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I. INTRODUCTION

The last two decades have witnessed remarkable progress in
characterizing dynamical aspects of molecular photoionization®»“ and
electron-molecule scattering”’~ processes. The general challenge is to
gain physical insight into the processes occurring during the excitation,
evolution, and decay of the excited molecular complex. Of particular
interest in this context are the uniquely molecular aspects resulting
from the anisotropy of the molecular field and from the interplay among
rovibronic modes. Throughout this work, special attention is invariably
drawn to resonant processes, in which the excited system is temporarily
trapped in a quasibound resonant state. Such processes tend to amplify
the more subtle dynamics of excited molecular states and are often
displayed prominently against non-resonant behavior in various physical
observables.

One very vigorous stream of work has involved shape resonances in
molecular systems. These resonances are quasibound states in which a
particle is temporarily trapped by a potential barrier, through which it
may eventually tunnel and escape. In molecular fields, such states can
result from so—called "centrifugal barriers,” which block the motion of
otherwise free electrons in certain directions, trapping them in a region
of space with molecular dimensions. Over the years, this basic resonance
mechanism has been found to play a prominent role in a variety of
processes in molecular physics, thus becoming a major theme in the study
of molecular photoionization and electron-molecule scattering
processes. As discussed more fully in later sections, the expanding
interest in shape resonant phenomena has arisen from a few key factors:

First, shape resonance effects are being identified in the spectra
of a growing and diverse collection of molecules and now appear to be
active somewhere in the observable properties of most small (nonhydride)
molecules. Examples of the processes which exhibit shape resonant
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effects are x-ray and VUV absorption spectra, photoelectron branching
ratios and photoelectron,angular d%§tribu£ions (includlng vibratlonally .
resolyed) Auger eléctronangulat dlstributions, ‘elastic eléctron A
scattering, vibrational excftation by electron impaet, and:so on. Thus
concepts and techniques: developéd in this. connection can be. uséd
extensively in molecular physics.

Second, being quasibound inside a potential barrier on the perimeter
of the molecule, such resonances are localized, have enhanced electron
density in the molecular core, and are uncoupled from the external
environment of the molecule. This localization often produces intense,
easily studied spectral features, while suppressing non-resonant and/or
Rydberg structure, and as discussed more fully below, has a marked
influence on vibrational motion. In addition, localization causes much
of the conceptual framework developed for shape resonances in free
molecules to apply equally well to photoionization and electron
scattering and to other states of matter such as adsorbed molecules,
molecular crystals, and ionic solids.

Third, resonant trapping by a centrifugal barrier often imparts a
well-defined orbital momentum character to the escaping electron. This
can be directly observed, e.g. by angular distributions of scattered
electrons or photoelectron angular distributions from oriented molecules,
and shows that the centrifugal trapping mechanism has physical meaning
and is not merely a theoretical construct. Recent case studies have
revealed trapping of £ = 1 to & = 5 components of continuum molecular
wave functions. The purely molecular origin of the great majority of
these cases is illustrated by the prototype system N, discussed in
Section III.

Fourth, the predominantly one-electron nature of the phenomena lends
itself to zheoretical treatment by realistic, independent electron
methods, with the concomitant flexibility in terms of complexity of
molecular systems, energy ranges, and alternative physical processes.
This has been a major factor in the rapid exploration in this area.
Continuing development of computational schemes also holds the promise of
elevating the level of theoretical work on molecular photoionization and
electron-molecule scattering and, in so doing, to test and quantify many
of the independent-electron results and to proceed to other circumstances
such as coupled channels, multiply excited states, etc. where the simpler
schemes become invalid.

In the remainder of this article, we review the study of shape
resonances in molecular fields with a fairly broad perspective, beginning
with a discussion of the rudimentary concepts and ending with a comment
on current challenges: Section II begins by presenting an example of
dramatic shape resonance behavior, involving x-ray spectra of SFg.
Section III discusses the basic shape resonance mechanism in simple
terms. Section IV treats shape-resonance-induced vibrational effects.
Section V discusses connections between shape resonances in various
settings, principally the connection between shape resonances in
electron-molecule scattering and molecular photoionization. Finally,
Section VI outlines the progress and prospects in this stream of work
from a broader point-—of-view, including some less transparent cases which
represent current challenges to our understanding.

IT. A DRAMATIC EXAMPLE OF SHAPE RESONANT BEHAVIOR

Among the earliest and still possibly the most dramatic examples of
shape resonance effects in molecules are the photoabsorption spectra of
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the sulfur K-12>13 and L-shells!3-16 ig SF6, The sulfur L-shell
absorption spectra of SFg and HyS are shown in Fig. 1 to illustrate the
type of phenomena that originally drew attention to this area. 1In Fig. 1
both spectra are plotted on a photon energy scale referenced to the
sulfur L-shell ionization potential (IP) which is chemically shifted by a
few eV in the two molecular environments, but lies near hv ~ 175 eV. The
ordinates represent relative photoabsorption cross sections and have been
adjusted so that the integrated oscillator strength for the two systems
is roughly equal in this spectral range, since absolute normalizations
are not known. The HyS spectrum is used here as a "normal” reference
spectrum since hydrogen atoms normally do not contribute appreciably to
shape resonance effects and, in this particular context, can be regarded
as weak perturbations on the inner-shell spectra of the heavy atom.
Indeed, the photoabsorption spectrum exhibits what appears to be a

“—‘SFG
(gas or solid)

ABSORPTION CROSS SECTION (arb units)

1
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hv - $(2p) IP (eV)

Fig. 1. Photoabsorption spectra of H,S (taken from Ref. 15)
and SFg (taken from Ref. 16) near the sulfur Ly.3 edge.

valence transition, followed by partially resolved Rydberg structure,
which converges to a smooth continuum. The gradual rise at threshold is
attributable to the delayed onset of the "2p + e&d” continuum which, for
second row atoms, will exhibit a delayed onset prior to the occupation of
the 3d subshell. This is the qualitative behavior one might well expect
for the absorption spectrum of a core level.

