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ABSTRACT

Results of multiple scattering X-alpha calculations are presented for the photo-
ionization cross sections and angular parameter as a function of energy from one-
tenth to about five Ry. Systems presented are: the noble gases, argon, krypton, and
xenon; the halogen atoms, chlorine, bromine, and iodine; the hydrogen halides, HCI,

HBr, and HI; and the homonuclear dihalogens, ClL, Br,, and L.

Particular attention is paid to energy regions of cross section minima (Cooper
minima), and energy regions of cross section maxima (shape resonances). The effects
of molecule formation on these cross section extrema are discussed.

The theoretical molecular results presented are compared with available
experimental results.

A brief treatment of the concepts of angular resolved photoemission and a brief

treatment of the multiple scattering X-alpha formalism are presented.
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CHAPTER I

INTRODUCTION

The interaction of radiation with matter is of interest to basic as well as to
practical or applied scientists. The concepts and theory of quantum scattering provide
formalisms and experimental guidelines which reveal the structure of the target
particles involved. Photoelectron spectroscopy may be viewed as a probe of
radiation'’s interaction with matter which can be treated as a scattering process.

Photoelectron spectroscopy or dynamics, or simply photoemission, involves an
atomic or molecular (or solid!) target beset by photons, which consequently emits
outgoing electrons. "Photoelectron spectroscopy" (PES) is usually taken to denote
either this entire field of research concerned with photoemission--the term
"photoionization” (PI) spectroscopy is used similarly--or to specify an experiment
which measures the variations in electron intensity with electron energy for an
incident photon of constant energy (i.e., wavelength). This latter experiment is
usually aimed at extraction of ionization energies or the energies of other processes
and their relative intensities. The title "photoelectron dynamics" (PED) is given to
studies which measure the variation with photon energy of parameters describing the
photoelectrons’ spatial distribution. (Recently, spin distributions have become
measurable.) In spin-unresolved measurements, the energy variation of only two
parameters suffices to describe the photoelectrons' spatial distribution. One
parameter, the total photoionization cross section, is a measure of the intensity of
emission of electrons. The other parameter, the angular distribution parameter,
indicates how the photoelectron emission will be distributed in space. We shall call
these two parameters together the PED parameters.

A major motivation for pursuing photelectron dynamics in particular is the
same as that for pursuing spectroscopy in general: an historically successful theory,
quantum theory, which purports to describe microscopic events and situations, has

been found to suffer important tests when used to interpret or predict results of
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spectroscopic experiments. We have a theory of which we ask detailed questions, and
the success or failure of the answers affects future formulations of that theory.

The theoretical calculations presented in this dissertation are based on formal-

isms and concepts with extensive roots. We use a computer code for calculating the
PED parameters which was written in large part by Davenport! based on a photoioni-

zation formalism of Dehmer and Dil1?3® which was in turn based on the Xo bound

state formalism (References 4, 5, 6, 7). Our particular implementation of these codes
has been described by Grimm.®
The theoretical picture sufficient to successfully describe photoelectron

dynamics must be good, at least, it must be better than that sufficient to successfully

predict ionization energies. Applying Cooper's self-criticism® to the present work:

However, the most important result of these calculations is not that
they provide a method for computing cross sections [or angular
parameters] to a fair degree of accuracy in any given spectral range, but
that they give a reasonable estimate of the spectral shape [that is, energy
dependence] of the cross section [and angular parameter] over a broad
spectral range.

Although our idea of a "broad spectral range" (sometimes four rydbergs) may
differ from Cooper's idea (usually ten rydbergs), the point of the comment is the same:
the methods used provide a survey of molecules and trends of effects.

In this dissertation, we shall be concerned with the area above, but within 100 eV
of, the ionization threshold. This is the region where cross sections are large (where
most oscillator strength is concentrated) and where many interesting features are
found. These include shape resonances and the so-called autoionization. Some may be
described as one-electron processes, others may require electron interaction refine-
ments. There exist a number of excellent treatments of photoemission (References 10
11, 12, 13, 14).

