ever occur. On the
other hand, in the case (bg;) coupling scheme, the diagonal elements of the b1+ S operator are given by?

[F(F+1)—I(I+1)—J(JJ+D][JJ+1) +S(S+1) —N(N+1)]
4J(J+1) ’

(D

(NSJIF|bI+S|NSJIF)=b (2)

Now since the correlation between case (b) and case (a)
spin components for regular triplets s Fi(J=N+1)o32
=1, F,(J=N)<2=0,and F;(J=N—1)«>2=11, the
hyperfine widths for the F; and F; case (b) components
must have opposite sign to the hyperfine widths for the
Z==+1 case (a) components from which they evolve.

It may seem strange that the hyperfine widths in the
%A, and 3A, components both pass through zero at J values
below 25, even though the X 3A state appears to be in
extremely good case (a) coupling, with AA/B~240. The

following argument may give some insight: The change-
over from case (a) to case (b) electron spin coupling is
usually taken as occurring when the “spin-uncoupling ma-
trix elements,” namely those of —2BJ-S in a case (a)
basis, become equal to the spin—orbit intervals AA; for a
3A state, this means when vZ BJ=24, which in the present
case would be at J=170. Hyperfine structure, on the other
hand, has an extra 1/J dependence, as indicated above.
This can be understood from the form of the contact op-
erator HI+S; the part of this operator responsible for non-

J. Chem. Phys., Voi. 99, No. 5, 1 Sepitember 1993
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TABLE I. Intrinsic radiative lifetimes (in nanoseconds) for some rota-
tional lines of the D I, state of VN.

High-frequency Low-frequency

J component component
2 8112 882
3 772 83%3
4 89£ 2 96==1
5 76+ 1 863
6 87x 2 104+3
7 82+ 2
8 84+ 2
{Average} 82+ 5 91+4
Average from 74+ 1 891

Q head

*A 20 uncertainty.

zero matrix elements in case (a) coupling is b I, S,, which
can be written as b J, S, (I+J/3-J), assuming I+J=F.
The matrix elements of Eq. (1) follow at once when I+J is
written as § (F*—1>—J2) and J-J as J (J+1). Now, sub-
stituting F=F_, =J+1, it is easily shown that (I+J/
J+ I ax=1/2(J+1); in other words, there is a 1/J depen-
dence of the hyperfine width. Therefore a more valid
comparison for hyperfine structure, indicating where the
case (b) pattern should start to emerge, is where vZ BJ
equals AA/J, rather than AA. In the present case, this gives
J=13, i.e., the square root of the number given above. -

IV. LIFETIME MEASUREMENTS AND e/f PARITY
LABELING

The fluorescence lifetimes of some rotational lines of
the D *II, components are reported in Table I. These life-
times were measured from corresponding R (J) lines of the
D>T-X *A, subbands. The lifetimes of the DI, and
D311, components have been determined to be 782 and
892 ns, respectively, by exciting the Q heads of the
D3M,-X %A, and D *I1,-X *A, subbands, respectively. For
comparison, the lifetime of the C3® system whose v=0
level lies near 14 300 cm ™! has been measured to be 855
ns regardless of the rotational energy content or spin—orbit
component. The lifetimes of the C*® and D 31 states are
therefore essentially the same. All decay traces can be fitted
to single exponential decay functions. The data were fitted
over three to four lifetimes. The uncertainties represent
two standard deviations in the least-squares fit. As these
lifetimes were measured under jet-cooled conditions at
pressures of less than 10~° Torr, and as the quantum yield
for fluorescence must be unity at these energies, these
should be taken as intrinsic radiative lifetimes.

The data of Table I are very instructive. The lifetimes
of the rotational levels of the lower-frequency I A com-
ponent are always somewhat longer than those of the
higher-frequency A component. The effect is small, but
appears to be genuine. We take this as an indication that
the low-frequency A component is perturbed by nearby =
states whose lifetimes are very much longer than that of
D 311. Since the electronic structure of VN should mirror
that of TiO (vide infra), there are only two possible per-

Balfour et al.: The D *II{8m)-X 3A(c8)(0,0) band of VN

FIG. 7. Calculated and observed lambda doubling as a function of the
rotational quantum number J i the three spin.components of the D I
state. The calculated and observed values are indistinguishable in the
range of J studied. See the text for details on the determination of the e/ f
parity level.

turbing states, which are the d 3% and B >3 states. Since
the rotational levels of 'S+ and 33; states are all of e
parity, this estabhshes the parity of the low-frequency A
component as 31, and that lying on the high- frequency
side as 3H0 r- Figure 7 shows that the A doubling (v,— ve)
in the 3II0 component decreases almost linearly with J in
the range 5-26.

The e/ f parity labehng in the 11, component was de-
termined by making the sum of the A doublings in the
31, and *I1, components as nearly constant as possible for
J<6. This requires that the f components lie above the e
components for the range of J studied. The rationale for
this assignment is that the difference between the traces of
the two rotational matrices (vide infra), excluding the
0+p-+q term, is just g J(J+1). Since q is likely to be only
of the order 1073, the sum of the A doublings will be
essentially constant for small J, until the g J(J+41) term
becomes significant. Figure 7 shows that the lambda sepa-
ration in the 3IT; component shows signs of approaching a
maximum. This behavior is expected. In fact, beyond the
maximum it should decrease, and in the limit of very high
J should reverse its sense, ie., the ¢ component will lie
above the f component.

Since A doubling in a *IT, component is a high order
effect, it never reverses, i.e., it always has the samie sign.
Also, in the high-J limit it must be equal and’ opposite to
the A doubling in 3I1,. Since the high-J ordering in *II, is
likely to be e above f; the A doubling in the *IT, component
at this limit must be f above e, and since the lambda dou-
bling pattern never reverses, this must be the case for any
value of J.