In sharp contrast to this, the photoabsorption spectrum of the same
sulfur 2p subshell in SFg shows no vestige of the "normal” behavior just
described. Instead three intense, broad peaks appear, one below the
ionization threshold and two above, and the continuum absorption cross
section is greatly reduced elsewhere. Moreover, no Rydberg structure is
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apparent, although an infinite number of Rydberg states must necessarily
be associ?Ced with any molecular ion. Actually, Rydberg states were
detected1 superimposed on the weak bump below the IP using photographic
detection, but obviously these states are extremely weak in this
spectrum. This radical reor%gnization of the oscillator strength
distribution was interpreted as potential barrier effects in SFg,
resulting in three shape-resonantly enhanced final state features of a1g>
tys, and e, symmetry, in order of increasing energy. Another shape
resonant1 éature of t}y Symmetry is prominent in the sulfur K-shell
spectrum and, in fact, is believed to be responsible for the weak
feature just below the IP in Fig. 1. Hence, four prominent features
occur in the photoexcitation spectrum of SFg as a consequence of
potential barriers caused by the molec%%ar environment of the sulfur
atom. Another significant observation is that the SF6 curve in Fig. 1
represents both gaseous and solid SFg, within experimental error bars.
This is definitive evidence that the resonances are eigenfunctions of the
potential well inside the barrier, and are effectively uncoupled from the
molecule's external environment.

This beautiful empirical evidence had a strong stimulating effect in
the study of shape resonances in molecular photoionization, just as early
observations of the 7, shape resonance %nlslastic e-N, scattering did in
the electron—-molecule’scattering field.-?

ITII. BASIC PROPERTIES

The central concept in shape resonance phenomena is the single-
channel, barrier—penetration model familiar from introductory quantum
mechanics. In fact, the name “shape resonance” means simply that the
resonance behavior arises from the "shape,” i.e. the barrier and
associated inner and outer wells, of a local potential. The basic shape
resonance mechanism is illustrated schematically“” in Fig. 2. There, an
effective potential for an excited and/or unbound electron is shown to
have an inner well at small distances, a potential barrier at
intermediate distances, and an outer well (asymptotic form not shown) at
large separations. In the context of molecular photoionization, this
would be a one—-dimensional abstraction of the effective potential for the
photoelectron in the field of a molecular ion. Accordingly, the inner
well would be formed by the partially screened nuclei in the molecular
core and would therefore be highly anisotropic and would overlap much of
the molecular charge distribution, i.e., the initial states of the
photoionization process. The barrier, in all well-documented cases, is a
so—called centrifugal barrier (other forces such as repulsive exchange
forces, high concentrations of negative charge, etc., may also
contribute, but have not yet been documented to be pivotal in the
molecular systems studied to date). This centrifugal barrier derives
from a competition between repulsive centrifugal forces and attractive
electrostatic forces and usually (but not always) resides on the
perimeter of molecular charge distributions where the centrifugal forces
can compete effectively with eléctrostatic _forces. Similar barriers are
known for d- and f-waves in atomic fields,“' however the % (orbital
angular momentum) character of resonances in molecular fields tends to be
higher than those of constituent atoms owing to the larger spatial extent
of molecular charge distributions, e.g., see discussion in connection
with Ny photoionization below. The outer well lies outside the molecule
where the Coulomb potential (~ -r~*) of the molecular ion again dominates
the centrifugal terms (~ r “) in the potential. We stress that this '
description has been radically simplified to convey the essential aspects
of the underlying physics. 1In reality effective barriers to electron
motion in molecular fields occur for particular £ components of
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Fig. 2. Schematic of the effect of a potential barrier on an
unbound wave function in the vicinity of a quasibound
state at E = E. (adapted from Ref. 20). 1In the
present context, the horizontal axis represents the
distance of the excited electron from the center of
the molecule.

particular ionization channels and restrict motion only in certain
directions. Again, a specific example is described below.

Focusing now on the wave functions in Fig. 2, we see the effect of
the potential barrier on the wave mechanics of the photoelectron. For
energies below the resonance energy E < E,. (lower part of Fig. 2), the
inner well does not support a quasibound state, i.e., the wave function
is not exponentially decaying as it enters the classically forbidden
region of the barrier. Thus the wave function begins to diverge in the
barrier region and emerges in the outer well with a much larger amplitude
than that in the inner well. When properly normalized at large r, the
amplitude in the molecular core is very small, so we say this wave
function is essentially an eigenfunction of the outer well although small
precursor loops extend inside the barrier into the molecular core.

At E = E_, the inner well supports a quasibound state. The
wavefunction exhibits exponential decay in the barrier region so that, if
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the barrier extended to r + ®, a true bound state would lie very near
this total energy. Therefore, the antinode that was not supported in the
inner well at E < E,. has traversed the barrier to become part of a
quasibound wave form which decays monotonically until it reemerges in the
outer-well region, much diminished in amplitude. This "barrier
penetration” by an antinode produces a rapid increase in the asymptotic
phase shift by ~ 7 radians and greatly enhances the amplitude in the
inner well over a narrow band of energy near E,.. Therefore, at E = E,,
the wavefunction is essentially an eigenfunction of the inner well,
although it decays through the barrier and reemerges in the outer well.
The energy halfwidth of the resonance is related to the lifetime of the
quasibound state and to the energy derivative of the rise in the phase
shift in well-known ways. Finally, for E > E., the wavefunction reverts
to being an eigenfunction of the outer well as the behavior of the
wavefunction at the outer edge of the inner well is no longer
characteristic of a bound state.

