Hyperfine structure in the red emission system of NbN
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A detailed study of hyperfine structure observed in the 0,0 band of the *®( ag)—A(ag) system of NbN has
shown that the secondary hyperfine effects observed in this structure are not due to a perturbation in the
3A state but rather to the presence of a nonnegligible hyperfine effect in the *® excited state. Calculations
of the intensity factors corresponding to the observed transitions confirm this hypothesis and give results in

excellent agreement with experiment.

I. INTRODUCTION

During the past few years, many nuclear hyperfine
effects due to coupling between nuclear spins and various
molecular angular momenta have been observed in the
electronic spectra of diatomic molecules. For the most
part, the various coupling cases discussed by Frosch
and Foley! in 1952, have now actually been observed,
Case a; has been observed in the 4, %Il ,, state of
HgH?*? which shows an unusual A doubling effect due
to terms which are off diagonal in A, in the hyperfine
Hamiltonian, and in the °I state of BiH, #° where case
¢ tendencies are undoubtedly present. Examples of
bgs are the X% state of HgH, #° and the B2Z state of
CN, ¢-® while case c, has been observed in various sys-
tems of BiO, *10

More importantly, it has been found that the ground
electronic states of diatomic oxides and nitrides of the
transition metals involve an s electron, almost com-
pletely localized on the metal atom, !* and this has re-
sulted in many excellent examples of large nuclear
hyperfine effects in the electronic transitions of these
molecules. This is the case for the =" (ground) states
of VO'1% and NbO, 5 where the coupling case is bg,
while the 2% (ground) states of ScO, *** Ly0, !* and
La0*® have exhibited b,¢ coupling with b,, tendencies
having been demonstrated for the high N levels of LaO.!®

Discovery of the %% ~3A system of NbN by Dunn and
Rao'? in 1969, added this unusual example to the others,
It was observed that there is a very large hyperfine
splitting at low values of J (and inversely proportional
to J2), which allowed them to conclude that the 3A state
is an excellent example of case @, coupling, As well as
the main hyperfine effects, there are secondary split-
tings, These, together with the role of NbN as the first
nonhydride molecule to exhibit a; coupling, seemed to
us to call for a thorough analysis of all the observed
hyperfine effects—both primary and secondary.

Il. THE SPECTRUM OF NbN

The main interest in this spectrum is in the very
large hyperfine effects observed in the low J members
of the R branches in the 3¢, %4A; and @, ~ %4, subbands
of the 0, 0 band (see Fig. 1). No such effects were ob-
served in the 3®;~ %A, subband (other than a slightly
larger than normal linewidth of the R (2) line); a possible
explanation of this was provided by the original authors.
The principal component of the hyperfine effect can be
attributed to the presence of a large component of “s”
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electronic character, so that there is an appreciable
electron density close to the niobium atom nucleus in
the 3A state. The interaction between electron and
nuclear spins in this case places great importance on
the “Fermi term” (bI-8) in the Frosch and Foley
Hamiltonian,' In this hypothesis, all of the hyperfine
effect is confined to the *A state in case a; according
to the hyperfine Hamiltonian®5:

Hyyo=[ah+ (B +c)Z][Q/T(T+1)]1-T, with I+J=F, (1)

In the situation where a~0, the presence of the term
© leads to the expectation that there will be a factor of
~3 in the linewidths of lines with the same value of J in
the two subbands 3®, ~ %4, and 3¢, ~°A,., Experimentally,
the value is somewhat less than this (~1.6).

Still with the condition a~0, the formula shows that
no hyperfine splitting is possible when £ =0, i.e., for
the 3¢, %A, subband. For this reason, the small in-
creased linewidth observed for R(2) was attributed to
case ¢ tendencies of the 3A state and this is, to some
extent, supported*® by the inequality of the distances
between the subbands 3¢, ~3A; and *®,~34,, compared
with the distance from 3¢,-3%4, to 3¢, 3%4,.

