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Abstract

A shape resonance is a quasibound state in which a particle is

temporarily trapped by a potential barrier (i.e., the "shape" of the

potential), through which it may eventually tunnel and escape. This simple

mechanism plays a prominent role in a variety of excitation processes in

molecules, ranging from vibrational excitation \>y slow electrons to ionization

of deep core levels by X-rays. Moreover, their localized nature makes shape

resonances a unifying link between otherwise dissimilar circumstances. One

example is the close connection between shape resonances in electron-molecule

scattering and in molecular photoionization. Another is the frequent

persistence of free-molecule shape resonant behavior upon adsorption on a

surface or condensation into a molecular solid. The main focus of this

article is a discussion of the basic properties of shape resonances in

molecular fields, illustrated by the more transparent examples studied over

the last ten years. Other aspects to be discussed are vibrational effects of

shape resonances, connections between shape resonances in different physical

settings, and examples of shape resonant behavior in more complex cases, which

form current challenges in this field*

MASTER
Work supported by the U.S. Department of Energy and the Office of Naval
Research.



I. INTRODUCTION

The last decade has witnessed remarkable progress in characterizing
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dynamical aspects of molecular photoionization » and electron-molecule

scattering » processes. The general challenge is to gain physical insight

into the processes occuring 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 past ten years, this basic resonance mechanism has been

found to play a prominent role in a variety of processes in molecular physics,

and now takes its place alongside autoionizing and Feshbach resonances as

central themes 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 some-

where in the observable properties of most small (nonhydride) molecules.

Examples of the processes which exhibit shape resonant effects axe X-ray and

VUV absorption spectra, photoelectron branching ratios and photoelectron

angular distributions (including vibrationally resolved), Auger electron

angular distributions, elastic electron scattering, vlbrational excitation by

electron impact, and so on. Thus concepts and techniques developed in this

connection can be used 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

I = 1 to I = 5 components of continuum molecular wave functions. The purely

molecular origin of the great majority of these cases is illustrated by the



prototype system N2 discussed in Section III.

Fourth, the predominantly one-electron nature of the phenomena lends
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itself to theoretical 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 ionization and scattering and, in so doing, to

test and quantify many of the independent-electron results and to proceed to

other circumstances such as weak 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 the author's favorite example of

dramatic shape resonant 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

several connections between shape resonance 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.

II. 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 the sulfur
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11"14 in SFg. The sulfur L-shell absorption spectra of

SFg and H2S are shown in Fig. 1 to illustrate the type of phenomena that

originally drew attention to this area. In 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 ~ 175eV. 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 H2S 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 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 * ed" 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 apparent,

although an infinite number of Rydberg states must necessarily be associated

with any molecular ion. Actually, Rydberg states were detected superimposed

on the weak bump below the IP using photographic detection, but obviously



these states are extremely weak in this spectrum. This radical reorganization

of the oscillator strength distribution was interpreted1^ as potential barrier

effects in SFg, resulting in three shape-resonantly enhanced final state

features of a^g, t2s> an<* es symmetry, in order of increasing energy. Another

shape resonant feature of tju symmetry is prominent in the sulfur K-shell

spectrum1^ and, in fact, is responsible for the weak feature just below the IP

in Fig. 1 owing to weak channel interaction. Hence four prominent features

occur in the photoexcitation spectrum of SFg as a consequence of potential

barriers caused by the molecular evnironment of the sulfur atom. Another

significant observation^ is that the SFg 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 photoionizatlon, just as early

observations of the IT shape resonance in elastic e-N2 scattering did in the

O 1 -1

electron-molecule scattering field. >

III. 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 potenfial 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 shovm) at large separations. In the context of molecular

photoionization, this would he 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 the molecular charge distribution where

the centrifugal forces can compete effectively with electrostatic forces.