Obviously this resonant behavior will cause significant physical
effects: The enhancement of the inner-well amplitude at E ~ E,. results
in good overlap with the initial states which reside mainly in the inner
well. Conversely, for energies below the top of the barrier, but not
within the resonance halfwidth of E., the inner amplitude is diminished
relative to a more typical barrier-free case. This accounts for the
strong modulation of the oscillator strength distribution in Fig. 1.
Also, the rapid rise in the phase shift induces shape resonance effects
in the photoelectron angular distribution. Another important aspect is
that eigenfunctions of the inner well are localized inside the barrier
and are substantially uncoupled from the extermal environment of the
molecule. As mentioned above, this means that shape resonant phenomena
often persist in going from the gas phase to the condensed phase, e.g.,
Fig. 1, and, with suitable modification, shape resonances in molecular
photoionization can be mapped onto electron—-scattering processes and
vice versa. Finally, note that this discussion was focussed on total
energies from the bottom of the outer well to the top of the barrier, and
that no explicit mention was made of the asymptotic potential that
determines the threshold for ionization. Thus, valence or Rydberg states
in this range can also exhibit shape resonant enhancement, even though
they have true bound state behavior at large r, beyond the outer well.

We will now turn, for the remainder of this section, to the specific
example of the well-known 0, ghape resonance in Nj photoionization, which
was the first documented case in a diatomic molecule and has since been
used as a prototype in studies of various shape resonance effects, as
discussed below. To identify the major final-state features in N
photoionization at th% independent-electron level, we show in Fig. 3 the
original calculation?3725 of the K-shell photoionization spectrum
performed with the multiple-scattering model. This calculation agrees
qualitatively with all major featues in the experimental spect:rum,26’27
except a narrow band of dougle excitation features, and with subsequent,
more accurate calculations. 28 The four partial cross sections in Fig.
3 represent the four dipole-allowed channels for K-shell (IP = 409.9 eV)
photoionization. Here we have neglected the localization®’ of the K-
shell hole since it doesn't greatly affect the integrated cross section
and since the separation into u and g symmetry both helps the present
discussion and is rigorously applicable to the subsequent discussion of
valence-shell excitation. (Note that the identification of shape
resonant behavior is generally easier in inner-shell spectra since the
problems of overlapping spectra, channel interaction, and zeros in the
dipole matrix element are reduced relative to valence-shell spectra.)
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Fig. 3. Partial photoionization cross sections for the four dipole-
allowed channels in K-shell photoionization of N,. Note
that the energy scale is referenced to the K-shell IP
(409.9 eV) and is expanded two-fold in the discrete part of
the spectrume.

The most striking spectral feature in Fig. 3 is the first member of
the T, sequence, which dominates every other feature in the theoretical
spectfum by a factor of ~ 30. (Note the first m, peak has been reduced
by a factor of 10 to fit in the frame.) The concentration of oscillator
strength in this peak is a centrifugal barrier effect in the d-wave
component of the w, wave-function. The final state in this transition is
a highly localized state, about the 3ize of the molecular core, and is
the counterpart of the well-known3219 ¢ shape resonance in S-NZ
scattering at 2.4 eV. For the latter case, Krauss and Mies3
demonstrated that the effective potential for the w, elastic channel in
e-Nj scattering exhibits a potential barrier due to the centrifugal
repulsion acting on the dominant £ = 2 lead term in the partial-wave
expansion of the m  wavefunction. In the case of N, photoionization,
there is one less @lectron in the molecular field_to screen the nuclear
charge so that this resonance feature is shifted?? to lower energy and
appears in the discrete. It is in this sense that we refer to such
features as "discrete” shape resonances. The remainder of the m, partial
cross section consists of a Rydberg series and a flat continuum.” The
and 0. channels both exhibit Rydberg series, the initial members of which
corre%ate well with partially resolved transitions in the experimental
spectrum below the K-shell IP.
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The o, partial cross section, on the other hand, was found to
exhibit behavior rather unexpected for the K shell of a first-row
diatomic. Its Rydberg series was extremely weak, and an intense, broad
peak appeared at ~ 1 Ry above the IP in the low-energy continuum. This
effect is caused by a centrifugal barrier acting on the £ = 3 component
of the ¢, wavefunction. The essence of the phenomena can be described in
mechanistic terms as follows. The electric dipole interaction, localized
within the atomic K shell, produces a photoelectron with angular momentum
£ = 1. As this p-wave electron escapes to infinity, the anisotropic
molecular field can scatter it into the entire range of angular momentum
states contributing to the allowed o- and 7 ionization channels (AA = O,
+1). In addition, the spatial extent of the molecular field, consisting
of two atoms separated by 1.1 A, enables the £ = 3 component of the g
continuum wavefunction to overcome its centrifugal barrier and penetrate
into the molecular core at a kinetic energy of ~ 1 Ry. This penetration
is rapid, a phase shift of ~ w occurring over a range of ~ 0.3 Ry.
These two circumstances combine to produce a dramatic enhancement of
photocurrent at ~ 1 Ry kinetic energy, with predominantly f-wave
character.

The specifically molecular character of this phenomenon is
emphasized by comparison with K-shell photoionization in atomic nitrogen
and in the united-atom case, silicon. In contrast to N,, there is no
mechanism for the essential p-f coupling, and neither atomic field is
strong enough to support resonant penetration of high—4 partial waves
through their centrifugal barriers. (With substitution of "d" for "f,”
this argument applies equally well to the d-type resonance in the
discrete part of the spectrum.) Note that the T, channel also has an
£ = 3 component but does not resonate. This underscores the
directionality and symmetry dependence of the trapping mechanism.

To place the g, resonance in a broader perspective and show its
connection with high-energy behavior, we show, in Fig. 4, an extension of
the calculation in Fige. 3 to much higher energy. Again the four dipole-
allowed channels in Dy, symmetry are shown. The dashed line is two times
the atomic nitrogen K-shell cross section. Note that the modulation
about the atomic cross section, caused by the potential barrier, extends
to ~100 eV above threshold before the molecular and atomic curves seem to
coalesce.