Despite a general understanding of the origin of the
hyperfine structure, the presence of the “extra” com-
ponents in the R(1) and R(2) lines of the subband 33,
~3A; and in the low J members of the 3¢, ~34; subband,
has never been satisfactorily explained. The study of
these secondary effects has led us to improve our pre-
vious experimental techniques, obtaining the spectra at
a greater reciprocal dispersion (~0.2-0.4 A/mm® and
better resolution than the original studies.!” The micro-
densitometer traces of the first R lines in all three 0, 0
subbands is given in Fig. 1.

The first thing one observes in the R(1) line of the
3¢,~34, is the completely resolved doubling of the first
two hyperfine components (corresponding to F, = ¥ and
-% ) and the large number of components in the following
lines. Unfortunately, the lines R(3) and R(5) of the
¢, - 3A; subband are masked by strong atomic lines,
which we have not been able to eliminate, and this has
deprived us of some valuable information.

As a result of this, together with the fact that the
ratio of the linewidths in the 3,34, and %, ~ %A,
subbands is too low when compared with the theoretical
value, it is necessary to examine the various possible
theoretical models to explain all of the effects observed.
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FIG. 1. Microdensitometer traces and theoretical structure of the spectrum using the hypothesis of a hyperfine effect in the &
state, (For the significance of the intensities, see Ref. 25). (a) subband 3&, —3A,, (b) subband *&; —3A,, (c) subband &, =34,
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Hi. THEORETICAL

We have discarded, a priori, certain hypotheses which
are incompatible with the experimental observations,
For example, a local Adoubling in the & state which
does not have the correct F dependence of the effect
obtained in R(1) of the *®,~ %A, subband and which only
occurs in sixth order of perturbation theory. This
seems excessive even for a localized perturbation and
will not be discussed further. Thus, from such con-
siderations, three possibilities have emerged and have
been studied; the possibility of a tendency towards case
a, in the 3A state, the presence of a localized perturba-
tion in the first levels of *A, thereby removing the A
degeneracy and, finally, the existance of a nonnegligible

LonEn 4 A S

hyperfine interaction in the & state.
A. Thea, model

The observation of extra lines suggests the possibility
of forbidden transitions (AJ+# 0, +1) due to the progres-
sive transition of the %A state from case a, at low J to
ag at higher J. This was, therefore, studied as an in-
termediate coupling case in basis a, by analogy with the
well known treatments of Hund’s coupling cases between
a and b." If all interactions with other states, as well
as interaction between the three substates of 2A are
ignored, the Hamiltonian takes the following form:

H=H, +AL,S,+B(F?-F2,12-1%2,82%_52)
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+[aL,+(b+¢)S,]11,- B(F*L.+F~1,), (2)

where H,, is the vibronic part, the notation F* and I,
is defined elsewhere.?® The other notation is normal.
For each subsystem this Hamiltonian is represented in
a basis a,, {|ASZIZ,, QzFM;)}, by a 10x10 matrix
and this was diagonalized numerically using trial pa-
rameters.

The same results are obtained if one uses a Hamil-
tonian in a basis ag but with the hyperfine part of the
energy introduced as a perturbation in first order [Eq.
(1)}. The results show that the R(1) line of 3¢, %4,
for example, contains only the three “classical” hyper-
fine components and, thus, this possibility cannot be
correct.

B. A perturbation

The two first components of the R(1) line of the
3¢,~ 34, subband appear as doublets and it is possible
to envisage them as being caused by a localized per-
turbation removing the A degeneracy of the levels of
the 34, substate. One such effect is produced by the
matrix elements connecting the wavefunctions |ASZ
IQJF) and 0,|ASZIQJF)=¢| —AS —Z [ - QJF) in the
ag basis, where 0, is the symmetry operator for reflec-
tion in the plane x0z in the molecular frame and € is a
phase factor.!® After symmetrization, in the Kronig
sense, of these functions, i.e.,

|ASZ IQJF +) =1/J2[ASZ IQJF) +0, | ASZ IQJF)]. (3)

The matrix element of the Hamiltonian in the new basis
can be written

(A'S'S' T F + |H|ASZIQJF +)
= (A'S'S' P QJ'F' |H|ASZ IQJF)
+ (N'S'Z' PYPF' |Hoy|ASZIQJF) . (4)

In the particular case of the A state (A =2), the second
term on the right hand side, which will remove the A
degeneracy, can be obtained in fourth order of perturba-
tion theory if one uses elements with AA =+ 1 of the
classical spin—orbit and rotational Hamiltonian, or to
second order with the elements AA =+ 2 of the hyperfine
Hamiltonian. !