Since the >II state is comparatively close to case (b)
coupling, the hyperfine widths should in, principle, be able
to confirm the A-doubling parity assignments. The diago-

J. Chem. Phys., Vol.'99, No. 5, 1 September 1993
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nal elements of the contact and “hyperﬁne A- doubhng
operators in a 3[I(b) state are’>?¢

w J—1
(FU=N+D.£/6] By (b%d 5707 )
Fy(J=N Bumr— (b%d),
[F2(J=N),f/e] hfs—m( Fd), (3)
w J+2
(FU=N=.7e] Bw=—50777s (6% 5757 )

where W=F(F+1)—I(I41)—-J(J+1). These formulas
predict that the hyperfine widths at high J should be
roughly 1, O, and —1 for Fy, F,, and F;, respectively, in
units of 27(b+d/2). Figure 6 shows how the hyperfine
widths in the *II state are tending towards the ratio 1:0:— 1
at high J, though clearly have some way to go before the
limiting case (b) behavior is attained. The differences in
the hyperfine widths of the A-doubling components,

caused by the terms in Fd, are also as expected, which .

means that the limiting case (b) hyperfine trends appear to
be reached quite rapidly. This is in contrast to the A dou-
blings themselves (Fig. 7), where the curve for *II;(F,)
shows no sign of reversing its direction, as it must eventu-
ally do, in the available range of J. Possibly reflecting this,
the difference in the hyperfine widths for the *IT, compo-
nent passes through a maximum at J=15, and may be
tending towards a reversal of its sense at J values beyond
the range of experimental data. However, in the limit of
high J, the patterns for *IIo(F,) and *TI,(F;) should be
equal and opposite though, in view of the strong perturba-
tions affecting the °II state, it is questionable whether the
“textbook” patterns would ever be achieved in the present
case, even at the highest J values. '

V. ENERGY MATRICES

Initial attempts to fit the spectra to case (ap) energy
matrices with only the first centrifugal distortion terms to
the parameters and with only the normal three nuclear
magnetic hyperfine parameters @, b, and ¢ failed. This is
because of (1) the significant spin—orbit distortion of the
hyperfine structure in both electronic states and (2) the
large global perturbations in the upper °IT state that cause
the large and irregular A doubling, and push the *IT; com-
ponent below the mean of *II, and *Ily;. These problenis
can be remedied by using for both states’ hyperfine-
distorted case (aB) energy matrices in which five indepen-
dent magnetic hyperfine parameters are required, 4 and by
using second centrifugal distortion terms to the rotational
and A-doubling parameters for the Il state. The five hy-
perfine parameters are &y, kg, 2_,, b, and b_. The A5
parameters replaced the coefficients [aA+ (b-+¢) 2] in Eq.
(1) and in the {A;SZJQIF | Hye | AySZ;J— 1,00F) matrix
elements, while the 5, and b_ parameters are defined as
coefficients of the (2= 41| Hy | £=0) and (Z=0|H| =
= —1) matrix elements, diagonal and off diagonal in J.

The effective Hamiltonian has been written using the
R? formalism (R=J—L—S8) as?’?® -

J. Chem, Phys., Vol. 89, No.

3293
- Heg=Hio+Heg+Hot Hegsot Hie+ Hpg
- +Hché+ths+qus ‘ 4)
where
H, = BR?, (5)
Hoy=— DR* 4 HRS, 6)
Ho=ALS,+3.(382-8%), (7
Hegso=34p[ LS, R, +¥1p[35°— S R?] ,
+3dp[ LS, R*] | +3Ap[38I—S2 R, (8)
H,=yR-S, . ' (9)

Hpp=4(0+p+9) ($% +52) —4(p+2¢) (J .S, +7_S_)

+19(F +72), (10)

HchD=%D0+P+q[S%¥ +52,R] +—4Dp1ag
X [T S +T_S_ R],+iD [P +F R,
FiH, 1 py gl S5 +S% R —iH, 0
X[J S +I_S2 :R4]++%Hq[«7 7R,
(11)
Hyg=al,L,+bpl-S+c(I,S,—3[+S)

+1d(eI_S_+e 1.5 ,), (12)

E00BE—P) 200, e I &%)
€T 4r2r-1) ST —1)

»  (13)

where the symbol [x,y], =xy-+yx is the anticommutator
necessary to preserve the Hermitian form of the matrices.
There are 25 coefficients in this Hamiltonian. These are the
rotational constant B and its first and second centrifugal

- distortion corrections D and H; the first- and second-order

spin—orbit constants 4 and A and their first and second
centrifugal distortion corrections 4, Ay, Ap, and Ag; the
spin-rotation constant ¥; the lambda doubling constants
for I states (0o+p+¢), (p+2¢g), and ¢ and their first and
second centrifugal distortion corrections Dyyp1q)s
Hoypigys D py20) H(,24) Dy» and H,; the nuclear spin—
electron orbital interaction constant g; the nuclear spin—
electron spin Fermi contact interaction constant byp; the
dipolar nuclear spin—electron spin interaction constants ¢

.and d; and the electric quadrupole interaction constants

€’Qq, and ¢*Qqg,. The terms in d and ¢°Qqg, only apply to
the ’IT state. The matrix representation of this Hamil-
tonian, written in a case (ag) basis set (|A;SZ;JQIF))
and taking into account the spin-orbit distortion of the
hyperfine structure and the fact that the A doubling in the
X 3A state is negligible, is given in Tables II, III, and IV.
The full matrix is the sum of these three matrices, but for
clarity and. convenience is written as three separate
matrices.
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TABLE II. Parity-independent matrix elements for *A states with 7=7/2.

|AZ=1:0) [A,Z=0) [AZ=—1;0)

(AE=1,4] AN 42— p+ (B-+ApA+3 ) (x—A? Symmetric

—2A)— D[x*42x—2Ax(A+2) +2A(A

~ 1) +A(A+4)]
+h(A+1)W/2x
AQ,[3(A+1)>—x][3W(W+ 1) —63x]
+ 168 x(4x_3) )

(A,2=0J]| — AT DILB—dr+MoA ——2y+ (B—$1p) (x—A2+2)

—3p—2D(x—A—A>+1)—b, W/4x] — D[x2+8x—2AX(x+4)

+ A2+ 4]+ hoAW/2x
€Q,,(3AY—x) [3W(W+1)—63x]
+ 168 x(4x—3)
(AZ=—1J| —2D{G— A A) (x—AT=A) — ITx—AA—D1[B—5r—34pA ~ AN+ 3 —y+ (B—ApA+3A5) (x
—Mp—2D(x+A—A2+1) —A?42A) — D[x(x+2) —2Ax(A—2)
—b_W/4x] +2AA+ 1)+ AN A-D)]
+h_ (A=) W/2x
QL I3(A—1)2—x] [3W(W+1)—63x]
+ 168 x(4x—3)
g, et

(A2=07—1| b g I e
(AZ=—1,J-1] 0 S —(A-1)

b Y ,2(J+A)(J+A—l)
- 47 a7

EQ(A—1) (W+J+1)
56 x(J—1) ]

tx=J(J+1), W=F(F+1)—I(I4+1)=JJ+1), ¥ = J(F+I+J+ (F=I+J)(J+I—F)(F=J+1+1), 63=4I(I+1), and 168=8I(2I—1).