At higher energies, a weaker modulation appears in each partial
cross section. This weak modulation is a diffraction pattern, resulting
from scattering of the photoelectron by the neighboring atom in the
molecule, or, more precisely, by the molecular field._ _Structure of this
type was first studied over 50 years ago by de Kronig”® in the context of
metal lattices. It currently goes by the acronym §§A§§ (extended x-ray
absorption finme structure) and is used extensively”<? for local
structure determination in molecules, solids, and surfaces. The net
oscillation is very weak in N,, since the light atom is a weak
scatterer. More pronounced e%fects are seen, e.g., in K-shell spectra34
of Br, and GeCl,. Our reason for showing the weak EXAFS structure in N2
is to show that the low-energy, resonant modulation (called "near-edge"
structure in the context of EXAFS) and high-energy EXAFS evolve
continuously into one another and emerge naturally from a single
molecular framework, although the latter is usually treated from an
atomic point-of-view.

Figure 5 shows a hypothetical experiment24 which clearly demon-
strates the & character of the ¢, resonance. In this experiment, we
first fix the nitrogen molecule in space and orient the polarization
direction of a photon beam, tuned near the nitrogen K edge, along the
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molecular axis. This orientation will cause photoexcitation into ¢ final
states, including the resonant ¢, jonization channel. (Again hole
localization is neglected for purposes of illustration.) Figure 5 shows
the angular distribution of photocurrent as a function of both excess
energy above the K-shell IP and angle of ejection, 8, relative to the
molecular axis. Very apparent in Fig. 5 is the enhanced photocurrent at
the resonance position, KE ~ 1 Ry. Moreover, the angular distribution
exhibits three nodes, with most of the photocurrent exiting the molecule
along the molecular axis and none at right angles to it. This is an f-
wave (& = 3) pattern and indicates clearly that the resonant enhancement
is caused by an & = 3 centrifugal barrier in the o, continuum of Ny.
Thus, the centrifugal barrier has observable physical meaning and is not
merely a theoretical construct. Note that the correspondence between the
dominant asymptotic partial wave and the trapping mechanism is not always
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Fig. 4. Partial photoionization cross sections for the K shell
of Ny over a broad energy range. The dashed line
represents twice the K-shell photoionization cross
section for atomic nitrogen, as represented by a
Hartree—-Slater potential.
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valid, especially when the trapping is on an internal or off-center
atomic site where the trapped partial wave can be scattered by the
anisotrop%g molecular field into alternative asymptotic partial waves,
eeg+, BF3 and SF6‘ Finally, note that the hypothetical experiment
discussed above has been approximately realized by photoionizing
molecules adsorbed on surfaces. The shape resonant features tend to
survive adsorptign and, owing to their observable f~character, can even
provide evidence 6,37 25 to the orientation of the molecule on the
surface.

The final topic in the discussion of basig properties of shape
resonances involves eigenchannel contour maps, or, "pictures” of
unbound electrons. This is the continuum counterpart of contour maps of
bound-state electronic wavefunctions which have proven so valuable as
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tools of quantum chemical visualization and analysis. Indeed, the
present example helps achieve a physical picture of the o, shape
resonance, and the general technique promises to be a useful tool for
analyzing resonant trapping mechanisms and other observable properties in
the future. The key to this visualization is the construction of those
particular combinations of continuum orbital momenta that diagonalize the
interaction of the unbound electron with the anisotropic molecular

field. These combinations, known as eigerichannels, are the continuum
analogues of the eigenstates in the discrete spectrum, i.e., the bound
states.

2 )
\ A
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g (Mo /Sr)
N
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Q

Fig. 5. Fixed-molecule photoelectron angular distribution for
kinetic energies 0-5 Ry above the K-shell IP of Ny.
The polarization of the ionizing radiation is oriented
along the molecular axis in order to excite the o
continua, and the photoelectron ejection angle, 8,
is measured relative to the molecular axis.

The f-dominated eigenchannel of O, symmetry in N, is an excellent
case for which eigenchannel contour maps may be used to visualize shape
resonant continuum states. In Fig. 6, this eigenchannel is plotted at
two energies, one below the resonance energy and the other near the
center of the resonance. In Fig. 6, the surfaces, whose contours have at
large distance the three nodal planes characteristic of f orbitals, show
clearly the resonant nature of the f-dominated 0, eigenchannel. Below
and above (not shown) the resonance energy, the probability amplitude and
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its distribution inside and outside the molecular core is typical of non-
resonant behavior. But at the resonance energy there is an enormous
enhancement of the wavefunction in the molecular interior; the
wavefunction now resembles a molecular bound-state probability amplitude
distribution. It is this enhancement, in the region occupied by the
bound states, that leads to the very large increase in oscillator
strength indicative of the resonance, and to the other manifestations

N, o,, 0.9Ry, (=3

Fig. 6. F-wave~dominated eigenchannel wavefunctions for non-
resonant (top) and resonant (bottom) electron kinetic
energies in the ¢, continuum of Ny. The molecule
is in the yz plane, along the z axis, centered at
y = z = 0. Contours mark steps of 0.03 from 0.02 to 0.29;
positive = solid, negative = dashed. The lack of contour
lines for 1.2 Ry near the nuclei is because of the 0.29
cutoff.

discussed earlier and in the next section.

These eigenchannel plots are discussed more fully elsewhere;38
however, before leaving the subject, several points should be noted.
First, the Ny example that we have chosen is somewhat special in that
there is a near one—to—one correspondence between the eigenchannels and
single values of orbital angular momentum. Orbital angular momentum is,
however, not a good quantum number in molecules, and more generally we
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should not alwags exgect such clear nodal patterns. More typically,
earlier work?»37539-41 indicates that several angular momenta often
contribute to the continuum eigenchannels (although a barrier in only one
% component will be primarily responsible for the temporary trapping that
causes the enhancement in that and coupled components), and this means
that the resulting eigenchannel plots will be correspondingly richer.
Second, the dominant £ we have discussed pertains to the region outside
the molecular charge distributions. The orbital momentum composition of
these wavefunctions is more complicated in the molecular interior, as
seen, e.g., in Fig. 6. Nonetheless, continuity and a dominant £ may, as
in the case of N2, cause the emergence of a distinct £ pa%gern, even into
the core region. Third, while these ideas were developed”® in the
context of molecular photoionization, the continuum eigenchannel concept
carries over without any fundamental change to electron-molecule
scattering. Finally, while we have used one-electron wavefunctions here,
obtained with the multiple-scattering model, we emphasize that the
eigenchannel concept is a general one and we look foward to its use in
the analysis of more sophisticated, many-electron molecular continuum
wavefunctions.

