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ble for those strong Ml states in the Mg isotopes.
It is possible that current effects explain the two
discrepancies noted above.

In summary, we have shown that (p, n) cross
sections and B(M1) values obtained with electro
magnetic interactions are strongly correlated for
' '"'"Mg, as shown in Fig. 3. It appears then
that (p, n) reactions at energies above 30 MeV
will be a powerful probe for spin-isospin —flip
strength in nuclei and may be especially useful
in the heavier nuclei.
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It is shown that the mixing of vibration-rotation states by nuclear hyperfine interactions
causes crossover resonances to appear in infrared saturation spectra. Examples are dis-
played in the v3 band of SF6 and obtain the tensor centrifugal-distortion constant t044 and
the tensor spin-rotation constant c„.The value of t044 (5.7 Hz) obtained is in excellent
agreement with the theoretical value. A splitting is also demonstrated between vibration-
rotation states which differ only in their parity.

PACS numbers: 33.20.Ea, 33.10.Jz, 35.20.-i

In this Letter we report the first direct experi-
mental observation of the breakdown of the point-
group labeling of molecular states through the
mixing of vibration-rotation (VR) states of differ-
ent symmetry species by nuclear hyperfine inter-
actions. This mixing is the basis for a new meth-
od in molecular spectroscopy, which applies
crossover resonances in saturation spectroscopy
to the determination of fine-structure spectro-
scopic constants. We illustrate this method in

the case of the v, band of SF, and determine the
very small tensor centrifugal-distortion constant
t,44. In the course of this work we have also
made the first determination of the hyperfine ten-
sor spin-rotation constant q„.We expect this
method to have wide applicability to the determin-
ation of small spectroscopic constants in mole-
cules.

The origin of this work lies in the observation
in the v, -band saturation spectrum of SF, of many
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Fj:G. 2. Calculated (top) and observed (bottom) spectra
for the Q(88) E,OEO, E|0 cluster (HWHM = 8 kHz). The
&«+ = 38 component is clearly visible on higher-reso-
lution recordings of the +& resonance and is indicated
here by an arrow.
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FIG. l. (a) Energy level diagram for the E2 -Ef Q(58)
v, lines of SF6 and associated resonances. Only main
resonances and crossovers of interest for the present
discussion are presented and labeled A.-E here and in
(b). Dotted lines indicate +&„levels and wavy lines
connect the interacting &&8 and J"2g levels. (b) Cal-
culated I.half width at half maximum (HWHM), 20 kHzl
and observed spectra corresponding to (a). The E-I"
splitting between &«and +&8 resonances is clearly
resolved for the & = 53 component. Measured detunings
are from Q(45) &,7.

additional resonances which appear exactly in the
center of the interval between main resonances. ' '
Typical examples are the resonances between the
E,' and E,' components of Q(53) that ca,n be seen
in Fig. 1 and between the E' and I',' components
of the Q(38) triplet in Fig. 2. We report a quan-
titative demonstration that these peaks are cross-
over resonances between the main AC = 0 compo-
nents (C is the VR-symmetry species defined be-

low) and forbidden ACED 0 transitions. ' The nor-
mal infrared selection rule LC =0 can be violated
if the point-group-symmetry species are mixed,
and we shall see that, because of the small value
of the centrifugal-distortion constant t,~ (prima-
rily responsible for the VR splittings in the ground
state), hyperf inc interactions may substantially
mix adjacent VR states even if they have different
point-group symmetry. The ~Cc 0 lines are usu-
ally too weak and too close to AC = 0 lines to be
observed directly but fortunately in saturation
spectroscopy, crossover resonances appear half-
way between two resonances that share a common
state (if their frequency separation is within the
Doppler width) and the crossover intensities are
roughly the geometrical means between those of
the parent lines. ' Figure 1 illustrates the case
of an I',-E, doublet. The VR splitting in the v3
= 1 state (primarily due to the constant t»~»t, ~)
is usually orders of magnitude larger than in the
ground vibrational state. In this case the new
transitions give rise to two easily distinguishable
sets of crossover resonances: (i) Crossovers
with common upper states (not represented on
the energy diagram of Fig. 1) which appear as
satellites of the main lines. (ii) Crossovers with
common lower states that are well isolated and
are thus easy to observe and analyze without in-
terference from other resonances. Their struc-
ture reveals the ground-state VR splittings.

To give a short summary of the theory, we shall
recall that the total wave function 0 is the tenso-
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rial product of a nuclear-spin wave function 4 Ns

and of a VR wave function 4 vR. These wave func-
tions are labeled according to their symmetry
species in the group O(3)xG which is the product
of the orthogonal group in the laboratory frame
with the point group of the molecule. ' In the case
of octahedral spherical-top molecules (G =- 0„)
such as SF„where the spin of the outer nuclei is
half-integral, 4 must be A,