VL. FITTING PROCEDURE AND LEAST-SQUARES
RESULTS

The structure of the total energy matrix is similar to

the one used by Brown et al.?® in their work on AlF. Since

I=17/2, the maximum dimension of the energy matrix for
a given Fis 24X 24 [=3(274-1)]. This matrix was diago-
nalized for each value of F covered by the experiment. The
molecular constants were then obtained by fitting the cal-
culated to the observed line positions usirig a standard non-
linear least-squares procedure. It turned out to be impos-
sible to fit the spectrum in one step. Rather, the spectrum
needed to be fitted using the following stepwise procedure:

{Step 1) The ground state energy levels were deter-
mined by taking all available combination differences.
These energy levels were then fitted using the above Hamil-
tonian for the 3A state. This produced reliable rotational

constants (4, A, B, D, Ap, and A ), but inaccurate hyper-
fine parameters as a result of small calibration uncertain-
ties. In all, 2800 combination differences were used in the
fit, which yielded a standard deviation of 0.0046 cm~ L At
this point, the rotational constants are sufficiently well de-
termined to be held fixed in the other steps. These con-
stants are given in Table V. Note that the spin-rotation
constant (y) could not be determined here. This is because
there exists an indeterminacy between y and 4. As has
been shown by Brown et al.,*° this indeterminacy prevents
v and Ap from being determined simultaneously unless
data for different isotopomers are available. This is not the
case here. Since 4 j is expected to be larger than y, we fixed
¥ to zero and let the contribution of ¥ to the observed
splitting be included in 4 p.

(Step 2) A data set of all assigned transitions up to
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TABLE III. Parity-dependent matrix elements for >JI states with /="7/2 up to second order.*

I’y f/e) I’IL, /ey [*Tly, £/
< ’m, é J‘] 0 Symmetric
1
<:_‘HI ‘é-’l - \12(’5—2)(&:5 qu) ix[’?%q‘l'ezQﬂT‘*‘ Dp+2q+%Dq(x+l)]
aw 1
+ x(x—2) [Yg+£0,T ~J2_x><:4 (p+29) +—-+5 Dolx
iy L 2 @ £[(04+p+9) + D,y x+1)
( Ho'e-J] 1 . ] ‘ + Dpy2p7]
+2D,(x—1)] 1) +5 Dpyag(¥+ 1)+ Doy piq
WidJ —
<3n,31_1' 0 0 20, Y(W4+J+1) x(x—2)
°f 336 x(J—1) J4F—1
Y(W+J+1) RI(T—1 Y’ZJJ—I
(ﬁh;]—l) 0 +&Q Op 33(6 ;J+1))v 4( 1) ‘ ?dzj —2~——4‘(1_1)
e .. Y(W+J+1) fx(J—l)(J— ) Y RJ(J+1)
(311(,)—,1—1] 2 0n 35— | aP-1 RLFYA v 0
S [(T=DJ(IT+1)(J+2) eQLYZ
3 b 0 q.
(nzej 2! 0 T @IS @I+ ) 6720(T—1)(20—1)
f [(T—2)s(I=1)J(I+1) EQLYZ
3 Tor_ g. Q0
( L7 2' 0 =i+ ) 6120 — (=D
[(J=3)(J=2)(J—1)J L0,YZ 0 0

f
3 — —
<nzej zl*\} TITT— 1) (I+1)

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

3Z = J(FHI+DF=-I+I-1V)(J+I=F =) (F—J+1+2), x=J(J+1), W=F(F+1)—I(I+1)—J(J+1),

Y = (F+I+J+D)(F—I+J)J+I-F)(F=J+I+1), T =

IW(W+1)
336 x(4x—3) °

—63
¥ 336=161(2I—1). Both *II and *A siates have quadrupole

elements with |AJ| =2 given by (*Aq,J — 2| Hp|*Ag) = {[Q,0{(T— 1)’ — 02 {F-Q?YZI/[112J(] — 1)(2J — 1) J(2T=3) 2T+ D]}

J=10 was assembled and fitted, using the direct approach,
to a model that included the *II state rotational (T, 4, 4,
B, ¥, Ap, and A p) and A-doubling parameters [(o+p+¢),

(p+2q9), q, D(0+p+q) s D(p+2q), and D), and the hyperfine -

parameters for both states, keeping the rotational constants
of the ground state fixed to their values determined in step
1. This second step gave good preliminary values for the
hyperfine parameters in the two electronic states.

(Step 3) A data set of all assigned transitions, up to
J=25, was fitted to the full model by keeping the rota-
tional and hyperfine parameters of the ground state and the
hyperfine parameters of the *I1 state fixed and floating all
the other determinable parameters of the *IT state (rota-
tional and A doubling with their first and second centrif-
ugal corrections).

(Step 4) The hyperfine parameters, excluding the 4_,
parameter of the 3II state which was held fixed at zero,
were refined by fixing the higher-order rotational constants
(H, Ay, and Ay), derived in step 3, in another fit to the
J< 10 data set used in step 2. The improved hyperfine pa-
rameters were then returned to step 3, which produced
new °II rotational constants, and the iteration was carried
out until convergence. This produced the “best set” of hy-
perfine parameters. In all, 1283 data points were used in
the J<10 data set and the standard deviation of the fit was
0.0029; cm™!. These parameters are given in Table V.
Note that the quadrupole constants were negligible for
both states.

(Step 5) The rotational and A-doubling constants of

the *II state and their first and second centrifugal distor-
tion corrections were refined by reworking step 3 with the
hyperfine parameters derived in step 4. The fit was carried
out with 1995 data points. The standard deviation of the fit
was 0.00435 cm ™!, The derived constants are given in Ta-
ble V. Again, and for the same reason as for the X 3A state,
the spin—rotation constant was constrained to zero. Unfor-
tunately, these constants do not accurately reproduce the
rotational and fine structure of the DIl state beyond
J=27. Definite systematic trends appear in the residuals
beyond this value because of extensive global perturbations
by the d =7 state. The use of still higher centrifugal dis-
tortion terms would obviously correct for this distortion,
but it is hard to justify at present since little further phys-
ical insight would be obtained.

VII. DISCUSSION

There have been no ab initio calculations on VN, but
by analogy to its isoelectronic companion TiO for which
extensive calculations have been reported, !> the X *A and
D11 states presumably arise from the electron configura-
tions ---80% 37* 90! 18! and ---80% 37* 18' 44!, respec-
tively. The 8¢ and 37w MOs are nitrogen-based orbitals
closely resembling nitrogen 2p atomic orbitals (AOs), but
are slightly bonding due to their small overlap with the V
3d AO. In TiO,? the proportion of Ti 3d character in the
80 and 37 MOs is calculated to be approximately 15%.