Similar barriers are known for d- and f-waves in atomic fields, however the

A (orbital angular momentum) character of resonances in molecular fields tends

to be higher than those of constituent atoms owing to che larger spatial

extent of the molecular charge distribution, e.g., see discussion in

connection with N2 photoionization below. The outer well lies outside the

molecule where the Coulomb potential (~ -r ) of the mole l.".r ion again

dominates the centrifugal terms (~ r ) in the potential. • J stress that this

description has been radically simplified to convey the essential aspects of

the underlying physics. In reality effective barriers to electron motion in

molecular fields occur for particular X, components of particular ionization

channels and restrict motion only in certain directions. Again, a specific

example is decribed 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 r (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 = Ef the inner well supports a quasibound state. The wavefunction

exhibits exponential decay in the barrier region so that if 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 < Et 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 ~7r radians and greatly enhances the

amplitude in the inner well over a narrow band of energy near Er. Therefore

at E = Er 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 > Er 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 ~ Er 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 withiln the

resonance half width of Er, 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. I. 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

external 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 into electron-

scattering processes and visa 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 au shape resonance in N2 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 N2 photoionization at

the independent-electron level, we show the original calculation21"2^ of the

K-shell photoionization spectrum performed with the multiple-scattering
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model. This calculation agrees qualitatively with all major features in the

experimental spectrum, > except a narrow band of double excitation

features, and with subsequent, more accurate calculations.'10 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 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.)

The most striking spectral feature in Fig. 3 is the first member of the

"„ sequence, which dominates every other feature in the theoretical spectrum

by a factor of ~30. (Note the first ire 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 irg wave-

function. The final state in this transition is a highly localized state,

about the size of the molecular core, and is the counterpart of the well-

knownJ>Lf ir shape resonance in e-N£ scattering at 2.4 eV. For the latter

case, Krauss and Mies2** demonstrated that the effective potential for the IT

elastic channel in e-^ scattering exhibits a potential barrier due to the

centrifugal replusion acting on the dominant £=2 lead terra in the partial-wave

expansion of the ir wavefunction. In the case of N2 photoionization, there is

one less electron in the molecular field to screen the nuclear charge so that

this resonance feature is shifted^0 to lower energy and appears in the

discrete. It is in this sense that we refer to such features as "discrete"
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shape resonances. The remainder of the v partial cross section consists of a

Rydberg series and a flat continuum. The ir and a channels both exhibit

Rydberg series, the initial members of which correlate well with partially

resolved transitions in the experimental spectrum below the K-shell IP.

The au 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 H = 3 component of the <ru 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 Z = 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 is—

ionization channels (AX = 0, ±1). In addition, the spatial extent of the

molecular field, consisting of two atoms separated by 1.1 A, enables the I = 3

component of the au 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 ~7r 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-fc partial waves through their centrifugal

barriers. (With substitution of "d" for "f," this argument applies equally
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well to the d-type resonance in the discrete part of the spectrum.) Note that

the itu channel also has an Z = 3 component but does not resonate. This

underscores the directionality and symmetry dependence of the trapping

mechanism.

To place the ou resonance in a broader perspective and show its

connection with high energy behavior, we show, in Fig. 4, an extension of the

calculation in Fig. 3 to much higher energy. Again the four dipole allowed

channels in D̂ , 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 Kronig" in the context or metal latt .ces. It

currently goes by the acronym EXAFS (extended X-ray absorption fine structure)

and is used extensively » for local structure determination in molecules,

solids, and surfaces. The net oscillation is very weak in N2, since the light

atom is a weak scatterer. More pronounced effects are seen, e.g., in K shell

spectra32 of Br2 and GeC^. 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.
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Figure 5 shows a hypothetical experiment22 which clearly demonstrates the

Z character of the au 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 molecular axis. This

orientation will cause photoexcitation into a final states, including the

resonant o"u ionization 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 IF and

angle of ejection 6, 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 (Z = 3) pattern and indicates clearly that the resonant

enhancement is caused by an % = 3 centrifugal barrier in the ou continuum of

N£» 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

valid, especially when the trapping is on an internal or off-center atomic

site where the trapped partial wave can be scattered by the anisotroplc

molecular field into alternative asymptotic partial waves, e.g., BF^. and

SFg. Finally, note that the hypothetical experiment discussed above has been

approximately realized by photionizing molecules adsorbed on surfaces. The

shape resonant features tend to survive adsorption and, owing to their

observable ^-character, can even provide evidence • as to the orientation

of the molecule on the surface.