IV. SHAPE-RESONANCE-INDUCED NON~-FRANCK-CONDON EFFECTS

Molecular photoionization at wavelengths unaffected by autoion-
ization, predissociation, or iomic thresholds was generally believed to
produce Franck-Condon (FC) vibrational intensity distributions within the
final ionic state and v—independent4Eh2§oelectron angular distribu-
tions. We now discuss a prediction*<» from a few years ago, that shape
resonances represent an important class of exceptions to this picture.
These ideas are illustrated with a calculation of the 30_ + e€d , em
photoionization channel of Ny, which accesses the same oﬁ shapg resonance
discussed above at approximately hv ~ 30 eV, or ~ 14 eV above the 3og
IP. The process we are considering involves photoexcitation of N, X z
in its vibrational ground state with photon energies from the first IP %o
beyond the region of the shape resonance at hv ~ 30 eV. This process
ejects photoelectrons leaving behind N; ions in energetically accessible
states. As we are interested in the ionization of the 30, electron,
which produces the X 41t ground state of N;, we are concerned with the
photoelectron band in tﬁe range 15.5 eV < TP < 16.5 eV. The physical
effects we seek involve the relative intensities and, angular distri-
butions of the v = 0-2 vibrational peaks in the X “I. electronic band,
and, more specifically, the departures of these obsefvables from behavior
predicted by the FC separation.

The breakdown of the FC principle arises from the quasibound nature
of the shape resonance, which, as we discussed in Section III, is
localized in a spatial region of molecular .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
significantly over a range of R corresponding to the ground-state
vibrational motion. This is illustrated in the upper portion of Fig. 7
where the dashed curves represent separate, fixed-R calculations of the
partial cross section for N, 3¢, photoionization over the range 1.824a, <
R < 2.324a0, which spans the Ny ground-state vibrational wavefunction.
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Of central importance in Fig. 7 is the clear demonstration that
resonance positions, strengths, and widths are sensitive functions of
R. In particular, for larger separations, the inner well of the
effective potential acting on the £ = 3 component of the ¢, wavefunction
is more attractive and the shape resonance shifts to lower kinetic
energy, becoming narrower and higher. Conversely, for lower values of R,

o (Mb)
0 5 10 15 20

0 10 20 30 40
KE (eV)
Fig. 7. Cross sections o for photoionization of the 3g,
(v; = 0) level of N,. Top: fixed-R (dashed c%rves)
and R-averaged, vibrationally unresolved (solid curve)
results. Bottom: results for resolved final-state
vibrational levels, vg = 0 = 2.

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
Coulomb) and repulsive (mainly centrifugal) forces which combine to form
the barrier. In the present case, variations in R, corresponding to the
ground-state vibration in N5, produce significant shifts of the resonant
behavior over a spectral range several times the fullwidth at half
maximum of the resonance calculated at R = R,. By contrast, nonresonant
channels azz relatively insensitive to such variation in R, as was shown
by results™ on the 1w, and 20, photoionization channels in Ny

Thus, in the vicinity of a shape resonance, the electronic
transition moment varies rapidly with R. This pazgmetric coupling was
estimated in the adiabatic-nuclei approximation by computing the net
transition moment for a particular vibrational channel as an average of
the R-dependent dipole amplitude, weighted by the product of the initial-
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and final-state vibrational wavefunctions at each R,

t -
D = [aRx '(R)D (R)x_ (R).
Vevy )%f &’1
The vibrational wavefunctions were approximated by harmonic-oscillator
functions and the superscript 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 vy of -the ion are
unresolved (summed over), vibrational motion within the initial state
vy = 0 can cause 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. 7 by comparing the solid line (R-averaged
result, summed over vf) and the middle dashed line (R = Re)' 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
channels exhibiting shape resonances. As we stated earlier, this is
generally not a critical issue in nonresonant channels.

Effects of nuclear motion on individual vibrational levels are shown
in the bottom half of Fig. 7. Looking at the partial cross sections in
Fig. 7, we see that the resonance position varies over a few volts
depending on the final vibrational state, and that higher levels are
relatively more enhanced at their resonance position than is vg = 0.

This sensitivity to v arises because transitions to alternative final
vibrational states preferentially sample different regions of R. 1In
particular, ve = 1,2 sample successively smaller R, governed by the
maximum overlap with the ground vibrational state, causing the resonance
in those vibrational channels to peak at higher energy than that for

vg = 0. The impact of these effects on branching ratios is clearly seen
in Fig. 2 of Ref. 42, where the ratio of the higher vg intensities to
that of vg = 0 is plotted in the resonance region. There we see that the
ratios are slightly above the FC factors (9.3%, ve = 1; 0.6%, vg = 2) at
zero kinetic energy, go through a minimum just below the resonance energy
in vg = 0, then increase to a maximum as individual v¢ > O vibrational
intensities peak, and finally approach the FC factors again at high
kinetic enmergy. Note the maximum enhancement over the FC factors is
progressively more pronounced for higher v, i.e., 340% and 1300% for

vg = 1,2, respectively.