The 9¢ MO is a vanadium-based, back polarized 4s-4p
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TABLE IV. Matrix elements for the second centrifugal distortion terms for IT states.”

H
M P 1°TI,)
38 4+5x—7 Symmetric
—\2(x—2)(3x2—2x+3) 4155 —5x+5
Px(x—2)(6x—2) — 2x(32%+10x—1) (£ 95+ 9x+1)
Ay
T ) il
X*—5x+7 Symmetric
—2(x—2)(x—2) -2
0 — Zx(—x—-1) — (P43x+1)
2/30y
T ') LY
X —Tx+11 Symmetric
—2(x=2) (—x—2) —(2x*+5x+1) .
— {x(x—=2) — 2x(—x—1) Xyx+1
A doubling®

|3n2) . |3H1> |3Ho>
H xr__(x—2) ) Symmetric
TVE=D) %Hq X(x2+‘6x—5) +H, 2 2x(x+1)

X [3H, x(2x—1) LoxH,,,,,

+2H +2qx] - |
FG=2)3H, 2 — IR H, (22— 1) +3H, (5 H, x(— 1) -+ H, 3 25(x+ 1)

+Ho (x2+4X+ 1)

+Hp2(x+1) +4x+1)+%Ho+,,+q(x+1)] +p+q

+Ho+p+q]
Px=J(J+1).

YThe f/e parity is obtained by multiplying each element by +1.

hybrid. In the absence of this polarization, bonding would
not occur because of the large spatial extent of the V 45 AO
(where (r4) =~1.92 A, while the bond length in VN is only
about 1.56 A). The 156 MO is essentially a pure V 3d AO
because there is no other § orbital lying close in energy
with which it could mix. Finally, the 47 MO is a
vanadium-based slightly antibonding orbital composed of
V 3d—4p and N 2p AO. This MO is polarized toward the
ligand. The D 31T~ X A transition corresponds to the pro-
motion of the nonbonding 9o electron to the slightly anti-
bonding 47 orbital. A good zero-order picture for VN is
therefore V>N ~3, but due to covalent bonding and polar-
ization, the net charges on the atoms are greatly reduced so
that the X 3A and D3Il states are probably better de-
scribed by structures intermediate between VN~ and
V+2N~2, The exact charges will not be known until cal-
culations are performed, but it seems clear that VN is a
fairly ‘jonic species. '

The principal experimental evidence for the electron
configurations comes from the first-order spin—orbit con-
stants, which we shall now examine. It turns out that the
atomic parameters which can be derived are very similar to
those for VO, indicating that the same types of orbitals are

involved; not surprisingly, many other properties, such as
the hyperfine parameters, are sunply related in the two
molecules:

A. The first-order spin-orbit constants

The separation of thée highest-energy and lowest-
energy spin—orbit components ifi ‘a- degenerate multiplet
state is equal to 24AS, where the spin—orbit intervals are
given by AA in the absence of higher order effects. The
data for the X >A and DI states of VN give AA=151.0
and 54.6 cm™!, respectively. These values can be related to
the atomic spin—orbit’ parameter by applymg the micro-
scoplc spin—orbit Hamiltonian®! :

L alps= 2 |8y si+3 G077+
(14)
to the Slater determinant wave functlons for [Z=+1).
Taking the electron conﬁguratlons as :
3A0'161, 3H61 l’

the wave functions are’!

HSO
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TABLE V. Rotational, fine and hyperfine constants (in em~!) for the
X 3A and DM states of VN.

Rotational and
fine parameters ) B ‘ )
X3A Dn

To ' 0. . | 16026.19108(23)"

4 - 75.503 96(98) 54.567 66(24)

A 3.369 883(99)" 11,726 39(23)°

B 0.625 328 6(60) 0.609 145 1(52)

10' D - 9.104(102) 3.136(248)

10° 4, —0.025 46(89) ~2.782 3(97)

10° 4, —0.012 90(93) 3.7819(154) -

10" 7 ' —2.996(309) ~

107 4y 3.401(167)

107 Ay 8.823(248)

ot+p+g = 9.679 906(397)

10% (p+2¢) . . 4.978(114)

10° ¢ 2.724(99)

10° D, ., —1.148(55)

10° D,y2q o —5.45(32)

10°° D, ’ 2.994(155)
10° H,,peq —1.688(87)
10° H,,,, ' 6.916(237)
10° H, —2.474(643)

Number of data points 2400 1995

oof fit (cm™!) 0.0046 0.0043
Hyperfine parameters .

X3A Dl

hy 0,064 72(28) —0.000 28(40)

hy 0.027 59(22) 0.015 75(53)

Ay ~0.01956(30) 0 (fixed)

b, 0.044 08(277) —0.009 44(123)

b_ 0.046 84(190) —0.006 29(34)

d : o 0.000 273(233)
Number of data points 1283

o of fit (cm™!) 0.0029

2The numbers in parentheses are the uncertainties (107 in the units of the
last quoted decimal place.

13A;3) = |oadTal,

and the diagonal elements (2— 1{H,|2=1)=4dA are im-
mediately seen to be

<3A3 I}Isol 3A3> =é\5’ <3H2|Hsol 3H2> =‘98—~

P, =|6 ara| (15)

" (16)

There are no close-lying states perturbing the X A
state strongly, so we can take ds=AA =151 cm ~1 directly.
The DIl state is considerably disorganized by the per-
turbing d '3 and e 'TI states, so that the best estimate of
the true spin—orbit effects is obtained from the ﬂ .0~and
2 components; their separation gives 4A=d5—34, =49.73
cm~! and therefore 4,=202.56 cm™!.

At this point, we can make comparisons with the val-
ues for VO (Ref. 32) and the free V*+(3d%s') ion®!

vo VN v+
285 (cm™ 1) 287 302.0 304
é, (em™) 2034 202.6
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The § MO must be essentially unchanged from its shape in
the atom or ion, so that the parameter @z is equivalent to
the atomic &5, value. It is seen that there is remarkable
agreement between the value of 2d5 for VN and that for the
free V' ion, which confirms that the electron configuration
of the X °A state is indeed -*-o! (3d8)!. The atomic pa-
rameter { translates into the molecular parameter dA, so
that d,, should equal 24; if the = MO is unchanged from its
atomic character when the bond is formed. Obviously this
cannot happen since the w MO is made up from V(3dw)
+N{(2pir); the observed value of d_ therefore measures the
amount of V(3dwr) character in the 7 MO.