The final topic in the discussion of basic properties'of shape resonances

involves eigenchannel contour maps, or, "pictures" of unbound electrons.
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This is the continuum counterpart of contour maps of bound-state electronic

wavefunctions which have proven so valuable as tools of quantum chemical

visualization and analysis. Indeed, the present example helps achieve a

physical picture of the ou 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 particlar combinations of continuum orbital momenta that

diagonalize the interaction of the unbound electron with the anisotropic

molecular field. These combinations, known as eigenchannels, are the

continuum analogues of the eigenstates in the discrete spectrum, i.e., the

bound states.

The f-dominated eigenchannel of o"u 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 ou eigenchannel. Below and above (not shown) the

resonance energy, the probability amplitude, and 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 manifes-

tations discussed earlier and In the next section.
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These eigenchannel plots are discussed more fully elsewhere; however,

before leaving the subject, several points should be noted. First, the N2

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 should not always expect such clear

nodal patterns. More typically, earlier work » » indicates that several

angular momenta often contribute to the continuum eigenchannels (although a

barrier in only one Z 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 Z 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., Fig. 6. Nonetheless, continuity and a dominant Z

may, as in the case of N2, cause the emergence of a distinct Z pattern, 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 -o electron-molecule scattering.

This is a further example of the close connection between shape resonances

in molecular photoionization and 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 forward to its use in the analysis of more sophisticated, many-

electron molecular continuum wavefunctions.
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IV. SHAPE-RESONANCE-INDUCED NON-FRANCK-CONDON EFFECTS .

Molecular phof.oionization at wavelengths unaffected by autoionization,

predissociation, or ionic thresholds has been generally believed to produce

Franck-Condon (FC) vibrational intensity distributions within the final ionic

state and v-independent photoelectron angular distributions. We now discuss a

recent prediction^"»^* that shape resonances represent an important class of

exceptions to this picture. These ideas are illustrated with a calculation of

the 3o_ •*• ca , eir photoionization channel of N2, which accesses the same o"u

shape resonance discussed above at approximately hv ~ 30 eV, or ~14 eV above

the 3ag IP. The process we are considering involves photoexcitation of

N2 ^ *V *n *ts vibrational ground state with photon energies from the first

IP to 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 3CJ„ electron, which

produces the X 2 ground state of N£» we are concerned with the photoelectron

band in the range 15.5 eV < IP < 16.5 eV. The physical effects we seek

involve the relative intensities and angular distributions of the v -• 0-2

2 +vibrational peaks in the X Z electronic band, and, more specifically, the

departures of these observables 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 ^ 3°"e photoionization
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over the range 1.824aQ < R < 2.324a0, which spans the N2 ground-state

vibrational wavefunction.

Of central importance in Pig. 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 au wavefunction is more attractive and the shape

resonance shifts to lower kinetic energy, becoming 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

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 N2» produce significant shifts of the resonant behavior

over a spectral range several times the fullwidtij at half maximum of the

resonance calculated at R = Rfi. By contrast, nonresonant channels are

relatively insensitive to such variation in R, as was shown by results on

the 1TIU and 2au photoionization channels in N£»

Thus, in f.he vicinity of a shape resonance, the electronic transition

moment varies rapidly with R. This parametric coupling was estimated^0»*^ 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- and final-state vibrational

wavefunctions at each R,

Dv = /dRy t(R)D"(R)y (R).
VfVi ^f i
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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 v^ of the ion are unresolved

(summed over), vibrational motion within the initial state v^ = 0 can cause

the above equation to yield results significantly different from the R = Rg

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 v^) and the

middle dashed line (R = R e). Kcnce, even for the calculation of gross

properties of the whole, unresolved electron band, it is necesary 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 Pig. 7. Looking at the partial cross sections 3.n 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 vf = 0. This sensitivity to vf arises

because transitions to alternative final vibrational states preferentially

sample different regions of R. In particular, V£ = 1,2 sample succesively

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 v^ = 0. The impact of these effects on branching ratios is

clearly seen in Fig. 2 of Ref. 40, where the ratio of the higher v^

intensities to that of v^ = 0 is plotted in the resonance region. There we

see that the ratios are slightly above the FC factors (9.3%, v^ = 1; 0.6%,
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Vj = 2) at zero kinetic energy, go through a minimum just below the resonance

energy in v^ = 0, then Increase to a maximum as individual vf > 0 vibrational

intensities peak, and "finally approach the FC factors again at high kinetic

energy. Note the maximum enhancement over the FC factors Is progressively

more pronounced for higher v.£, i.e., 340% and 1300% for V£ - 1,2,

respectively.