In the first case it is a substate, °I;, °I,, or i,
which perturbs the 34, substate in a resonant manner,
and the A doubling term takes the form

+[p/(E,-Ep)?lJ(d+1). (5)

.In the second case, ®A, is perturbed by a 3T state,
any 'T state yielding a zero matrix element. Bearing
in mind the noncrossing rule, this ’Z state can only be
assigoed as (5s0, 4do) 3Z and, since the configuration
contains an s electron, it will almost certainly possess
a significant hyperfine interaction. Of all the possibili-
ties, only that one corresponding to the perturbation of
the J level of the A, substate by the level Ng=J,
Jp=J+1 of the *Z state would give a numerical correct
agreement. The A doubling term then becomes

1

*E,.-E;

y [ 52 JEF+I+d+ 2T+ J-F+1IF 4 J=I+10(F+I1-J)
2(2J+1)(2J +3)? ] '

6)
The details of this calculation will be given later.? In
these two cases, p and d are adjustable parameters.
To interpret the variation in J and F of the resonant
effect, £,, Ey, and E are replaced by their total
energies (including both rotational and hyperfine parts)
of the corresponding states. This procedure introduces
formally adjustable parameters such as, for example,
the difference B, — Dy, since the actual values are not
known.

It is important to note that, if this theoretical ap-
proach is correct for lines with J=2, for which the
resonance is not too strong, some reservations must
be expressed with respect to the application of this per-
turbation approach to a component such as F = £ of
R(1) for which, in the second case for example, the
energy difference in the denominator is only double

ithat of the square root of the factor in brackets. In

such cases, perturbation theory cannot be used in view
of extensive mixing of the “perturbed” and “perturbing”
states. However, in the complete absence of informa-
tion about the perturbing state and with the relatively
small amount of information available from the optical
spectrum, such a calculation can give some idea of the
relative disposition of the levels. The major arguments
which decide the issue are, however, of a qualitative
nature and do not, therefore, depend upon small quan-
titative discrepancies between theory and experiment.

In spite of these fundamental reservations, the re-
sults obtained are relatively good. For example, we
give in Fig. 2 the positions®® and theoretical inten-
sities®® compared with the experimental cbservations
for the case of a hyperfine perturbation with AA =2 by
a 3T state. The apparently good fit is, unfortunately,
weakened by a large number of unfavorable arguments.

First of all is the complexity of the model and the
high order of perturbation theory which one is obliged
to invoke.

Second, is the fact that in each case the presence of
an electronic state very close to the 8A state and, per-
haps, even below the latter, which has been found to
be, most likely, the ground state of NbN. This problem
is very difficult to overcome, particularly in view of
the known disposition of electronic states for the iso-
electronic molecule ZrO.2

Third, the lambda doubling being symmetrical, the
centers of the doublets should theoretically follow a
Landé interval form and this is not found experimen-
tally.

Fourth, the two lambda components must, theoreti-
cally, have the same intensity (see Appendix). This
does not appear to be true from an examination of the
experimental results even though, taking into account
the low intensities of these components, it is possible
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FIG. 2. Comparison of calculated and observed lines for the case of a perturbation in the 3A1 substate by a state (AA=%2),

to have some reservations about the accuracy of the
photographic process in such cases.

Fifth, in order to correctly reproduce the linewidths
for the 3®,~ %A, subband lines, it is necessary to use a
negative value for the “a” hyperfine parameter pertinent
to the %A state. This is incompatible with the defini-
tion' of

a=2g; otall/7Y) .