Equally dramatic are the effects on B(vf) discussed in Ref. 42.
Especially at and below the resonance position, the B's varzégz?atly for
different final vibrational levels. Carlson first observed™"? that, at
584 R, the Vg = 1 level in the 3g, channel of No had a much larger B8 than
the v¢ = 0 level even though there was no apparent autoionizing state at
that wavelength. This is in semiquantitative agreement with the
theoretical calculation*? which gives B(vf =0) ~ 1.0 and B(vf =1) ~
1.5. Although the agreement is not exact, we feel this demonstrates that
the "anomalous” vy dependence of B in N, stems mainly from the o, shape
resonance which acts over a range of the spectrum many times its own ~ 5
eV width. The underlying cause of this effect is the shape-resonance-
enhanced R dependence of the dipole amplitude, just as for the
vibrational partial cross sections. In the case of B(vg), however, both
the R 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.
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The theoretical predictions discussed above were soon tested in two
separate experiments. In Fig. 8 the brinch}ng ratio for production of
the v = 0 and 1 vibrational leve%g of'N2 X “Z  is shown. The dash-dot
line is the original prediction. The “solid®dots are the recent

25 T T

+ 29+ {v=1)
s N z! {v=0)

20 i \ .

BRANCHING RATIO (%)

0 1 1 1 1
15 20 25 30 35 40 45
PHOTON ENERGY (eV)

Fig. 8. Bran$h1n§ iatios for production of the v = 0,1 levels.
of Nj X L' by photoionization of N,: @, Ref. 48;
A, Ref. 495 —~e—e—, multiple scattering model prediction
from Ref. 42; ———— frozen-core Hartree-Fock dipole length
approximation from Ref. 50; - - -, frozen-core Hartree-Fock
dipole velocity approximation from Ref. 50.

measurements#8 in the vicinity of the shape resonance at hv ~ 30 eV. The
conclusion drawn from this comparison is that the observed variation of
the vibrational branching ratio relative to the FC factor over a broad
spectral ran§e58ualitatively confirms the prediction; however, subsequent
calculations’? with fewer approximations have achieved better agreement
based on the same mechanism for breakdown of the FC separation. The
dashed angosolid curves are results based on a Schwinger variational
treatment”” of the photoglectron wavefunction. The two curves represent
a length and velocity representation of the transition matrix element,
both of which are in excellent agreement with the data. This is an
outstanding example of interaction between experiment and theory,
proceeding as it did from a novel prediction, through experimental
testing and final quantitative theoretical agreement in a short time.
Also shown in Fi§§ 8 are data in the 15.5 eV € hv < 22 eV region which
are earlier data™’ obtained using laboratory line sources. The
apparently chaotic behavior arises from unresolved autoionization
structure.

The angulaE gistribution asymmetry parameters, B8, for the v = 0,1
T

levels of N, X over roughly the same energy region are reported in
Ref. 51. 1In the %egion above hv ~ 25 eV, this data also shows
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qualitative agreement with the predicted42 v-dependence of B caused by
the o, shape resonance, In this case, the agreement is somewhat improved
in later calculations, mainly for v = 1; however, the change is less
dramatic than for the branching ratios. .

Finally, note that we have illustrated the vibrational effects of
shape resonances in the context of molecular photoionization; however, a
rather analogous mechanism makes shape resonances extremely efficient in
inducing vibrational3e¥§izgtion in electronically-elastic electron-
molecule scattering.”?"”?

V. CONNECTIONS BETWEEN SHAPE RESONANCES IN ELECTRON-MOLECULE SCATTERING
AND IN MOLECULAR PHOTOIONIZATION AND RELATED CONNECTIONS

At first glance, there is little connection between resonances in
electron-molecule scattering (e + M) and those in molecular photoion-
ization (hv + M). The two phenomena involve different numbers of
electrons and the collision velocities are such that all electrons are
incorporated into a collision complex. Hence, we are comparing a neutral
molecule to a molecular negative-ion system. However, although the long-
range part of the scattering potential is drastically different in the
two cases, the inmer part is not drastically different since it is
dominated by the interactions among the nuclei and those electrons common
to both systems. Thus, shape resonances which are localized in the
molecular core substantially maintain their identity from one system to
another, but are shifted in energy owing to the difference caused by the
addition of an electron inside the molecule. This unifying property of
shape resonances thus links together the two largest bodies of data for
the molecular continuum -- hv + M and e+ M — and, although these
resonances shift in energy in going from one class to another and
manifest themselves in somewhat different ways, this link permits us to
transfer information between the two. This can serve to help interpret
new data and even to make predictions of _new features to look for
experimentally. Actually, this picture® was surmised empirically from
evidence contained in survey calculations on e + M and hv + M and, in
retrospect, from data. These observations can be summarized as
follows: By and large, the systems hv + M and e + M display the same
manifold of shape resonances, only those in the e + M system are shifted
~ 10 eV to higher electron energy. Usually, there is one shape resonance
per symmetry for a subset of the symmetries available. The shift depends
on the symmetry of the state, indicating, as one would expect, that the
additional electron is not uniformly distributed. Finally, there is
substantial proof that the & character is preserved in this process,
although interaction among alternative components in a scattering
eigenchannel can alter the £ mixing present.

There are several good examples available to illustrate this point,
e.g., Ny, CO, CO,, BF3, SFg, etc. In general, one can start from either
the neutral or the negative ion system, but, in either case, there is a
preferred way to do so: In the hv + M case, it is better to examine the
inner-shell photoabsorption and photoionization spectra. Shape
resonances almost invariably emerge most clearly in this context.
Additional effects, discussed briefly at the end of this section,
frequently make the role of shape resonances in valence-shell spectra
more complicated to interpret. In the e + M case, a very semsitive
indicator of shape resonance behavior is the vibrational excitatign
channel. Vibrational excitation is enhanced by shape resonances, »19 and
is typically very weak for non-resonant scattering. Hence,_a ihape
resonance, particularly at intermediate energy (10-40 e:V),l‘3’5 may be
barely visible in the vibrationally and electronically elastic scattering
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cross section, and yet be displayed prominently in the vibratiomally
inelastic, electronically elastic cross section.