Equally dramatic are the effects on B(v£> discussed in Ref. 40.

Especially at and below the resonance position, the &'s vary greatly for

different final vibrational levels. Carlson first observed^'^ that, at 584

A, the Vf = 1 level in the 3ag channel of N£ had a much larger 3 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 0(vf = 0) ~ 1.0 and 3(vf = 1) ~ 1.5. Although the

agreement is not exact, we feel this demonstrates that the "anomalous" v^

dependence of 3 in N2 stems mainly from the ou shape resonance which acts over

a range of the spectrum many time 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 casa of

BCvf), however, bou'r. 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.

The theoretical predictions discussed above were soon tested In two

separate experiments. In Fig. 8 the branching ratio for production of the v =

+ 2 +
0 and 1 vibrational levels of No X E Is shown. The dash-dot line is the

2 g

original prediction . The solid dots are the recent measurements 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
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relative to the FC factor over a broad spectral range qualitatively 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 and solid curves are results based on a

Schwinger variational treatment of the photoelectron 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 Fig. 8 are

data in the 15.5 eV < hv < 22 eV region which are earlier data47 obtained

using laboratory line sources. The apparently chaotic behavior arises from

unresolved autoionization structure.

The angular distribution asymmetry parameters, 3, for the v = 0,1 levels

+ 2 +
of N. X 2 over roughly the same energy region are reported in Ref 49. In

the region above hv ~ 25 eV, this data also shows qualitative agreement with

the predicted v-dependence of 0 caused by the ou 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 eifects of shape

resonances in the context of molecular photoionization; however, a rather

analogous mechanism makes shape resonances extremely efficient in inducing

vibrational excitation in electronically-elastic electron-molecule

scattering.^>1'»^

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
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electron-molecule scattering (e + M) and those in molecular photoionization

(hv + M). The two phenomena involve different numbers of electrons and the

collision velocities are such that all electrons are incorporated into the

collision complex. Hence, we are comparing a neutral molecule versus a

molecular negative-ion system. However, although the long-range part of the

scattering potential is drastically different in the two cases, the inner part

is not drastically different since it is dominated by the interactions with

the nuclei and those electrons common to both sysLems. 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 l-

character is preserved in this process, although interaction among alternative
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components in a scattering eigenchannel can alter the I mixing present.

There are several good examples available to illustrate this point, e.g.,

N2, CO, COo, 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 sensitive indicator of shape resonance behavior is the

vibrational excitation channel. Vibrational excitation is enhanced by shape

resonances, »* and is typically very weak for non-resonant scattering.

Hence, a shape resonance, particularly at intermediate energy (10-40 eV), >50

may be barely visible in the vibrationally-electronically elastic scattering

cross section, and yet be displayed prominently in the vibrationally—

inalastic, electronically-elastic cross section.

Two examples will hslp illustrate these points. In e - SFg scattering,

the vi^rationally elastic scattering cross section has been calculat d

theoretically and shown to have four shape resonances of aj g, tj u, t2g, and

e symmetry at approximately 2, 7, 13, and 27 eV, respectively. The absolute

total cross section measured by Kenneriy et al. shows qualitative agreement,

except that no clear sign of the eg 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

photoabsorption spectra of SFg show such intense features, as discussed in
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Section II.

Using N2, we reverse the direction of the mapping, and start with hv +

N2> which was discussed extensively in earlier sections. Here a "discrete"

shape resonance of ir symmetry and a shape resonance of ou symmetry are

apparent in the K-shell spectrum,24 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 .-all-known TT̂  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 au shape resonance in e-N£ scattering has been established

theoretically and experimentally by looking in this channel (see e.g., Refs.