Sixth, and finally, we wish to point out that the dif-

ferences By - B, and/or By - B, which must be used to

obtain agreement with experiment, are far too large to
be reasonable (+0.075 and +0.120 cm™, respectively).

Thus, despite the plausibility of this hypothesis, we
have been led to reject it as the cause of the secondary
hyperfine effects.

C. Hyperfine structure in the 3 & state

The necessity for a negative a, value in the preceding
model led us to investigate the effect of a nonnegligible
value of aq, i.e., in the excited state. As a first ap-
proximation this was done by considering a,~ 0 and
bg+cg~0, i.e., we assumed

(ba+ca)Z[Q/T(T+1)]1. T, (7)
and
apg A[Q/T(J+D]1. T, (8)

to give the hyperfine corrections to the lower and upper
states, respectively.

With these premises for each lower level (J, F),
there are three transitions possible

(J+1,F +1)g = (J,F), ,
(J+1, Flg~(J, F), ,

(J+1,F = 1)~ (J, F), .

As a consequence, each hyperfine component may be
split into three lines, although the spectrum itself shows
only two. We have, therefore, undertaken the calcula-
tion of the intensity factors corresponding to these
transitions using the techniques of the MI method. %

The details of this calculation will be given elsewhere®!

but the formulas obtained have been givenin the Appendix
for reference purposes. It is found that one of the com-
ponents of the hyperfine triplet has a very low intensity

and that the other two have intensities in agreement with
the experimental observations.

On obtaining spectra of better resolution and recipro-
cal dispersion, it became necessary to improve the
original postulates by introducing the more general
case where g, #0 and (b, +c,)#0. We have, then, been
able to calculate the positions (and intensities) of the
hyperfine components using the pair of expressions

Hy=Top+ Bed(J+ 1)+ Hy ©)

Hy=Top+ ByJ(J+ 1)+ Hyy

for each subband observed in the spectrum, i.e., three
in all. The terms which are off diagonal in T or in A
have been ignored since they will be unimportant in the
first few lines studied in each subband. They will, how-
ever, be taken into aceount in a subsequent study'® of
the fine structure of the 3 —3A transition of NbN,

The results obtained are given in the conventional
form of bars in Figs. 1,25

The excellent agreement between theory and experi-
ment in this case strongly suggests this as the correct
model for the secondary hyperfine effects observed.
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TABLE I. Best values of one-electron parameters

a and b +c¢ as obtained for both A and & states (in
-1

cm™),

State
Parameter ® A
a 0,017 +£0.003 0,016 +0, 0003
b+c - 0,011 +0, 007 0.098:+0, 005

IV. NUMERICAL RESULTS

In the calculation of the frequencies by the use of
formulas (9) we have used the values of B, and B, which
have been deduced'® from a study of the fine structure
of the 3% —3A system of NbN,

As far as the hyperfine parameters are concerned,
only a very small number of single lines can be assigned
with complete confidence—particularly in the subband
3¢, ~3Ay—s0 that the method of least squares is not
valid. It is possible that a further experimental study
using interferometry might be useful in this matter.
However, because of the high quality of the information
obtained from the 3®, - %A, subband, we have been able
to obtain good values for the quantities 3a, — (by + Co)
and 2a, — (b, + c,), and these have been used to repro-
duce the actual spectrum in a very satisfactory way
(see Fig. 1). Overlapping of the most “instructive”
lines in the *®, ~3A; subband has made the determina-
tion of the quantities 3a,+ (by+cy) and 2a, + (by+c,) a
less precise situation. In this latter case, the infor-
mation obtained from the linewidihs has been used to
confirm the results. The best values are given in
Table I.

The errors have been estimated from the differences
between the values obtained for the four effective con-
stants 3agt (by+ C) and 2a, £ (b, + ¢,). It is also of note
that only the sums bg+ cy and b, + ¢, could be obtained
from our analysis.