The similarity of the values for 2d5 and &, in VO and
VN indicates that the type of bonding occurring is almost
the same in the two molecules, though the larger value of
dg in VN probably indicates that it is more ionic. The
dipole moment of VO has been measured recently™
©=3.35"D; it will be instructive to measure that of VN.

Whether the exact same type of bonding occurs in
other first-row containing vanadium compounds is an in-
triguing question, but cannot be answered at present due to
the lack of experimental data on these species. New exper-
imental work on species such as VF and VC is needed.

The essentially identical values for @, in VO and VN
suggest that the D *IT state of VN is well described by the
configuration --+8¢% 37* 18! 47, but as will be ‘shown
below, this configuration alone is insufficient to describe
the D *II state coimpletely. :

Having now established the leading configurations giv-
ing rise to the observed states, we can estimate the energy
locations of the perturbing a 'A, e I, and d 'S+ states
through the use of the second-order spin—orbit constants
and the (0o+p+¢) lambda doubling parameter.

B. The second-order spin-orbit constants

Equal splittings AA between the components of a mul-
tiplet state only occur in the absence of higher-order spin—
orbit effects or spin—spin interaction. In triplet states, the
latter are both represented by an operator of the form
7 (13S§—Sz), such that the coefficient A contains contribu-
tions from them both. The spin-spin interaction decreases
in importance roughly as 1/Z, where Z is the atomic num-

‘ber, so that for a molecule as heavy as VN, only the spin—

orbit effects are important. Now, the principal higher-order
spin—orbit effect’in VN is the singlet—triplet interaction be-
tween states coming from the same electron configuration,
in other words, the a 'A and X 3A states of the configura-
tion 08 or the ¢ 'IT and D *II states from 8. The result in
both cases is that the central spin component of the triplet
state, with Q=A, is displaced below its expected position
by an amount 24; the positive sign of A indicates that the
singlet state lies above the triplet, as expected. The magni-
tude of A, combined with the spin—orbit matrix element
between the singlet and triplet states, allows the singlet—
triplet separation to be estimated.

The spin—orbit matrix element between the a'A and
X 3A states is easily calculated to be
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a A0+ i (aB—Ba) |Hy| X 3Ay;
23 _\75 S0 2

1
0‘5+75 (aB+/J’a)> =—ds=—151 cm™". (17)

The interaction can then be taken as a 2X2 matrix prob-
lem where the off-diagonal element H,=H,, is known, as
is the shift in the lower energy level resulting from the
diagonalization, i.e., Hy, — E,=2A. It is straightforward to
“undiagonalize” the 2 X2 matrix and obtain the difference
in the eigenvalues E;—E,, which is the expected singlet—

triplet separation. The required expression is**
‘ H},~s
E1-E2—'_—2S+ s s (18)

where s=H,,— E, (24 in the present case). The expression
is exact and therefore preferable to second-order perturba-
tion theory methods. Taking Hj,=—151 cm™! and 24
=6.7398 cm ™!, we calculate that the a ‘A state should lie
3390 cm ™! above X ®A,. The calculation assumes of course
that there are no other perturbations affecting the spin
structure of the X 3A state besides the a 'A-X *A, interac-
tion. : .

An equivalent treatment can be carried out for the
e 'TI-D *M interaction. The interaction matrix element is

<e ln;qrja+ 75 (af—Pa)|Hy| D 3n}j

- o
w8+ E (aB+Ba) > == (ﬁa+§ 617’)

=-—252.3 ecm™! (19)

(which, incidently, should be equal to the spin—orbit inter-
vals in the 3@ state arising from the 78 configuration).
With s=3(ECIL) =ECIL,;)) —ECII;) =28.29 cm ™", we
calculate that e 'TI should lie 2278 cm ™! above D 3I1,.

C. The (04 p-q) lambda-doubling parameter

Lambda doubling in *IT, components results from the
interactions with electronic X -states, through the spin-
orbit operator, together with a contribution from the
(Si——Sf;) part of the spin-spin operator.’® The states in
VN which are most likely to contribute to the A doubling
of (18)! (4m)! DI are the B3S~ and d '3 states aris-
ing from the configuration (18)?, though as will become
clear, the '2+ state from the configuration (9¢)? seems to
be involved as well.

As can be seen in Table V, the A doubling of D 3 I, for
zero rotation is 2(o+p-+gq)=19.36 cm™!. Now at
16071.42 em™!, about 100 em™! above D °II,, lies the
d 3% state, discovered in 1989 by Simard ez al® It was
proposed in Ref. 8 that the d !S7 state arises from the
configuration (99)'(100)!, where the 100 MO is mainly
vanadium 3do; however, it has been pointed out by Dunn’®
that the short bond length in the d '2+ state (r,=1.5653
A), which is marginally shorter than that of the ground
state (where ry=1.5666 A), is only consistent with elec-
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trons occupying the 9¢ or 18 MO rather than 100 which is
slightly antibonding. The d I3+ state is now assigned as
the 1= state arising from the configuration (16)2, which
is one of the two states that is expected to cause large
A-doubling effects in D °Il. Its companion, the (15)2
33~ state, is likely to lie about 8000 cm™! lower, this
distance being twice the exchange integral K® (Ref. 37)
whose value is known in the isovalent molecule NbN to be
about 4000 cm ™.

It is known that strong spin-orbit interaction occurs
between the =+ and 33~ states arising from electron con-
figurations such as 7 (Ref. 38) and 83! Consequently,
any attempt to rationalize the A doubling in the D °II state
of VN must include both these states. The interaction ma-
trix elements can be obtained in the Hartree—Fock (single
configuration) approximation as follows: We take the elec-
tronic wave functions as the Slater determinants

|8%d '2*) =3 (|16~ a8*B| — |67 Bs*al), (20)
|8%B32; ) =3 (|67 ab*B| + |67 B8 al), (1)
|6m,D My =35 (|67 Br~B| — |6 anrtal),  (22)

and, with application of the spin—orbit operator, obtain

(d =¥ |Hy,| Do) =—1(8|8|6) JI(I+1) —2=—ds,

(23)
(BO3§ | Hy| DMy =1 (5166) JIUI+ 1) —2=d5, (24)
(d 'St |H®| BSq ) =245, (25)

where the fact that the § electron is a pure V 3d(/=2) was
used. If we assume that the two A components of D °Il,
would be degenerate in the absence of these spin—orbit ef-
fects, i.e., neglecting the spin—spin interaction, the level
structure can be calculated from diagonalization of a 3X3
matrix

‘ 12+>0 |326->0 l3HOe)0
E°('=*) 24 —dg
st E°Czy)  as S
Symmetry 15989.12
|'=+) M)
1607.142 . O 0
= E°CZ5) 0
15 969.76

In this matrix, we take E°(>S™) as 8000 cm ™%, and d; as
151 cm™! (from the spin-orbit splitting of X 3A); there is

1’25

(26)
Symmetry

"enough information to solve for the other unknowns. An

iterative diagonalization procedure shows at once that a
sensible solution cannot be obtained unléss the spin—orbit
matrix element (87, 1S+ | H,,|8% 32 ~) is different from the
other ftwo matrix elements which involve (&2,
Y33 | H,,| 8, *II). In other words, the 4 MO cannot be in
“pure precession” with the 16 orbital, meaning that 4 is
by no means pure V 3dm; this is not surprising, of course,
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since the 4 orbital has to be constructed as a linear com-
bination of V(3dm) and N(2pr), while the 16 is essentially
the unchanged V 3d§ orbital.