Primarily, we shall be concerned here with describing only one of these

b

features, the Cooper minimum. The description of the origins of Cooper minima is

straightforward in atoms using independent particle nonrelativistic atomic concepts.




3

The Cooper minimum (CM) is named for John Cooper, who performed survey
calculations® on atomic PED showing the widespread occurrence of cross section
minima in the valence orbitals. The gist of his explanation is as follows. The cross
section is a non-negative, measurable quantity which at a given incident photon energy
indicates the intensity of emitted electrons which leave behind an ion in a specific state.
This energy dependent cross section in turn is linked to the sum of squares of transition
matrix elements in the theory. These matrix elements are signed quantities for which a
change in sign with changing energy is possible. A change in sign requires that the
matrix element pass through zero and thus that the cross section intensity quantity
(which depends on the square of matrix elements) experience a minimum. This
minimum is called the Cooper minimum, and rules for its appearance in atoms may be
formulated.> Basically, a CM occurs for hydrogenic atomic orbitals (A.O.'s) whose
radial part shows nodes (apart from the origin). This excludes the occurence of CM in
the outermost subshell of each principal shell: 1s, 2p, 3d, and 4f. Any other A.O. may
show a CM. Many surveys of atomic calculations have been published which confirm
that the CM is a widespread phenomenon in atoms.

At this point, the uninitiated might ask, "If it is found in atoms, would it not be
found in molecules (which are comprised of atoms)?" Because our understanding of
the CM phenomenon depends upon hydrogenic A.O. concepts and the description of
molecular orbitals is known to involve complications on A.O.'s due to separated
nuclear charge, and bonding and lone pair considerations, we expect CM in molecules

to be much more complicated than in atoms. Nevertheless, the answer is yes, CM were
found in theoretical results on H2816 but were confirmed by only a single, line source
experimental point.!” Full energy dependent PED experimental confirmation of
molecular CM awaited the synchrotron source work on CS, by Carlson, et al.!® (with
associated theoretical calculations by Grimm?®). In this and in companion studies on
CCl1,9 and CL,,%” the authors noted (as did Roche, et al.!6) that lone pair orbitals of the

molecules show PED curves similar to those of the atomic orbitals which make up the

M.O.’s. Carlson, et al., went on to show that bonding orbitals display different,
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"weakened" behavior around the energy of the CM. They christened this behavior the
"partial Cooper minimum." Workers since have held out the hope that the comparison
of lone pair to bonding molecular orbitals in experiment and theory may elucidate and
confirm the differences found in theory for these two types of M.O.

T.A. Carlson and M.O. Krause are investigators at Oak Ridge National
Laboratory, and F.A. Grimm is a professor at University of Tennessee at Knoxville.
They travel to Stoughton, Wisconsin, to perform experiments at the Synchrotron
Radiation Center operated by University of Wisconsin at Madison. There they are
joined by J.W. Taylor of University of Wisconsin's Chemistry department and by
various guest scientists, graduate students, and staff of all the institutions involved.

The ORNL/Wisconsin group has performed PED experiments on a number of
molecules showing CM, including CS, and COS,*"'® CCl,,'® CL, ** HCL,*> HBr and

CH,Br,” HI and CH,1,%* SiCl,, the freons, CF Cl, % and C1,C=CH,.?" See
Reference 28 for a recent review of this group's activities.

The calculations presented in this dissertation were begun in "support” of the
Wisconsin experimental studies but were extended into a survey of some small group
VIIA molecules: the hydrogen halides and homonuclear dihalogens. This dissertation
demonstrates: the behavior of the CM in molecules with respect to its behavior in
atoms; the behavior of CM among various molecules of the same and of different type;
and the behavior of the CM among different orbitals in a given molecule or atom.
Because we wish to present the dihalogen molecules, we must introduce the concept of

a shape resonance (SR). These are widespread features which have been studied
extensively in molecules as well as atoms.