V. DISCUSSION
A. The 3A state

The most important cause of the hyperfine effects ob-
served in the rotational levels of the 3A state of the NbN
molecule is clearly the Fermi contact term 5I. S in
Frosch and Foley’s hyperfine Hamiltonian.! They
pointed out the significance of the parameter b as an
indication of the presence of s electron density and this
was the reason for the original assignment!” of the 3a
(probably the ground) state of NbN as arising from the
configuration (5so, 4d6) essentially localized on the
niobium atom.

As an initial approximation the wavefunctions appro-
priate to the 34, and 3A3 substates can be represented
by the tensor products of the one electron functions
IsoB,d5B) and |soa,dba), respectively. These func-
tions are actually atomic wavefunctions centered on the
metal ion as is usual in this kind of molecule, ?*'® With
this approximation and using the fact that ¢=0 when the

charge distribution is spherical, a rough calculation
shows that the effective parameters deduced in the pre-
ceding section, can be related to the one electron pa-
rameters by the following:

ay~2a,,
by+ Cp=3(by+ be+ Cg) ~ 5 by — bg . (10)

The last expression follows if one takes account of the
relation ¢;~ - 3b, in the absence of any s electron con-
tribution. It is clear that b, is very small compared
with b,. This arises from the form of b,!i.e.,

_ s O(ry) 38cogiy-~1
b—Zgll-loH,,[,s' le - 273 o’

and the fact that 1d6)~0 as r; —0 while |so) does not.
In this case, a one electron parameter b,, can be ob-
tained, i.e., b,(*A,NbN)=2x0,098=0.196 cm™. The
same type of analysis may be applied to the hyperfine
effects observed® in the transition ‘- *Z and *> ~*%
of NbO and the formulas for the hypermultiplet widths
derived by one of us previously® can be used to obtain
an effective parameter b~0.064 cm™,

If it is assumed that this structure is completely
localized in the ground *%-(b,,) state of NbO, bearing
in mind that the open shell contains only a single s con-
tribution, and using a rough calculation similar to that
employed by Richards and Barrow, !2 we obtain for the
one electron parameter b,:

b,(*T, NbO)~3x0,084=0,192 cm™ ,

which is almost identical with the value obtained for the
NbN 3A state,

These results confirm that in both the *A state of
NbN and the ‘=" state of NbO, the hyperfine effect is
essentially due to the contribution of an s type electron
and that this contribution varies very little from the
nitride to the oxide—surely a surprising conclusion if
the conventional concepts of the electronic contribution
to the binding energy of such molecules are espoused.

B. The 3 & state

This state appears to be, what will probably turn out
to be rare, an example of an excited state with case a,
hyperfine coupling. In fact, except for the example of
HgH, ** where the hyperfine structure of the 4, %I,
state owes its appearance entirely to an abnormal A
doubling effect, other examples of this type (a,) are
either complicated by quadrupolar effects (e.g. InH?®),
which is insignificant for NbN due to the very small value
of @ for Nb, 3 or else show strong case c tendencies
(e.g. BiH"® and InH?"). This latter problem has been
underscored in the case of the Il state of InH where
the case ¢ tendencyis necessary to explain the presence
of hyperfine effects in the center subband where the
zero value of = causes the important hyperfine terms
to vanish in case a,.

This effect, suggested in II as a possible explanation
of the linewidth of the R(2) line in the %®, %A, subband
is not really necessary as reference to Fig. 1 (b) shows.
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What at first sight appears as a large width of the R(2)
line in a weak spectrum, is seen in a much more in-
tense spectrum as due to the presence of a line which
is not a part of the structure of this subband. This
eliminates any necessity for invoking case c tendencies
in NbN. A calculation analogous to that carried out for
the °A state and using the simplified wavefunctions
|p7B, d6B) for *®, and |pra, dda) for *®, once again
allows us to express the observed “term” parameters
as one electron parameters. In particular,