41, 54-58). Several other excellent examples exist, but we will conclude by

pointing out that the connections between e-C02 and hv - C02 have been

recently discussed in detail, including a study of the eigenphase sums in

the vicinity of the au 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 energy, 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
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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 data.

VI. PROGRESS AMP PROSPECTS

Summarizing, we have used prototype studies on N2 to convey the progress

made in the study of shape resonances In molecular fields, particularly in

molecular photoionization. This included the identification of shape resonant

features in photoionization spectra of molecules and the accrual 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 branching ratios and photoelectron

angular distribution.

What this discussion has failed so far to convey is the already extensive

body of work that has developed around these basic themes. Even in an early

interpretation*" of shape resonance effects in X-ray spectra, it was obvious

that the phenomena would be widespread as over ten molecules, or local

molecular moieties, were observed (see, e.g., Refs. 13 and 16) 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 listed according to molecule in the

bibliography given by Hitchcock59). These include simple diatomics (N2, 02,

CO, NO), polyatomics with subgroups related to the first row diatomics (HCN,

C2N2, CH3CN), triatomics (C02, CS2, OCS, N20, S02) and more highly-coordinated

molecules and local molecular environments (SFg, SO4, SF5CF3, SF2O2, SF2O,
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BF3, SiF^, SiCl^,,SiF6, SiO2, NF3, 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 the manifestations of shape resonances will always conform to the

independent-electron concedes used above to explain the fundamentals of the

subject in connection with N2 photoionization: (i) For example, in the

isoelectronic molecule CO, much of what was said for l^ would carry over with

suitable modifications to account for the loss of inversion symmetry. However

for photoionization of the outermost 5a orbital (the counterpart of the 3a in

N2) the vibrational branching ratios and 3s for the weaker v>2 channels

deviate qualitatively from the calculations. This has been postulated to

arise from channel interaction with weak, doubly-excited autoionizing states

in the region of the shape resonance. In any case, some departure from the

simplified picture is drastically altering the otherwise anticipated behavior

of these weak vibrational channels, (ii) In the case of O2 photoionization,

an analogous a shape resonance is expected, > » but its identification in

the photoionizaton spectrum has been complicated by the existence of extensive

autoionization structure in the region of interest. Recent work using

variable wavelength photoelectron measurements and an MQDT analysis of the

principal autoionizing Rydberg series have sorted out this puzzle, with the

result that the ou shape resonance was established to be approximately where

expected, but was not at all clearly identifiable without the extensive

analysis used in this case, (iii) In the case of CO2 a o"u shape resonance of

completely different origin was expected » for photoionization of the 4a
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2 + +

orbital, leading to the C £ state of CO^* This resonance, however, was not

apparent in partial cross section measurements on this channel. Neverthe-

less predictions » of a shape-resonant feature in the corresponding f$ was

confirmed6^ and work in several laboratories^»38,67,69,70-74, h a v e n o w

converged to reasonable agreement in this observable. In addition, very

recent measurements have shown that this resonance is observable in the

partial cross sections, but is shifted to lower energy. Future experimental

work on vlbrational branching ratios and v-dependent 0s would greatly aid

in the further study of this case, (iv) The most dramatic display of shape

resonance phenomena is in SPg which exhibits four prominent resonantly

enhanced features (a^g, 'tju, ^2e.>
 an<* ee symmetries) in its inner shell

spectra.10,12,16 H o w e v e r the r o i e of the t2g and eg shape resonances in

valence shell spectra is poorly established. The experimental and theoretical

evidence is too involved to summarize here, but we do note that strong

evidence, associated with the behavior of the t2^ resonance, exists for

strong channel interaction among valence shell photoionization channels, and

the failure to clearly observe » ° the eff resonance also suggests substantial
o

departures from the elementary ideas described above, (v) Finally, returning

to the case of N£, we note that the photoionization of the 2aR should also

access the au shape resonance. However for this inner-valence orbital,

extensive vibronic coupling leads to a breakdown of the single particle
fin

model leading to the observation of tens of "satellite" vibronic states in

the photoelectron spectrum instead of a single peak due to ionization of the

2a orbital. Nevertheless if the sum of this complicated structure is summed

and plotted versus photon-energy, the resonant enhancement reemerges.