Plan of Dissertation

A synopsis of this dissertation is as follows.

In Chapter II, the concepts and bases of photoionization are reviewed. The
transition matrix element and its relation to the cross section are introduced. It is
shown that the use of slit detectors demands that we consider the angular distribution

of photoelectrons.




Chapter III presents the theoretical formalism and approximations of the

X-alpha scattered wave (Xa-SW) model of both the initial bound and final continuum
(unbound electron) states. For the most part, we follow the treatment and notation of
Davenport.

In Chapter IV, we explain Cooper minima and shape resonances in terms of our

independent electron model. Argon 3p is used as an example of atomic CM. Xenon
4d is used as an example of atomic SR, and N, as an example of molecular SR.

Chapter V contains the results of our calculations on the noble gas atoms,
argon, krypton, and xenon, and on the halogen atoms, chlorine, bromine, and iodine.
The results for the noble gases are not state-of-the-art but still may be compared to
experiment by keeping in mind the limitations of the model used. For ease of
comparison with the molecules, in our calculations on the halogen atoms, we ignored
their open shell nature entirely. The results are unsuitable for comparison to
experiment (for the effects of open shells are known to be important). By presenting
both the noble gases and our "halogens,” we may see the small differences between the
two, we may compare the noble gases to experiment, and we may compare the
"halogens” to our molecular calculations.

Chapters VI and VII contain the molecular calculational results for the

hydrogen halides, HCI, HBr, and HI, and for the homonuclear dihalogens, Clz, Br,,

and L,, respectively. Model calculations which elucidate the "partial Cooper

minimum" also are discussed.

The five appendices present more details of our methods and results.




CHAPTER II

PHOTOIONIZATION CONCEPTS

As stated in the Introduction, photoionization (PI) is a spectroscopy of photon
in/electron out; studies of different aspects and energy ranges are given distinct
names. The concepts of PI have been treated excellently by several authors

(References 10, 29, 11, 14, 12, 13). The microscopic physical situation involves a

vacuum ultraviolet or higher energy photon (hv) impinging upon and being fully
absorbed by a molecule or atom (M) in its ground electronic and vibrational state.
This target then emits an electron (e”) leaving behind an ion (M*). We may
schematize the event as a reaction:

M+ hv - M"+ €. Eq. II-1
The "photoelectron” bears away a kinetic energy equal to the difference of the photon
energy and the sum of the electron’s binding and the ion's excitation energy. In other
words, the energy of the photon is spent in unbinding the electron, sending it away
with some kinetic energy, and possibly in exciting the ion left behind.
This energy balance is stated arithmetically in a modified form of the Einstein

photoelectric relation for photoionization of a ground state molecule or atom:

hv = IE + KE + EE. Eq. II-2
hv represents the energy of the photon, IE is the ionization energy for the orbital or
process of interest (i.e., the "unbinding energy" for the electron),

IE = (total energy of the final - (total energy of the initial
ion in its ground state) molecule in its ground state)

(IE is often called IP, for "ionization potential.") KE stands for the photoelectron's
kinetic energy, and EE is the excitation energy (translational, rotational, and
vibrational) of the resultant ion. Using this relation, we can understand the following
basic PES experiment and begin to interpret its results.



The starting point of this experiment is a source of monochromatic light--
perhaps from monochromatized synchrotron radiation or from an electric discharge
line source. This light is generally collimated into a beam and caused to fall on the
sample--in our case a sub-atmospheric pressure gas. If sufficient energy is absorbed,
the gas will be ionized and electrons will be produced. In most modern experiments,
in order to increase signal-to-noise and to ease data analysis, the electrons are
collected over only a narrow kinetic energy band, and this band is swept over the
entire range of interest. This form of data collection yields peaks in electron intensity

at photoelectron kinetic energies which indicate processes of energy equal to IE + EE.

As we sweep kinetic energy, when KE = hv - (IE + EE), electrons of binding energy
IE + EE will be liberated from every molecule that absorbs a photon.