Ap™ O+ 205 ,
bo+ Co~— by = b (With ¢, =— 35, and ¢;=~3%;), (11)

and taking into account the result found previously, i.e.,
that a,~a,, a comparison of the relations (10) and (11)
suggests that a, << g the latter having the value 0.008
cm™, This strongly suggests that it is the 446 electron
which is responsible for the hyperfine structure ob-
served for the °® state, its contribution in the ®A state
being effectively masked by the much larger b, contri-
bution from the 5so electron, This, in turn, suggests
that a similar contribution from the a term is unlikely
to be observed in the (@62, po) *- and (do?, pm) 11 ex-
cited states of NbO since, in these examples, the I,
components (along the internuclear axis) of the one
electron orbital moments [ of the two d8 electrons, are
opposite to one another and their individual hyperfine
contributions, al,I,, cancel identically.

APPENDIX

VI. CONCLUSIONS

After consideration of the possible origins for the
secondary hyperfine effect in the (0, 0) band of the
3% —3A system of NbN, the most satisfactory explana-
tion is that of a nonnegligible hyperfine effect on the 3®
state. Analysis of spectra obtained at an even higher
dispersion and resolving power than were used pre-
viously, 17 coupled with a theoretical study of the hyper-
fine transition intensities, has confirmed this hypothesis.

The complete analysis of the rotational fine structure
of this system is presently under way. This study has
revealed the existence of an “anomalously” large line-
width in the region of high J (2 50) in the 3A; state
which could be due either to A doubling in the *A state
or, perhaps even more interestingly, a further hyper-
fine effect resulting from a decoupling of the electron
spin in one of the two states, with the resultant transi-
tion from case qg towards by, nuclear coupling. The
presence of a perturbation appears to be unlikely,
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The intensity factors used in this paper were calculated using the MI method which has been discussed more com-

pletely elsewhere, 2%

21 In the particular case of a transition of a molecule with coupling a,, for which @'=Q+1, to

a state also with coupling a,, the intensity factors are as follows:

R branch S =J+l1=~d
I+d+ F+2)I+JJ+ F+3)J+ F=I+1)(J+ F=1+2)
F'=Fi1-F 2r(9, I)X ) (
I+J+ F+2)(F+J=I+ 1)+ J=-F+ 1)+ F=J)(2F+1)
F'=F~F (
£r(2, J)x F(F+ 1)
P po1-F 2a(@, )% (I+J—F+1)(I+J—£+2)(I+F—J—1)(I+F—J) ,
where
(J+ Q4+ 1)(J+Q2+2)
9] =
=l ) = g Ve, e, 3)
@branch F=d=J
I+ J+ F+2)(J+ F=I+ 1) I+ F=J+ 1){I+J~- F)
F=Fil- ¢
+1-F £o(8, ) 71
2
PR [J(J+ 1)+ F(F+ 1) = I(I+ 1) P@F+1)
8ol 9) FF+ 1)
I+J+ F+1)(J+ F=-D{T+ F- J-F+1
Fepo1eF gQ(Q,J)(+ + P+ 1)+ F)(+ (T + +1) ,
where
-+ 92+1)
Q,dJ)= —————
#e(RJ) = o T v
P branch J'=J=1=J
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2p©@, J) (I+J=F=1)(I+J=F)(I+F=J+1){(I+F—-J+2)

F'=F+l1-F o1
(I+F+J+1)(F+J-DI+J-F)I+F ~J+1)2F +1)
= lad Q
F'=F~F gr(,J) FF+1)
MeFol-F 2@, ) (I+F+J)(I+F+J;1)(F+J-—I—1)(F+J—I) ’
where

--1)J-9)
8J2(27 +1)(27 - 1)

gP(Q, J)=

These factors were used in the model described in III. C. For the model described in III. B which implies the
presence of lambda doubling, each component of an F doublet is obtained by the superposition of three hyperfine

components

F =F+1-F, F'=F-F, and FF=F-1-F,

The second of those three intensity factors yields the following simplified formulas

(J+2+1)(T+82+2) QF+1)

Rbranch NG ) ,
(J=Q)J+Q2+1) (2F+1)

Q branch W ,
(- -2-1) @F+1)

P branch 370 1)
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