Two examples will help illustrate these points. In e — SFg
scattering, the vibrationally elastic scattering cross section has been
calculated theoretically’” and shown to have four shape resonances of
ajgs tiys E2go and e, symmetry at approximately 2, 7, 13, and 27 eV,
resgictively. The absolute total cross section measured by Kennerly et
al. shows qualitative agreement, except that no clear sign of the e, is
present. (This resonance could be more clearly seen in the vibrational
excitation spectrum, which is not available.) Hence, using the
guidelines given above, one would expect shape resonance features in the
hv + M case at -8, -3, 3, and 17 eV (on the kinetic energy scale) to a
very crude, first approximation. Indeed, the K- and L-shell photo-
absorption spectra of SF6 show such intense features, as discussed in
Section II.

Using Ny, we reverse the direction of the mapping, and start with
hv + Ny, which was discussed extensively in earlier sections. Here a
"discrete” shape resonance of T, symmetry and a shape resonance of o,
symmetry are apparent in the K—ghell spectrum, e.g., Fig. 3. These
occur at ~ -9 and 10 eV on the kinetic energy scale (relative to the
ionization potential). Hence, one would look for the same set of
resonances in e-N, scattering at ~ 1 and ~ 20 eV electron scattering
energies. The well-known m, shape resonance is very apparent in the
vibrationally elastic cross section; however, there is only a very broad
bump at ~ 20 eV. As noted above, the vibrationally inelastic cross
section is much more sensitive to shape resonances, and, indeed, the 9,
shape resonance in e-Nj scattering has been established theoretically and
experimentally by looking in this channel (see e.g., Refs. 43, 56-60).
Several other excellent examples exist, but we will conclude by pointing
out that the connections between e—CO, and hv - COy have been recently
discussed*! in detail, including a study of the eigenphase sums in the
vicinity of the ¢, shape resonance in the two systems.

Finally, we note similar connections and additional complications
upon mapping from inner-shell to valence-shell hv + M spectra. On going
from deep inner-shell spectra to valence-shell spectra, shape resonances
in hv + M also shift approximately 1-4 eV toward higher kinetic eneryy,
due to differences in screening between localized and delocalized holes
as well as other factors. As mentioned above, several complications
arise in valence-shell spectra which can tend to obscure the presence of
a shape resonance compared to their more straightforward role in inner-
shell spectra. These include greater energy dependence of the dipole
matrix element, interactions with autoionizing levels, strong continuum-
continuum coupling between more nearly degenerate ionization channels,
strong particle-hole interactions, etc. So, for the most transparent
view of the manifold of shape resonance features in hv + M, one should
always begin with inner—shell photoabsorption data.

VI. PROGRESS AND PROSPECTS

Summarizing, we have used prototype studies on N, to convey the
progress made in the study of shape resonances in molecular fields,
particularly in molecular photoionization. This included the identi-
fication of shape resonant features in photoionization spectra of
molecules and the accural of substantial physical insight into their
properties, many of which were peculiar to molecular fields. One recent
example has been the prediction and experimental confirmation of the role
of shape resonances in producing non-Franck-Condon effects in vibrational
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branching ratios and photoelectron angular distribution.

What this discussion has failed so far to convey is the already
extensive body of work that has geveloped around these basic themes.
Even in an early interpretationl of shape resonance effects in x-ray
spectra, it was obvious that the phenomena would be widespread as over
ten molecules, or local molecular moleties, were already observed (see,
e.g., Refs. 15 and 18) to have shape resonant behavior. At the present,
it is not difficult to identify over two dozen examples of molecules
exhibiting the effects discussed above in one or more final state
symmetries (references for the following examples are cited in Ref. 1,
and the inner—shell cases are 1%ited according to molecule in the
bibliography given by Hitchcock®"). These include simple diatomics (N,,
0,, CO, NO), polyatomics with subgroups related to the first-row
diatomics (HCN, C,N,, CH3CH), triatomics (CO,, CSp, OCS, Ny0, S0,) and
more highly coordinated molecules and local molecular environments (SFg,
SOZ, SFSCF3, SF202, Son, BF3, Sin‘, SiCl4, SiFg, 8102, NFB’ CF4)- There
is no doubt that many cases have been overlooked in this list and that
many examples will be identified in the future as the exploration of
molecular photoionization dynamics continues, particularly with the
increasing utilization of synchrotron radiation sources.

Several examples from this body of literature serve both to
emphasize some of the interesting complications that can arise and to
caution against assuming that manifestations of shape resonances will
always conform to the independent-electron concepts used above to explain
the fundamentals of the subject in connection with N, photoionization:
(i) One recently documented case of many-body interactions causing
deviations from the single—chi?nel picture stressed above is cgnt%nuu -
continuum coupling in the 20u photoionization channel of Ny. 2-66 In
the single-channel model, the ¢, shape resonance woulg not affesf this
channel; however, channel interact%gn between the 20, ~ and 3¢
ionization continua has been shown to cause resonant structu%e in the B8

for fhe Zou_ channel at the energy of the o, shape resonance in the
3g.~ ' channel. This mechanism had also been sited in the valence-shell