Rigorously speaking, the ionization energy is the energy difference between the
initial ground state and the final ionized state. According to the approximation known

as Koopmans' theorem, however, the IE for an orbital is equal in magnitude to the

orbital's binding energy or energy eigenvalue (- ej):

IE = -¢. Eq. II-3

Koopmans' theorem assumes that the ion does not relax around the vacancy left by the

outgoing photoelectron.
An example spectrum from a PES experiment for Cl, is shown in Figure II-1.

The major processes have all been interpreted as resulting from single-electron direct
photoionization and are labelled by the bound orbital from which the photoelectron
originates.

Combining Koopmans' theorem with the Einstein photoelectric relation and

noting that the photon energy is fixed in this type of experiment, we see
g+ EE = KE- hv. Eq. 114
Orbital energies may now be extracted from the locations of the peaks in Figure II-1.
At higher resolution, each peak is seen to be a band of vibrational peaks, show-

ing that the ion may be left in an electronic state with differing degrees of vibrational

excitation. At the energy of the most intense point of each band is the most probable
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transition (from the ground state to that particular vibrational state) for that electron-

ic state of the ion. This is the energy often reported as the result of PES experiments,

and it is called the "vertical ionization energy" (IE ). The point where EE = 0 is

called the "adiabatic ionization energy" (IE,). IE, is the minimum energy needed to

ionize a molecule to a specific electronic state of the ion; IE_ is the energy needed to

ionize the molecule to a vibrational level of a specific electronic state of the ion which
has the maximum probability of being the result of photoionization.

If the time variation of the photon flux is known or is, at least, "well-behaved,"
then the number of electrons detected per unit time at a given photoelectron kinetic
energy is related to the probability of the transition. In a causal account of the
process, this probability should depend on the "nature” of the transition which should
involve the starting and ending states and the means of transit. All this is summarized
in the equation known as Fermi's Golden Rule derived from time dependent

perturbation theory:3°

Wy

1

_ Pi) _ 2m)?* |V, [ n(hv). Eq. II-5
t h

W is the transition rate, the number of transitions from the initial state "i" to the final

state "f" per unit time. P(t) is the probability that a molecule be found in state "f" at
time "t" (or more accurately in the frequency picture of probability, it is the fraction
of molecules in an "ensemble" that are found in "f" at "t," starting from "i"). Vi is
the matrix element of the transition matrix element of the perturbation--in Dirac
notation, <y V |y.>--when the perturbation hamiltonian is given by H' = Vyx (a
cyclic time function), and |y> and ly,> are space functions. n(hv) is the number of

states per unit energy in the neighborhood of hv.

If we are collecting electrons with a given kinetic energy--a specific final

state--then n(hv) is proportional to a Dirac delta function, 8(E+E.- hv). The matrix
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element Vﬁ influences the difference in transition rate between states. Its influence

will be the one of interest to us.

In a one-electron picture, this matrix element reduces from one containing the
full wavefunctions to one dependent only on the orbital being ionized and the final
free electron wavefunction. The initial orbital is described by a wavefunction in the
usual sense: if the target molecule is in its ground state, [i> is bound and of molecular
dimensions. |f> is a different case, however;!! it describes an electron with an energy
above the ionization limit. (This limit is known as the ionization threshold and is
defined as ion plus zero kinetic energy electron an infinite distance away.) Thus, this
positive energy electron is free or unbound and has appreciable probability amplitude
throughout all space. This type of wavefunction is called a continuum wave, because
solutions to the Schrodinger equation exist at all positive energies with any symmetry,
and these solution form a continuum.

