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Shape resonances in molecular photoionization are shown to induce strong coupling be-
tween vibrational and electronic motion over a spectral range several times broader than
the resonances half-width. This coupling is manifested by large deviations from Franck-
Condon intensity distributions and strong dependence of photoelectron angular distribu-
tions on the vibrational state of the residual ion. These effects are illustrated for the 80&
photoionization channel of N2.

Molecular photoionization at wavelengths unaf-
fected by autoionization, predissociation, or ion-
ic thresholds is generally believed to produce
Franck-Condon (FC) vibrational intensity distri-
butions and v-independent photoelectron angular
distributions. In this Letter, we predict that the
shape resonances being identified' ' in the spec-
tra of a growing, diverse collection of molecules
represent an important class of exceptions to this
picture. In particular, the temporary trapping of
the photoelectron by a centrifugal barrier enhanc-
es the coupling between electronic and vibration-
al motion, leading to striking non-Fc intensities
and strongly v -dependent asymmetry parameters
over a broad spectral range encompassing the
resonance. We illustrate these ideas with a cal-
culation of the 30 photoionization channel of N„
which exhibits the well-known o„, f wave shape-
resonance. ' "" In addition to predicting non-
FC vibrational branching ratios, we account for
the long unexplained observation" that the p val-
ues for production N, ' X'Z '(v = 0, 1) differ sig-
nificantly at 584 A (and other wavelengths), where

none of the more traditional mechanisms men-
tioned above apply. We believe that this illustra-
tion for N, is merely the first of many examples
of shape-resonance-enhanced nuclear-motion ef-
fects which have hitherto gone undetected only be-
cause vibrationally resolved photoelectron stud-
ies have not been carried out systematically
through molecular shape resonances, as is now

possible with synchrotron-radiation sources.
The breakdown of the FC principle arises from

the quasibound nature of the shape resonance,
which is localized in a spatial region of molecu-
lar dimensions by a centrifugal barrier. This
barrier and, hence, the energy and lifetime
(width) of the resonance are sensitive functions
of internuclear separation R and vary significant-
ly over a range of R corresponding to the ground-
state vibrational motion. This is illustrated in
the upper portion of Fig. 1 where the dashed
curves represent separate, fixed-R calculations
of the partial cross section and asymmetry pa-
rarneter for N, 30 photoionization over the range
1.824a, - R ~ 2.324a„which spans the N, ground-
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ground-state vibration in N„produce significant
resonant behavior over a spectral range several
times the full width at half maximum of the reso-
nance calculated at R =R, . By contrast, nonreso-
nant channels are relatively insensitive to such
variation in R, as will be shown by our results
on the 1p„and 20„photoionization channels in N„
to be published elsewhere. "'"

Thus, in the vicinity of a shape resonance, the
electronic transition moment varies rapidly with

R, indicating strong coupling between electronic
and vibrational motion. We have estimated this
coupling in the adiabatic-nuclei approximation"
by computing the net transition moment for a par-
ticular vibrational channel as an average of the
R-dependent dipole amplitude, weighted by the
product of the initial- and final-state vibrational
wave function at each R:

FIG. 1. Cross sections 0 and asymmetry parameters

P for photoionization of the Bo& (v;=0) level of N&. Top:
fixed-R (dashed curve) and R-averaged, vibrationally
unresolved {solid curve) results. Bottom: results for
resolved final-state vibrational levels, v& = 0 —2.

state vibrational wave function. The calculations
were carried out as described elsewhere, 4 only
using the Schwarz value" (n = 0.751) of the ex-
change coefficient. The peak in the 30 partial-'
cross-section curves is caused by the well-known
shape resonance in the o„ ionization channel.
This resonance has been studied extensively in
inner-shell (Refs. 2, 4, 6, 8, 11, 12, and 14-
16), valence-shell (Refs. 5, 9, 10, 13, 15, 17,
and 18), and oriented-molecule"" contexts and

is known to result from a centrifugal barrier act-
ing on the f -wave (f = 3) component of the o„ final-
state wave function.

Of central importance in Fig. 1 is the clear
demonstration that resonance positions, strengths,
and widths are sensitive functions of R. In par-
ticular, for larger separations, the effective po-
tential acting on the l = 3 component of the 0„
wave function is more attractive and the shape
resonance shifts to lower kinetic energy, becom-
ing narrower and higher. Conversely, for lower
values of R, the resonance is pushed to higher
kinetic energy and is weakened. This indicates
that nuclear motion exercises great leverage on
the spectral behavior of shape resonances, since
small variations in R can significantly shift the
delicate balance between attractive (mainly Cou-
lomb) and repulsive (mainly centrifugal) forces
which combine to form the barrier. In the pres-
ent case, variations in R, corresponding to the
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D„,„.=fdR X„,'(R)~ (R) q„.(R). (1)

The vibrational wave functions were approximat-
ed by harmonic-oscillator functions and the su-
perscript minus denotes"'" that incoming-wave
boundary conditions have been applied and that
the transition moment is complex. Note that even
when the final vibrational levels v& of the ion are
unresolved (summed over), vibrational motion
within the initial state v,. =0 causes the above
equation to yield results significantly different
from the R =R, result, because the R dependence
of the shape resonance is highly asymmetric.
This gross effect of R averaging can be seen in
the upper half of Fig. 1 by comparing the solid
line (R-averaged result, summed over v&) and
the middle dashed line (R =R,). Hence, even for
the calculation of gross properties of the whole,
unresolved electron band, it is necessary to take
into account vibrational-motion effects in chan-
nels exhibiting shape resonances. As we stated
earlier, this is generally not a critical issue in
nonr esonant channels.