photoionization of SFg, ' and should be a general phenomenon. (ii) In
the case 85-93 photoionization, an analogous ¢, shape resonance is
expected, but its identification in the photoionization spectrum has
been complicated by the existence of engnsive autoionization structure
in the region of interest. Recent work’® using variable wavelength
photoelectron measurements and a multichannel quantum defect theory
(MQDT) analysis of the principal autoionizing Rydberg series has sorted
out this puzzle, with the result that the o, shape resonance was
established to be approximately where expected, but was not at all
clearly identifiable without the extensive analysis used in this case.
Several examples now exist which exhibit overlapping shape and
autoionizing resonances, thus requiring great care in order to arrive at
meaningful interpretation. This will be common, particularly in valence
spectra where successive IP's are closely spaced. (iii) In the case 8f
€Oy a o, shape resonance of completely different origin was expected3 )72
for photoionization of the 4g¢, orbital, leading to the C Xg state of
COE. This resonance, however7 was not apparent in partia% c;gss section
measurements on this channel. Nevertheless predictions 0, of a
shape-resonant featugs 28 %ge722§6esponding B was confirmed and work in
several laboratories=”?*77 2" %? have now converged to reasonable
agreement in this observable. In addition, recent measurements have
shown that this resonance is observable in the partisl cross sections,
but is shifted to lower erergy and much diminished.8 Future ezBeri—
mental work on vibrational branching ratios and v-dependent B's" -~ would
greatly aid in the further study of this case. Several other examples of
shape resonances which are clearly displayed in some (usually inner-
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shell) spectra, but arg "missing” in other (usually valence-shell)
spectra are now known. 1-83 One of the remaining ilntriguing problems is
to pinpoint the key interaction which erases the shape resonance in
certain channels. (iv) One of the exciting new results involggssgtudying
resonances in inner-shell spectra with electron spectroscopy. This
type of measurement goes beyond the absorption type measurement and gives
information on the decay of resonant features. In fact many resonances
in SFg, SiF,, and other molecules decay by barrier penetration into the
direct ionization continuum of the main single-hole configuration;
however, Ferrett et al. have noted exceptions, such as the e, in SF6
which decays with a finite branching ratio into satellite configura-
tions. Hence, the enhanced excitation is caused by a simple shape
resonant mechanism, but the decay involves multiparticle interactions, to
a significant -extent. Other observations include gzcay paths for
discrete regznances excited from deep inner holes, anisotropy, or
lack of it, in Auger angular distributions following resonant
excitation; and characterization of weak features in the K sgzcgra of SF¢
as doubly excited states converging to satellite thresholds.®™» > This
is a rich and complicated stream of work, just getting underway. It is
now feasible owing to developments in synchrotron radiation. (v)
Returning to the case of N,, we note that the photoionization of the Zog
should also access the ¢, shape resonance. However, for this inner-
valence orbital, extensive vibronic coupling leads tg7a breakdown8 of
the single-particle model leading to the observation®’ of many
“"satellite"” vibronic states in the photoelectron spectrum instead of a
single peak due to ionization of the 20, orbital. Nevertheless, if the
sum of this complicated structurs %s plotted versus photon energy, the
resonant enhancement reemerges.8 »88 (vi) Owing to the dependence of
continuum resonances on Ilnternuclear separation, an examination of the
utility of resonance positions in fggilies of molecules to predict
interatomic spacings was attempted. Early results were very
optimistic, claiming an accuracy of 0.05 A; however, more conservative
analyses”’  made it clear that, while the basic qualitative principal may
be correct, the application to structure determination was not as
promising as initially thought. (vii) Finally, in most molecules, a
resonant channel will have only one resonance; however, in polyatomics,
multiple resonances have been documented”’” in cases such as CyN,, where
two resonances are found in the ¢, channel, resultinngrom the trapping
on the C-C and C-N sites. In addition, NjO exhibits two resonances in
the o channel but without obvious correlation with different sites. In
this case, two alternative 2's may resonate, or the higher energy feature
could be the transition region between resonant trapping and diffractive
scattering, where quantum mechanical ringing may be a more apt
description. More detailed work is required to sort out this detail.

These eight cases are excellent examples of the additional types of
challenges that can arise in the study of shape resonance phenomena.
They should not diminish the simplicity and power of the fundamental
shape resonance dynamics but, rather, should show how this fundamental
framework showcases more complicated (and interesting) photoionization
dynamics which, in turn, require a more sophisticated framework for full

understanding.

Another form of progress is measured by the applicability of ideas
to other observables, or, more broadly, tgzother subfields: (i) We have
already touched upon the close connection““ between shape resonance
phenomena in molecular photoionization and electron-molecule
scattering. (ii) ggag? resonances in adsorbed molecules are now used
rather extensively~"? as a probe of the geometry and electronic
properties of adsorption sites. (iii) As discussed in connection with
the inner-shell spectra of SF6, free-molecule concepts concerning
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localized states carry over to the condensed phase. In such cases, a
local "molecular” point-of-view can often provide more direct physical
insight into photoexcitation dynamics of solids than can a band-structure
approach. (iv) Also noted above, shape resonances are often low—energy
precursors to EXAFS structure occurring from ~100 eV to thousands of eV
above inner-shell edges. (v) An intimate connection also_exists with
antibonding valence states in quantum chemistry language. This was
dramatically demonstrated over ten years ago, when Gianturco et al.
interpreted the shape resonances in SFg using unoccupied virtual orbitals
in an LCAO-MO calculation. This connection is a natural one since shape
resonances are localized within the molecular charge distribution and
therefore can be realistically described by a limited basis set suitable
for describing the valence MO's. However, the scattering approach used
in the shape-resonance picture is necessary for analysis of various
dynamical aspects of the phenomena. (vi) Finally, shape resonances have
been used as characteristic _features in the analysis of such diverse

subjects as electron optics® of molecular fields and hole localization29
in inner-shell ionization, and as the cause for molecular alignmen85136
’

photoionization, leading to anisotropy in the angular distribution
of Auger electrons from the decay of K-shell holes.

Clearly the subject of shape resonances in molecular fields has
developed into a mature subfield. To a large extent the dynamics
described above are now employed in a more or less routine fashion to
interpret molecular photophysics and electron scattering processes.
Nevertheless several challenges remain, mainly in the cases of
significant departures from the simple concepts offered above. These
will be due in large part to multiparticle mechanisms, such as those
enumerated earlier in this section. Another interesting direction will
be to study the effects of resonant excitations in more complicated
vibrational modes and dissociative processes. In these and unforseen
ways, the expansion, refinement, and unification of ongoing developments
in the study of shape resonances in molecular fields should remain an
active theme in molecular physics in the coming years.
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