These five cases are excellent examples of the additional challenges that

can arise in the study of shape resonance phenomena. They should not diminish
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the simplicity and power of the fundamental shape resonance dynamics but,

rather, should show how the fundamental framework showcases more complicated

(and interesting) photoionization dynamics which, in turn, require more a

sophisticated framework for full understanding.

Another form of progress is measured by the applicability of ideas to

other observables, or, more broadly," to other subfields: (i) We have already

touched upon the close connection between shape resonance phenomena in

molecular photoionization and electron molecule scattering, (ii) Shape

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 SFg, free molecule

concepts concerning 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 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. In fact, such resonant features are very sensitive to

local structure (Section IV) and may be very useful for local structure

determination, (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 conection 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 MOs. However, the scattering approach used in the shape-resonance

picture is necessary for analysis of various dynamical aspects of the
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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 localization in inner shell ionization, and as the

cause for molecular alignment in photoionization, leading to anisotropy in the

angular distribution of Auger electrons from the decay of K-shell holes.

Looking to the future, there are several enticing prospects for

significant progress. For instance, the present set of known and

characterized resonance features is only the tip of the iceberg. The joint

theoretical and experimental efforts to extend our knowledge of these useful

states to other molecules and to other detection channels should be very

fruitful and present new issues to be resolved. Another theme, so natural in

research, is the study of those cases in which our prevalent ideas break

down. Several examples were cited above, but this is expected to be a major

growth area owing to the expansion both in detailed experimental studies and

in the variety of computational methods capable of treating inter- and intra-

channel coupling and non-Born-Oppenheimer effects. In this context, the study

of weak channels, such as weak vibrational channels, should be most useful in

highlighting the departures from the independent particle, abiabatic framework

used above. Another obvious example is the potential for more active

investigations of shape resonantly localized excitations in other contexts,

such as adsorbed molecules, solids, and biological molecules. In these and

unforseen ways, the expansion, refinement, and unification of these recent

developments in the study of shape resonances in molecular fields will provide

a stimulating theme in molecular physics in the coming years.
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FIGURE CAPTIONS

1. Photoabsorption spectra of H2S (taken from Ref. 13) and SF6 (taken from

Ref. 14) near the sulfur L2 3 edge.

2. Schematic of the effect of a potential barrier on an unbound wave

function in the vicinity of a quasibound state at E = E r (adapted from

Ref. 18). In the present context, the horizontal axis represents the

distance of the excited electron from the center of the molecule.

3. Partial photoionization cross sections for the four dlpole-allowed

channels in K-shell photoionization of N2. Note that the energy scale is

referenced to the K-shell IP (409.9 eV) and is expanded twofold in the

discrete part of the spectrum.

4. Partial photoionization cross sections for the K-shell of N2 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.

5. Fixed-molecule photoelectron angular distribution for kinetic energies 0-

5 Ry above the K-shell IP of N2» The polarization of the ionizing

radiation is oriented along the molecular axis in order to excite the a

continua and the photoelectron ejection angle, 9, is measured relative to

the molecular axis.

6. F-wave-dominated eigenchannel wavefunctions for nonresonant (top) and

resonant (bottom) electron kinetic energies in the ou continuum of N2-

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.
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7. Cross sections a for photoionization of the 3cr (v^ = 0) level of N£.

Top: fixed-R (dashed curves) and R-averaged, vibrationally unresolved

(solid curve) results. Bottom: results for resolved final-state

vibrational levels, v̂  = 0-2.

+ 2 +

8. Branching ratios for production of the v = 0,1 levels of N9 X £ by

photoionization of N£i •» Ref. 46; A, Ref. 47; -•-.-, multiple

scattering model prediction from Ref. 40; :—, frozen-core Hartree-

Fock dipole length approximation from Ref. 48; - — -, frozen-core

Hartree-Fock dipole velocity approximation from Ref. 48.
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