To find the form of the one-electron continuum wavefunction for an atom, we

must solve the Schrédinger equation in Rydberg atomic units,
{V2 + (e-V) }y@r)=0 Eq. -6
for € > 0, and its radial part, after separation of variables,
{d%dr® - 1(I+1)/2* + (- V) } P (r) = 0. Eq. II-7

At large r from the nucleus, the r2 term becomes small, as do the electron
repulsion terms in V. This leaves a true wave equation whose solution is simply
sinusoidal at large r. Near the nucleus, the coulombic interaction of the electron with
other electrons and the nucleus are important and the wavefunction deviates from a
pure sine wave. As the continuum electron’s energy increases, its wavelength
decreases as shown in Figure II-2.

The feature of having probability amplitude throughout all space makes
analytical representation of these orbitals difficult; the common methods for solving
the Schrédinger equation, those of separation of variables and partial wave expansion,
require the retention of many terms (some corresponding to high angular momenta)

which are cumbersome to handle.
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II-2. Continuum (! = 2) radial wavefunctions for argon at 0.1, 1.6, and 3.1 Ry
photoelectron kinetic energy. Normalization has been ignored.
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In this transition from bound to free electron at the low energies considered,
the photon needs not be treated as a wave or a particle; it needs only be thought of as
an electric field switched on and off with the passing of each photon. This is the
dipole approximation--that the photon energy is low, and thus that its wavelength is
large compared to molecular dimensions. Therefore the transient field on the
transiting electron is small. The result of the dipole approximation is to render much
easier the expansion of the transition operator. What was potentially an infinite series
is only one term, the dipole term, after application of the approximation. This
approximation serves very accurately for our purposes to about 1 keV photon energy.

The space in which our theoretical experiment takes place is permeated by the
symmetry of the molecular potential. Hence, all wavefunctions and operators may be
classified according to irreducible representations of the symmetry group of the

molecule. Because we use calculus so extensively, integrals are quite common in

theoretical work, and a certain result3! of group theory is found to be useful. This
result is, of course, that which gives us spectroscopic selection rules: the direct

product of the representations of multiplied factors in the integrand must contain the

totally symmetric representation, T, for the integral to be non-zero. Thus, if
I'(<fiOpli>) = I'(<f]) x T(Op) x T'(li>) = I, then <flOpli> #0 by symmetry

(<flOpli> may be zero accidentally). If T(<f|Opli>) # I, then <f|Opli> = 0.

As parenthetically mentioned earlier, the Schrodinger equation is soluble at any
positive energy with any symmetry. Each of the symmetry types' solutions in this
manifold may be considered as a channel in the photoionization process. [A channel is
a possible exit mode for the outgoing particle.3?] This is the method of symmetry
channels. By allowing alternative symmetry solutions to serve as channels, we gain
another theoretical causal handle on the situation; we may say, for instance, "the X
process is due to a matrix element found in the Y channel." We cannot really say that
the experiment recognizes symmetry channels, for it only records the collection or
absence of an electron. We could never say that this electron is an "s" and that that is a

p" which have been collected from an experiment involving a multi-channel process.
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By exploiting the symmetry of our molecule in the theory, we find that all
eigen- functions, both initial and final, have definite symmetry representations (once
we have defined our basis set). We deal with an independent electron theory, and we
shall choose our basis so that each one-electron wavefunction is represented by a
single irreducible representation of the group. Thus, the above "result of group
theory" limits the final state symmetry channels by which the photoelectron may
leave. The specific allowed channels are given by the selection rules for the process.
[See Appendix I on selection rules.]

Cross Section

Referring again to Figure II-1 (page 8), the photoelectron spectrum for Cl,, we

note that the peak heights are different for each orbital, and thus that the probability
of photoionization is also different; the more electrons emitted, the higher the proba-
bility. Here we introduce a new attribute, the cross section, which underlies this
disparity in peak height and is conceptually related to the probability of photoemission.
Our experiment is closely analogous to scattering; we merely have distinct
incident and scattered particles. In scattering (References 33, 32, 34, 30), the total

cross section, ¢, , is given in terms of the number of particles scattered per unit time,

tot’
N, the number of incident particles per unit volume, P, the velocity of the incident
beam, v, and the number of scattering centers, N, as

o, = N/ PvN. Eq. I1-8

(Pv = J is the incident flux of particles.) The units of cross section are those of area.
We express cross section in barns or megabarns. One barn equals 1024 cm?, so one
megabarn, abbreviated Mb, equals 10718 cm? or 102 A2, Again, in our case the
incident particles are photons, the target is a gas of molecules, and the scattered
particles are ionized photoelectrons. [As with other experiments involving quantum

objects, there are problems with the interpretation of the cross section for a single
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event (involving one photon and one photoelectron). Thus, we have and will continue
to use "ensemble" or statistical pictures, although we shall not define our ensembles!]