We therefore keep the value (&% 12+IHS°I62 337
= 245 = 302 cm ™! since this integral involves the 16 MO
function only, and write the integrals involving the 3,

basis level in terms of a variable parameter d;. Iterative
solution then gives
@h=(2, 'S*t|H|6m Mgy =41.7 cm™},
(27)

E(12+)=16040.5 cm™!

The surprising result is that g5 is only 28% of the expected
value 151 cm™!

Much of the discrepancy can be immediately ascribed
to the fact that the 47 orbital is a mixture of V(3dw) and
N(2pw), principally. The experimental spin—orbit con-
stants for the X *A and D *II states are consistent with the
47 orbital being an approximately equal mixture of the two

P(4m) =272 [P(V,3dm) — (N, 2pm) ], (28)
though without ab initio calculations we cannot be more
explicit. However, given at 47 MO wave function of this
form, the parameter 4z would still be expected to be =75
cm™}, so that yet another factor has to be operating. -

It seems that a configuration interaction mechanism
similar to what is found in NbN (Ref. 39) must be present
in VN to explain the small value of 5. The energies of the
lowest-lying states of NbN, as presently known, are -

(8?) 3= (5112 em™!), *7(6504 cm™ 1),
0 1 )

1 (9919 ecm™ D), (08) a IA(5197 cm™ 1),

(%) b!1=+(5863 cm™!)

(relative to 08, X *A;). Assuming that the spacing of the
electronic states from the 8 configuration 3 ~ , 'T’, and
IS+ is equal, the splitting of the 335 and 33" states can be
calculated to second order given the value of ds from the
spin-orbit splitting of the o6 X A ground state

(2d5)*

PO =ECED) B3 ~[3505 35, ]

(2X446)*

-1
8630 '

cm
(29)

The experimental value is 492 cm =1, nearly five times

larger; this can only be explained if the nearby o 137 state
at 5863 cm‘1 has acquired some 8 !=* character as a
result of configuration interaction (CI). The CI mixing
would put some ¢® !S* character into the 82 '3+ state,
which is not known at present, but presumably lies near
14 000 cm ™!, This is borne out by Langhoff and Bauschli-
cher’s calculations,'® which lead them to state that “some
5s% character m1xes into this state, so that it has a smaller

4d population... .

3299

Therefore if an analogous CI mixing occurs in VN to
what is found in NbN, the value of d5 would be reduced yet
further. It will be instructive to attempt to calculate dg by
ab initio methods.

Our conclusions about the A doubling in D *II are also
consistent with the intrinsic radiativé lifetimes. In the ab-
sence of the d '=*—D 3 perturbation the d 'S«.X *A, os
cillator strength would be zero and the lifetimes of the
d '3+ state would be very long (> 1 ms) because all the
lower states differ by more than one spin orbital from
d 'S*, so that for practical purposes, the unperturbed life-
time of the d 'Z ™ state may be taken as infinite. When the
perturbation is turned on, the lifetime of the & 13+ state
decreases and that of the D 31, component increases. The
relationship between perturbed (7. ) and unperturbed ()
lifetimes for this particular case is*

1 i 1

S @TH (D) (D)
where 7°( D *I1) is equal to the lifetime of the D *T1, _{ com-
ponent, which is 82 ns. The lifetime of the d !Z7 state
[7_(d 'S%)] has been estimated by Simard ef al® to be
1100200 ns, so that 7_ (D 3I1,,) is calculated to be 89 ns,
in very good agreement with the experimental value of
914 ns.

(30)

D. The magnetic hyperfine structure

As mentioned before, due to spin—orbit distortion, five
hyperfine parameters instead of the usual three are re-
quired to describe the hyperfine structure in both the X *A
and D3II states. Such a breakdown of the case (ag) for-
malism has been observed and analyzed in great detail by
Azuma et al.** in their high resolution work on the B >®—
X 3A(0,0) band of NbN. Since VN is isovalent with NbN,
it is not surprising that the same phenomenon is observed
here. The analysis given below will therefore be essentially
the same as that reported by Azuma ez al.'*

The distortion of the hyperfine structure arises from
cross terms between the spin—orbit operator (L-S) and the
Fermi contact operator (I+S). This is a second-order effect
whose end result is to modify the apparent value of o, the
coefficient of the (I-L) operator. The reason is that the
combination of the operators (L-S)(I-S) is equivalent to

- a multiple of (S-S)(I-L). It is important to realize here

that only the Z=0 component is spin orbit distorted, so
that the unperturbed 2 and (b+c¢) hyperfine parameters
can be extracted from the =21 components. For the
X %A state of VN, we find (Table V)

hy=2a+ (b+c¢)=0.06472 cm™,

(31)
h_y=2a—(b+c)=—0.019 56 cm™,
which yields
a=0.01129 cm™, (b+c¢)=0.04214 cm~ L. (32)

The electron orbital nuclear spin interaction parameter

for a one-nuclear spin diatomic molecule may be written

aS25
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: 1
a=ggnupity 2 (¥| = |¥), (33)
4 i

where g is the electron g factor, gy is the nuclear g factor,
U p is the Bohr magneton, and p is the nuclear magneton.
The other symbols have their usual meaning. The summa-
tion extends over all the unpaired electrons which are lo-
cated at distance #, from the nucleus. For the *'V nucleus,
the constant factor is equal to 140.7 (MHz au?).* On
inserting the determinantal wave function for the X 3A;
components [Eq. (15)] in Eq. (33) and solving, we obtain

a(X *A)(MHz) =140.7(3d| | 3d), (34)

where the & electron is assumed to be a pure V 3d electron.
The expectation value of (r~3),, for V(3d°4s*) has been
determined experimentally to be 2.52 a.u.~? by Childs and
Goodman using an atomic beam-magnetic resonance tech-
nique.! This yields a calculated value of 355 MHz
(0.011 81 em™!) for a(X °A), in striking agreement with
the experimental value of 339 MHz (0.011 29 em™h).

