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We have measured the predicted orientation induced by first-order Stark effect on sp
coherent levels of He and H excited by a 100-keV Na+ beam impinging on a cell filled
vrith He or H2. We discuss the mechanism of production of sp coherence by dissociative
excitation of H2.

Coherence between 2s and 2P H levels produced
by passing a beam of H' through a thin carbon
foil has been measured by two groups' which used
a method proposed by Eck': The difference of in-
tensity between. light emitted with an electric
field parallel and antiparallel to the beam is pro-
portional to coherence between even- and odd-
parity levels. A similar experiment has been
made on Balmer-n light emitted by a beam of H

atoms excited by an electron beam and has been
compared to the predictions of the Born approxi-
mation. ' More recently Macek and the present
authors' have studied the influence of even-odd
coherence on the polarization of the light emitted
by a hydrogenic atom excited by a foil or by col-
lision with an ion or electron beam. The most
striking result of this study is the prediction that
orientation (measured by emission of circular
polarization) of hydrogenic levels must appear in
the Oy direction when an homogeneous electric
field E, directed along Ox, is perpendicular to
the beam, directed along Oz IFig. 1(a)]. This
orientation changes sign with E. When one has
no coherence between opposite-parity levels, it
has been shown earlier' that orientation can oc-
cur only if the electric field is not perpendicular
(nor parallel) to the beam, and that it does not
depend on the sign of E because it is due to even-
order Stark effect. The physical explanation of
the coherence effect is the following. Immediate-
ly after excitation, the electron cloud is not sym-
metrical around the nucleus, so that there is a
net value of the dipole moment of the atom which
corresponds to a coherence between opposite-
parity levels of the atom. In usual cases, the
Coulomb attraction between nucleus and electron
produces a very rapid oscillation of this coher-
ence during the lifetime, at a frequency given by
the difference in energy between opposite-parity
levels, so that it is averaged out. In the hydro-
genic case, due to l near degeneracy, the oscilla-

tion is very slow. The electric field E then ro-
tates the electron cloud around the direction Oy
and creates a nonzero value of the angular mo-
memtum along Oy, i.e. , Oy orientation.

We have used a beam-gas instead of a beam-
foil setup, for experimental convenience. This
has enabled us to study for the first time even-
odd coherence of H atoms resulting from disso-
ciation of H, . A 20- p.A, 50-150-keV beam of Na'

or Li' excites a vapor of He or H, at a pressure
of roughly 10 ' Torr, which has been checked to
be low enough to avoid perturbations by second
collisions of the excited atom against unexcited
atoms or molecules. The circular polarization of
the line, selected by an interference filter, was
measured by a rotating quarter-wave plate fol-
lowed by a fixed Polaroid sheet. ' The linear po-
larization was measured by a rotating Polaroid.
The modulated polarization signal was detected
by a lock-in detector and stored on a multichan-
nel analyzer for 16 to 64 100-sec sweeps. The
electric field was swept synchronously with the
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FIG. I. Sketch of the position of various particles
immediately after excitation in (a) the atomic case and
(b) the molecular case if the internuclear axis happens
to be in the beam direction.

409



VOI.UMZ 36, RUMBLER 8 PHYSICAL RKVIKW LKTTKRS 23 I'KBRUARY 1976

0

TABLE I. Experimental coherence parameters.
Na+(70 keV) H~ [relative units: The imaginary part
of p(so,po) has been normalized to 1]. The error bars
are 1 standard deviation. They do not include the sys-
tematic uncertainty due to a small cascade effect.

p (so,p 0) = —0.180+0.031+i(- 1 +0.016)
p (P 0& dp) = 0.055+0.016+i(—0.617+ 0.016)
p (P ~, di) = 0.070 +0.016+i(- 0.445 +0.008)
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FIG. 2. Degree of linear [P= (Im —I~)/(Iii+I~)] or
circular IP =(Io+-Io )/(lo++Io )] polarization of the
light emitted in the Oy direction. Na+(110 keV) He I

(4922 A): trace g, linear; trace g, circular (&& 16).
Na (110 keV) He Ir(4686 A): trace c, linear; trace d,
circular (x 4). Na+(70 keV) H(Balmer e): trace e,
circular (&& 4).

multichannel analyzer. The earth's magnetic
field was compensated by Helmholtz coils.