Effects of nuclear motion on individua1. vibra-
tional levels are shown in the bottom half of Fig.
1. I ooking first at the partial cross sections,
we see that the resonance position varies over a
few volts depending on the final vibrational state,
and that higher levels are relatively more en-
hanced at their resonance position than is v& = 0.
This sensitivity to v& arises because transitions
to alternative final vibrational states preferential-
ly sample different regions of R. In particular,
v& = 1, 2 sample successively smaller R, governed
by the maximum overlap with the ground vibra-
tional state, causing the resonance in those vi-
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FIG. 2. Vibrational-state branching ratios &(vf) f+(+f

= 0) for photoionization of the 80. level of N2.8

brational channels to peak at higher energy than
that for vf =0. The impact of these effects on
branching ratios is clearly seen in Fig. 2, where
the ratio of the higher vf intensities to that of vf
=0 is plotted in the resonance region. There we
see that the ratios are slightly above the FC fac-
tors' (9.3%, v&=1; 0.6%, v&=2) at zero kinetic
energy, go through a minimum just below the res-
onance energy in vf =0, then increase to a maxi-
mum as individual vf & 0 vibrational intensities
peak, and finally approach the FC factors again
at high kinetic energy. Note the maximum en-
hancement over the FC factors is progressively
more pronounced for higher v/, i.e. , 340/& and
1300% for u/ = 1, 2, respectively. Gardner and
Samson" have systematically measured vibration-
al intensity distributions in N„however, the dis-
crete wavelengths utilized in that study did not
cover the critical kinetic-energy range between
10 and 25 eV. Their data show non-FC effects
but these were believed to be due mainly to auto-
ionization, It may be significant that their 584-
and 537-A (v = 1)/(v& = 0) ratios were 6.9/0, i.e. ,
lower than the FC factors, and that the 304 A ra-
tio was 13.1%, i.e. , higher than the FC factors;
however, this is not conclusive. A systematic
mapping of the critical region in Fig. 2 using
synchrotron radiation is needed to test the pre-
diction given here.

Equally dramatic are the effects on P(v/) shown
in the lower right-hand portion of Fig. 1. Espe-
cially at and below the resonance position, the
p's vary greatly for different final vibrational
levels. The vf = 0 curve agrees well with the sol-
id curve in the upper half, since the gross be-

havior of the vibrationally unresolved electronic
band will be governed by the P of the most in-
tense component. The R =R, curve has been
found to agree well with recent wavelength-de-
pendent measurements, ""and the agreement is
improved by the slight damping caused by 8 aver-
aging. More significant for the present purposes
is the v/ dependence of p. Carlson first obseved
(Refs. 19a, 19b) that, at 584 A, the v/=1 level in
the 30 channel of N, had a much larger P than
the vf =0 level even though there was no apparent
autoionizing state at that wavelength. This has
been studied in the meantime by several work-
ers"' "~with the same general conclusions,
i.e. , P(v&=0)-0. 7 and P(v&=1)-1.4. This is in
semiquantitative agreement with the present cal-
culation which gives p(v&=0)-1.0 and p(v/= 1)- 1.5. Although the agreement is not exact, we
feel this demonstrates the "anomalous" vf depen-
dence of p in N, stems mainly from the v„shape
resonance which acts over a range of the spec-
trum many times its own -5 eV width. The un-
derlying cause of this effect is the shape-reso-
nance-enhanced R dependence of the dipole am-
plitude, just as for the vibrational partial cross
sections. In the case of P(v/), however, both the
8 dependence of the phase and of the magnitude
of the complex dipole amplitude play a crucial
role, whereas the partial cross sections depend
only on the magnitude.

This prototype study has demonstrated several
aspects of photoionization channels exhibiting
shape resonances: First, the time delay in pho-
toelectron escape associated with a shape reso-
nance enhances the coupling between nuclear mo-
tion and electronic motion, invalidating the FC
factorization of the two modes. In time-indepen-
dent language, the great asymmetric and non-
monotonic sensitivity of the transition amplitude
to internuclear separation requires folding of the
transition amplitude with the vibrational motion
of the molecule, at the very least in an adiabatic
scheme. When resonance lifetimes and the vi-
brational period are comparable, nonadiabatic
effects (analogous to those observed" for the 2.4-
eV v resonance in e-N, scattering) are likely to

g
be important as well. Second, the effects are
large in both vibrational intensities and angular
distributions, but have heretofore been largely
overlooked because shape-resonance eff ects tend
to lie in an inconvenient wavelength range for
laboratory light sources. Synchrotron radiation
vill be most useful for this purpose, and we ex-
pect this to be a major theme in vibrationally re-
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solved photoelectron measurements using this
broad-range continuum source. Third, it is sig-
nificant to note that the effects of the shape reso-
nance described above act over tens of volts of
the spectrum, several times the half-v idth of the
resonance, and that v and P probe the effects dif-
ferently, i.e. , have maximal effects in different
energy regions. This underscores the well-known
differences of the dynamical information con-
tained in the two physical observables. Fourth,
a long-standing "anomalous" v& dependence in the
photoelectron angular distributions of the 30
channel of N, has been resolved, Finally, the
phenomena described here for one channel of N,
should be very widespread, as shape resonances
now appear to affect one or more inner- and out-
er-shel1 channels in most (nonhydride) molecnles.

Experimental verification of shape-resonance-
induced non-FC vibrational intensity distributions
has been recently reported for the 50 channel of
CO by Stockbauer et al."
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