We have been unable to track down experimental val-
ues of {r3),, for any configurations of V* and V**, but
at the Hartree—Fock level,*? there is no significant differ-
ence between {(r>);; for V(3d%s?) and (r~3),, for
V+(3d4s) and only a 4% increase for V+*(3d%). There-
fore, it is not possible from the a parameter alone to say
anything specific about the ionicity of VN in its ground
state. . .

If case ag coupling applies, the hyperfine parameter A
should be equal to 2a (==0.022 58 cm™1), but the experi-
ment indicates that #,=0.027 59 cm~!. As mentioned be-
fore, the difference comes from the cross term between the
spin—orbit and Fermi contact operators which raises the
apparent value of the a parameter in the X *A, component.
Since this is a second-order effect, where the spin-orbit
part comes just from the @ 1A~ X %A, interaction, the in-
crease in the a value can be determined from second-order
perturbation theory (with ds=24) (Ref. 14)

X . 245(b—c) 4A(b~;c)
alcm™ )= [E°(AY—E°CA)]- [E°(A)—E°CAYT

~ The problem here is to obtain the values of b and c
since neither of them is determined individually by the
experiment. One way is to estimate the b parameter from
the mean of the b, and b_ values, but this is a poor ap-
‘proximation. A better approach is to calculate ¢ since the
X 3A'state is well represented by the single configuration
o'8'. The expression for the dipolar parameter c is '

> 1\1/%(32911\1' 36

c=7 8entaty 55 (V| 2 (3 cos6,— ) = |¥), (36)
where the summation extends over all the unpaired elec-
trons. Solving this equation using the determinantal wave
functions given by Eq. (15) and using the experimental
values of 2.52 a.u.”> for (r73);, we find c=—0.00507
cm™}, where the negative sign arises because (3 cos*6
—1)3,=—4/7.** Comparing this with the value of (b+c),
we obtain 5=0.047 21 cm™'. Now, using these values to-

(35)

gether with 4=75.50396 cm~' and [E°('A)—E°(*A)]
=3383 cm™!, we calculate f,—2¢=0.004 67 cm™!, in
very good agreement with the experimental shift of
0.005 02 cm ™%,

. The 90 MO contains a large fraction of V 4s character.
The amount of V 4s character can be quantified through
the Fermi contact parameter by, which is given by

bp=b+3c=0.04552 cm ™}, (37)
which yields
v 4= VR A) 100
% V As=11/2)bp(free V) <
0.045 52 cm~!
X 100=87.9%, (38)

~(1/2)0.1036 cm

where the factor (1/2) in the denominator arises because
there are two unpaired electrons, so the o electron carries
only half of the total spin angular momentum. The value of
bp(free V) was obtained from the laser-rf double resonance
measurements of Childs et al.* for the configuration 3d*4s.
A corresponding calculation gives the percentage 4s char-
acter in the 90 MO of VO(X *=7) as 79.5%. This appears
to be inconsistent with the shorter bond length in VN com-
pared to VO [rg(VN)=1.5666 A, r(VO)=15921 A)
(Ref. 1) because the ligand field experienced by the metal
atom, which is proportional to 1/#2, is larger in VN than in
VO, so that the 90 MO should be more hybridized in VN'
than in VO. Why the opposite is observed is not clear, but
it is interesting to note that the % V 4s in the 90 MO of the
a?31(6%0) state, the low spin companion of the X 43—
state, is 89.8%, a value comparing very well with expecta-
tion based on VN. Clearly there are some fundamentals
features in the electronic structure of VO which still need
to be clarified. This is beyond the scope of this paper.

We now turn to the D °II state. The hyperfine struc-
ture carries less information for the 3TI states than it does
for 3A states because 4 _, is not determinable. One has

hy(D M) =a+ (b+c)=—0.00028 cm~}, (39)
ho( D ) =a+Aa('I1)=0.015 75 cm~.

Neglecting the effect of Aa for the moment, as it is likely to
be quite small, we see that

@ —(b+ec)=0.015 cm™. (40)

The negative value of (b+¢) suggests that there can be no
unpaired electron in the 90 MO (V 4s) in the D 311 state,
or in other words, that the electron configuration is likely
to be (18)'(4m)" rather than (90)'(4m)".

Working on this assumption, we can be more precise
about the hyperfine parameters because it is then possible
to estimate Aa using the analog of Eq. (35); specifically,
we have ' '

A 2{87' 1| Hyy | 67T, ) (b—c)
TR -—BPCm)

where the spin-orbit matrix element has been given as Eq.
(19) and the singlet—triplet separation was previously es-

(41)
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timated to be 2278 cm~'. To evaluate Aa, we must esti-
mate (b—c), which we do by taking b as (b +b_)/2=
—0.0079 cm~! (Table V) and calculating ¢ from Eq. (36),
approximating that the 7 MO is a pure vanadium 3d7. The
results are

(b—c)=—0.0054 cm™!, Aa=0.0012 cm~!. (42)

Clearly this value of Aa can only be correct to within a
‘factor of 2 because of the many approximations and the
fairly large error limit on b . Nevertheless, it is not neg-
ligible and, substituting into Eq. (39), we obtam the im-
proved estimate

@ —(b+c)~0.014 cm™! (43)

Again, making the approximations that the § and =
electrons are pure V 3d, and taking (1'3)3d—2 52 a.u. as
before,*! we calculate

a(D ). =0.011 82 cm ™! (44)

using Eq. (33). The reasonably good agreement with the
value estimated from experiment supports the conclusion
from the negative Fermi contact parameter that the D °I1
state comes from the configuration (16)! (4#)1. The small
discrepancy is not unexpected because the 47 MO should
strictly be written

|4m) =, | V3dm) —cy | N2pm),
which implies that the @ parameter should be

a(-D 3H,617Tl)calc. (cmh ! )

(45)

=0.004 69[2(r~3)34— (c(3dm|r3|3dm)

+E2pw|F3 | 2pmy —2¢10,(3dm | r3 | 2pT)) ], (46)

where integration involving the N orbitals must be per-
formed with respect to the vanadium nucleus. This equa-
tion shows that the calculated value of ¢ in Eq. (44) is
likely to be a lower limit.

The coefficient ¢; in Eq. (45) can be estimated if we set
the nitrogen integrals to zero and substitute a=0.014 cm ™’
in Eq. (46). We find ¢}=0.82, a more reasonable result
than the spin-orbit parameters seem to imply (vide supra).