Figure 2 gives some experimental curves. For
He the results for the hydrogenoid He D 4686-A
line are compared to those of the nonhydrogenoid
He I 4922-A line to demonstrate that circular po-
larization curves, due to noncoherent excitation,
are slmllar.

We have dane similar experiments on hydrogen
atoms resulting from the dissociation of H, (Fig.
2, trace e). In the Balmer-n case, even-odd co-
herence depend on the three elements p(s„P,),
p(p„d, ), and p(p» d, ) of the density matrix. '
Qualitatively, the possibility of extracting these
parameters from the experimental data is based
on the following remarks. First, at low field,
when one can neglect the mixing of different j lev-
els, the circular-polarization signal is the sum,
weighted by the searched coherence parameters,
of several dispersion curves of widely different
widths corresponding to s, /, P,/„ im ~i

= —,', and

p»,d»„ im ~i = —'„—,electric-field mixings. Sec-

ond, the discrimination between the real and the
imaginary parts of the p components is based on
the shape of the crossing at 105 V/cm. A de-
tailed analysis' shows that this crossing has an
absorption shape for imaginary p and a disper-
sion shape for real p. Since this would not be
enough to extract unambiguously all the parame-
ters, we have increased the experimental infor-
mation in the following ways. First we have mea-
sured, on the light emitted along Oy, the differ-
ence between linear polarization at +45 and —45'
to Oz. Second we have made the same measure-
ments (linear and circular polarization as a func-
tion of electric field) in the presence of a mag-
netic field along Oz. All these measurements can
be shown to depend only, but in different ways,
on the searched coherence parameters. " Final-
ly, we have made a global fit of all the available
experimental curves with computer-calculated
theoretical line shapes (taking into account the
hyperfine structure) with the coherence parame-
ters (and unphysical quantities such as line bases)
as adjustable parameters. The resulting fit was
good, but there remained a slight discrepancy,
probably due to cascade effects. The results are
given in Table I.

We shall now discuss the origin of even-odd
coherence in atoms resulting from molecular
dissociation, since this is a less obvious phe-
nomenon than in the direct-excitation case, and
since this can give information on the dissocia-
tion process. It is known that the dissociated
atoms are linearly polarized, ' and the mechanism
of production of this linear polarization has been
discussed by Van Brunt and Zare. ' It is then
tempting to try to extend the argument of Van
Brunt and Rare to explain our results. It was
substantially as follows. The molecule is first
excited and perhaps ionized to a molecular level
which then dissociates or predissociates. If the
dissociation occurs through a well-defined mo-
lecular level and with a well-defined interatomic
direction, the resulting atoms are usually in a
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sharp quantum state with respect to the direction
of dissociation and this leads to a high degree of
polarization along this direction. One has then
to average over the various directions of disso-
ciation. If there is equal probability of dissocia-
tion in any direction, the polarization is averaged
out. The experimental existence of polarization
is then evidence of an anisotropy of the dissocia-
tion direction. Various theoretical and direct
experimental studies have been made of the an-
isotropy of the fragments resulting from dissoci-
ative excitation or ionization of H, and H, '."

The large-internuclear-distance (g) form of
the symmetrized electronic wave function corre-
sponding to the dissociation of a pure H, molecu-
lar level into an unexcited H atom and an atom
excited in the n =2, m~ =0 state is, with usual
notations of molecular orbitals in the separated-
atom limit, and with parallel frames of refer-
ence on A and B [Fig. 1(b)],

where 8 is the antisymmetrizer of the two elec-
trons, (-)& =+1 for gerade and —1 for ungerade
levels, and I is the inversion on the center 0 of
the molecule. If the unexcited H atom is replaced
by a H' ion (we have no experimental indication
that our even-odd coherence comes from disso-
ciation rather than dissociative ionization), a
= + b =1/W2and this form of ( is due to mixing of
the degenerate s, 0 and P, 0 levels by the electric
field of the ion. In the neutral case, an effective
mixed form of g at the end of dissociation is a
probable consequence of the variation of the char-
acter of the wave function with 8"and of the pos-
ibility of diabatic transitions between these near-
degenerate levels.