„

in order to satisfy
the Pauli principle:

y(I r, Auu) [Q ( rI, nC) Xy (Ig, C )](I 7, uu) (1)PR NS

where I"„J„andI specify the representations
in O(3); A,„,C, and C' specify the representa-
tions in G; and where ~ distinguishes identical
representations for the VR wave functions. The
nuclear-spin wave functions have only certain
definite symmetry species'C' in Oh: Alg, A2g
A pUp E

g~
Ey p E2 and E,g. The consequenc e of

the Pauli principle is therefore that VR states
may only be of species' C =A, , A,„,A,„,&„,&,„,
Ey g

or E2&
In the ground vibrational state, the

ungexade and gerade character in 0„is identical
to the overall parity' which is conserved by hyper-
fine interactions (neglecting possible parity-vio-
lating weak interaction effects). Thus the cross-
overs between lines corresponding to ground
states of opposite parities will be missing: e.g. ,
the crossover between E„'and E, ' in Fig. 2.
Similarly, the hyperfine operators are tensorial
products of a nuclear-spin operator with a VR
operator' ":

H g'"~g =[a ~ g' ~xH g &]~ g "~g&. (2)
Only the overall operator must be invariant un-
der the operations of O(3)xG. Each of the two
parts may be a tensor (C vA, ); the possibility of
coupling VR states of different symmetry species
in G arises from this fact. ' In the vibronic
ground state of octahedral XY, molecules, the
strongest hyperfine couplings (spin-rotation and
spin-spin interaction) lead to C =A, (spin-rota-lg
tion), E

g
(spin-rotation and spin-spin), and E,

(spin-spin). We have derived the explicit forms
of these operators, following the methods applied
to T~ molecules by Itano. ' Their matrix elements
were evaluated with use of the Wigner-Eckart
theorem for doubly tensorial operators by the
methods developed for spherical-top molecules
by Michelot, Bobin, and Moret-Bailly. " The ma-
trix elements of the VR Hamiltonian were evalu-
ated by standard methods (in v, = 1 the off-diag-
onal corrections are included). A detailed ac-
count of this theory will be given elsewhere. Af-

t p44
= 5e 7+ Oo 7 Hz

&

ic„i=8.5+2 kHz,

(3)

(4)

where the sign of t«4 is unambiguously deter-
mined by the Q(38) case.

The good agreement between observed and cal-
culated spectra can be seen in Fig. 1 for Q(53)
and on Fig. 2 for Q(38). With t«~=5. V Hz and
~c„~= 8.5 kHz, the calculated (observed) splittings
are 210 kHz (235 kHz) in Q (55), 250 kHz (243 kHz)
in Q(54), 265 kHz (265 kHz) in Q(53), and 345
kHz (325 kHz) in Q(51). The observed intensities
of crossover resonances are usually larger than
predicted because a differential saturation occurs
between the main peaks and the crossover reso-
nances for the laser powers used to record these
spectra. The theoretical intensities would be ob-
tained only in the limit of vanishing laser inten-
sity.

One should point out that the t~~ given by (3) is
a phenomenological parameter and that its value
may change when higher-order terms are intro-
duced in the VR Hamiltonian (a,mong other terms
our t~, includes the effects of t,~" and t,«). The
value of 5.7 Hz is in excellent agreement with the
value 5.6+ 0.5 Hz derived from. the formula of
Berger'4:

folic=& '[&u (5)

where 8, = Bp = 0.091 11 cm ' is the equilibrium
rotational constant and where'4 ~, =529+ 7 cm '

ter diagonalization the spectral profile is recon-
structed with use of the theory of intensities in
low-field saturation spectroscopy' and I orentzian
line shapes. From the comparison with observed
crossover structures, we infer the values of the
unknown constants tp44 and g„.The other con-
stants (scalar spin-rotation constant c, and spin-
spin constants d„d,) were fixed equal to the val-
ues given by Ozier, Yi, and Ramsey. " Also the
spin-vibration interaction that occurs for the ex-
cited state'" may be neglected for high-J, Q-
branch lines. The following clusters present
well-resolved crossover structures and have been
studied in some detail with the saturation spec-
trometer described by Horde et al. '. Q(51) E,g',
E, „;Q(53) E, ', E, „';Q(54) A2„,E„;Q(55)

Q(54), and Q(55) the crossovers appear as doub-
lets as in Q(53) (Fig. 1). We use the splittings of
these four doublets as well as the Q(38) quadru-
plet contour (Fig. 2) to adjust the values of t,«
and c„.We obtain
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and g), = 654+ 2 cm '. This agreement suggests
that the previous formula could have a predictive
value for other octahedral molecules such as UF, .

The detailed profiles of the I, components of
both Q(38) and Q(53) show the splitting of the Ii,
and I',

„

lines. The degeneracy of the correspond-
ing levels is lifted by diagonal matrix elements
of the tensor hyperfine interactions and by off-
diagonal matrix elements involving other VR
states.

In conclusion, we have developed a quantitative
method for the study of small fine-structure
splittings between energy levels in the ground
vibrational state of polyatomic molecules based
on the analysis of crossover resonances in satu-
ration spectra and have illustrated this method
for the spectrum of SF,. It is important to em-
phasize the role played by the overall parity of
the VR states. Up to now overall parity was often
disregarded in infrared molecular spectroscopy,
and most recent papers label SF, levels in the
point-group 0 and not in 0„.It is necessary for
us to introduce the parity to account for the miss-
ing crossovers. In addition, we have experimen-
tally demonstrated that because of hyperfine in-
teractions a splitting exists between VR states
which differ only in their parity even in the ab-
sence of tunneling effects between different equi-
librium configurations.
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