Turning to the Fermi contact and dipolar parameters,
we can estimate ¢ using Eq. (36) together with the coeffi-
cient ¢; just obtained and find

¢(D M) . =—0.0030 cm™! (47)
Since (b+c¢)~0.014 cm™!, we get
5(D3M)=~—0.011 cm™! (48)

This value is to be compared with the off-diagonal param-
eters b, and b_, which give b= —0.0079+0.0016 cm~".
The agreement is not perfect, but it must be remembered
that if it is necessary to determine two separate parameters
b, and b_ in a triplet state, there must be considerable
spin—orbit contamination of the component, so that com-
plete agreement should not be expected. In fact, because of
the strong interaction between DIl and d !, the pa-
rameter b_. should probably be treated just as a fitting

parameter, so that a more appropriate comparison would
be with 5, = —0.009 44+0.001 23 cm™Y; in this case, the
agreement is almost within the error limit.

We have in fact done these calculations iteratively. It
will be seen that the values of » and ¢ just given are not
consistent with the value of (b—c) taken from Eq. (42).
However, if we substitute (b—c¢) = -—0.008 cm ™! into Eq.
(41), Aa is found to be 0.0018 cm ! and we get

a(D3I1)=0.0140 cm™},
(49)
(b+¢)(D3M)=~-0.0143 cm™!

The estimate given as Eq. (43) was obtained this way, so
that the derived parameters given above are consistent. The
“true” Fermi contact parameter for the D 31 state is

bp(D3M)=b+3c~—0012 cm~". (50)

The small negative value of b clearly indicates that there
is no V 4s electron density present at the vanadium nu-
cleus, thus providing further support for the leading con-
figuration - --80” 37 18' 4. The residual electron density
at the vanadium nucleus must then arise from spin polar-
ization. Since the mechanism for spin polarization is con-
figuration interaction, the - - -80” 37* 18 4+ configuration
alone is insufficient to describe completely and accurately
the D3Il state. The amount of contamination, although
not quantifiable here, must be rather small because the
calculated values of some parameters using the single con-
figuration ---80” 37* 18" 47! approach the experimental
values quite closely. Further insights into this problem
must await rellable ab initio calculations.

E. Comparison with TiO and other first-row TM
species

In this last section, we compare the gross electronic
structure of VN with that of the isoelectronic molecule
TiO.!? The energy level diagrams are compared in Fig. 8,
which clearly shows that the electronic structures of these
two molecules very closely mirror each other. Perhaps
even more striking is the close similarity of the singlet—
triplet separations—3448 cm~! (expt) in TiO vs 3390
cm™! (cale.) in VN. In fact, the energy level diagrams‘ are
so similar that the locations of yet unobserved states in one
molecule can be estimated with a reasonable accuracy from
the other.

The bond lengths of some known states in VN and TiO
are compared in Table VL. The bond lengths in VN are
shorter by 0.05-0.10 A than the corresponding ones in
TiO. Note how the differences increase with increasing en-
ergy. Comparisons with other species show that, apart
from monohydrides, VN has the shortest ground state
bond length of all known transition metal molecules. It has
almost the same ground state bond length as LiF (r,
that the ground state bond length decreases in the series
ScN (X '=+,---80%37*% r,=1.6954 A) (Ref. 3) >TiN
(X23t,---80%37%9¢", ry=1.5825 A) (Ref. 7) >VN
(X 3A,---86%37%94118!, rp=1.5666 A) which may seem
somewhat surprising since the 90 and 16 MOs are essen-
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FIG. 8. The energy level diagram for VN and TiO. The data for TiO were
taken from Refs. 1, 2, 19, and 20, Yet unobserved but predicted states are
indicated by dashed lines. The singlet-triplet splitting is calculated to be
3390 cm~! in VN and experimentally determined to be 3448 cm ™! in
TiO. The first excited singlet II state in TiO arises from the ---9¢" 47!
configuration, while the second arises from the :--15' 47 configuration.
It is the latter that must be compared with the one predicted for VN.

tially nonbonding orbitals. These observations may be sug-
gestive of a more ionic bond in VN than in TiO, TiN, and
ScN. A measurement of the permanent dipole moment of
VN would be at this stage very useful. Work in this area is
in progress in our laboratories.

Vili. SUMMARY AND CONCLUSION

This paper describes a detailed analysis of the rota-
tional, fine, and hyperfine structures of the D °II-
X 3A(0,0) band of VN, a molecule exhibiting a breakdown
of the case (ag) formalism. A set of 35 molecular param-
eters, of which 10 are necessary to describe the hyperfine
structure, has been derived. This hyperfine structure is due
solely to the 3!V nucleus. The first-order spin—orbit and the
magnetic hyperfine constants have been interpreted in
terms of the leading configurations giving rise to the X 3A
and D3Il states. The X *A state is very well represented by
the single ---80 37* 90! 18! electron configuration in
which the 90 MO is a V 4s—4p hybrid composed of 88% of
V 45 and the 18 orbital is a pure V 3d orbital, while the
dominant configuration in the D 311 state is- - -80” 37* 18!
47!, in which the 44 orbital is an antibonding orbital com-
posed at most of 829% of V 3d. From the second-order
spin—orbit constants, the isoconfigurational states @ 'A and
e 'TI have been calculated to lie 3390 and 2200 cm ™! above
their high spin companions. This isoconfigurational spin—
orbit interaction is almost entirely responsible for the dis-
tortion of the magnetic hyperfine structure in both states.

TABLE VI. A comparison between corresponding bond lengths (in ;&ng—
strom) in some selected states of VN and TiO.

State * VN (7)) TiO (7,) A?
X3A 1.5666 1.6202 0.0536
Cco 1.5851 1.6643 0.0792
D 1.6663 - 0.1076

1.5587.

2A=r,(TiO) —ry(VN).

Balfour et al.: The D 3I1(7)-X 3A(¢8)(0,0) band of VN

The lambda doubling in the D *I1, component seems to be
due to spin-orbit interactions with the nearby d '=* and
35~ states, both arising from the &% configuration. The
d 3% state lies above the D °M,, component while the
33~ state lies some way below. The interaction with the
d =7 state is in fact so strong that it has been necessary to
use very high order centrifugal distortion terms to explain
the course of the rotational levels in D °IL. In retrospect, it
might have been advantageous to carry out a simultaneous -
fit to the d '=* and D Il states; this was not attempted
because the interaction matrix element is so different from
the value expected in single configuration approximation.

Finally, this work has raised the need for reliable ab
initio calculations and for an experimental determination
of the permanent dipole moment.
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