The important point is the change of sign be-
fore b, which is due to the oddness of the P or-
bital under inversion. The ( and I( components
of cp, which have equal probability in pure gerade
or ungerade wave functions, and which corre-
spond to backward and forward dissoeiations,
give opposite values + ah* to the coherence p(s, P).
The observation of a nonzero value of p(s, P) is
then evidence that the intermediate molecular
state is not a pure molecular u or g state. It can,
however, be a coherent mixing n(y„+py ) of mo-
lecular wave functions, since this gives different
weights, n(1+P) and n(1 —P), to the g and I(
components. This is possible, since g corre-

sponds to an electronic excited cloud centered
on A and I( on B [Fig. 1(b)] and since the prima-
ry excitation process is likely to produce a dif-
ference between them. This coherence P between

and y must also survive the molecular disso-
ll g

ciation. This implies that the u and g curves in-
volved (which can be other than the adiabatic
ones) follow each other closely enough so that the
oscillation of P at a frequency given by their dif-
ference in energy does not average it out.

This interpretation implies also that there
must be a forward-backward asymmetry in the
dissociation. However this is not strictly true
if one takes into account the fact that other mo-
lecular states can be involved. In particular,
the orthogonal state with a, b in ( replaced by

6, —a could compensate for the anisotropy and
add for sP coherence. This is not a completely
unreasonable hypothesis since the resulting mo-
lecular wave function corresponds to an outer
electron excited in a Rydberg sP coherent orbital
(i.e., not centered on 0) and the inner electron in
an isotropic repulsive one. In this case, sP co-
herence of the dissociation products is not due
to an asymmetry of the direction of dissociation
but to the anisotropic character of the outer or-
bital. The same problem exists for the Van Brunt
and Zare interpretation of polarization. This sec-
ond model is certainly not valid at threshold en-
ergy with electron excitation, since the four mo-
lecular orbitals, which this initial wave function
decomposes into, have very different united-
@tom limits, ' but it cannot be ruled out at once
for ion excitation with a great excess of energy.
For the interpretation of sP coherence, it would
then be very interesting to measure directly the
forward-backward asymmetry of the dissociation
products. Such an asymmetry has indeed been
observed with electron excitation' but has been
attributed to the recoil of the molecule under
primary excitation. "

These experiments have been done at the Lab-
oratoire de Spectromdtrie Ionique et Molhculaire
of Lyon, directed by Professor M. Dufay, with
equipment built by M. Carry. Assistance by
G. Do Cao and A. Zgainsky in running the accel-
erator and taking the data is gratefully acknowl-
edged.
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The vibrational motion of Sn in the high-critical-field superconductor SnMo6S8 has been
studied with the Sn Mossbauer effect. The Mossbauer thermal shift and recoil-free
fraction are found to contain large anharmonic contributions from the soft modes. The
soft vibrational motion contributes substantially to the mass enhancement A, .

There is considerable current interest in the
ternary superconductors based on the molybde-
num sulfides. Recent studies indicate supercon-
ducting transition temperatures 7, as high as
14.4 K and upper critical fields as high as 600
kG. ' The third element in the ternaries is clear-
ly of great importance in determining the super-
conducting properties of these compounds. For
example, when the third element is removed by
chemical treatment, a slight triclinic deforma-
tion takes place and no superconducting transition
is detected to less than 1 K.' Thus, investiga-
tions of the local properties of this component
are of importance in understanding these materi-
als. In this regard, SnMo, S, provides an inter-
esting case to study. While many of these mate-
rials show lattice instabilities with a first-order
phase transition, neither crystallographic and
resistivity' nor heat- capacity and susceptibility4
measurements show a transition for the Sn-based
compounds. In addition, this class of compounds

has the largest pressure dependence of T, yet
found for any superconductor. ' In this Letter we
report a Mossbauer study of the lattice proper-
ties of '"Sn in SnMo, S,. The measurements show

(1) anisotropic mean-square lattice displace-
ments with (s') -(~') &0 and a strong deviation
from harmonic behavior; (2) a, temperature-de-
pendent line shift indicative of large anharmon-
icity and soft modes; (3) a possibly large contri-
bution of the soft vibrational modes to the mass
enhancement A. , and hence to the high T, .

Mossbauer spectra were obtained as a function
of temperature and external magnetic field on a
SnMo, S, sample having T, =10.8 K. X-ray meas-
urements showed a small quantity of a.-Mo and
the Mossbauer spectra showed -5@P-Sn present
in addition to the rhombohedral (Mo,Se,-type)
SnMo6S, . The P-Sn spectra were stripped from
the data using the results of Rothberg, Grumard,
and Benczer-Koller' and Hohenemser. ' The line-
width of the absorber versus a 15-mCiV(Sn)