The cross section measures the scattering power (amplitude) or collisional or
reaction "area” of a process. In a process involving classical (non-quantum) objects,
it is just the geometrical area that the target presents to the collimated incident beam.
In the quantum situation of incident photons and exitting electrons, cross section is
only qualitatively related to the spatial extent of the electron distribution.

Two influences upon the cross section stand out. Cross section depends upon
the initial state occupation number; an orbital containing more electrons will more
likely interact with an incoming photon than will one containing fewer electrons.
Cross sections are also dependent on the energy of the exciting photon or, equiva-
lently for a given orbital, the photoelectron kinetic energy. From a given initial state
orbital, there are portions (energies) of the continuum that are more or less accessible
to an emitted photoelectron, and thus it seems reasonable that the cross section might
be energy dependent. We shall find that the energy dependence of the cross section is
the more interesting influence, and that effects manifested in it will occupy most of
our attention.

In most modem experiments,'® we have the required collimated incident beam
of photons, but seldom do we collect all the emitted electrons (analogous to scattered
particles). Much more often, a detector which subtends a small solid angle is used.
With this detector, only a fraction of the electrons emitted are collected, and these in

only one direction in the lab frame. It is thus that we introduce the angular dependent

or differential cross section, usually denoted do/dQ| ,_, .

The idea is the same as that for the total cross section: N(€2,) is the number per

unit time of particles scattered into the solid angle, Q,, so

do N(©Q) , Eq. II-9
dQ PvN
Q-Ql1

and thus, 60 = ), (d01dQ) dQ. Eq. II-10
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Just as the transition probability does, the cross section should depend upon the-
oretical quantities related to the initial state, the final state, and upon how the transi-

tion between them occurs. A theoretical expression fulfilling these expectations is that

from Davenport! for the cross section per electron (in units of square Bohr radii):
o = (ok/mwe?)|<f] AVV |i>| Eq. II-11
o= e?27/he is the fine structure constant; k = k| is the wave vector of the photo-
electron (which has a numerical value equal to the square root of the photoelectron
kinetic energy in rydbergs); o is the photon frequency (which has a numerical value
equal to the photon energy in rydbergs); |f> and [i> are the one-electron wavefunc-
tions of the final state (per unit volume normalized) and initial state (unit normalized)

orbitals, respectively; e = ¢, - g where ¢ and ¢, are the energy eigenvalues of the

final and initial state orbitals, respectively. Lengths are in terms of the Bohr radius of

the hydrogen atom: a, = h%(2r)*me? =0.529 A. Energies are in rydbergs, and
1Ry = e2/2ao =13.6 €V, and -e is the charge on, and m is the mass of, the electron.

The form of the operator is from Davenport. It follows from taking the
electromagnetic field of the photon to be the vector potential

A = A, cos(qox - ot), Eq. II-12

and the scalar potential ¢ = 0 everywhere. A, A, q, and x are vectors, and A= A/|A|

is a unit vector in the direction of A. To account for the effect of the photon, we make
the substitution in the hamiltonian for the momentum:

p - p + eAlc Eq. I1-13
where c is the speed of light.

We thus get the above form for the cross section by: taking into account that we
are interested in ionization of gas phase molecules by a "low intensity" photon source,
implementing the dipole approximation, and noting that for exact solutions to a
hamiltonian, the dipole length, velocity, and acceleration forms of the dipole matrix

element are equivalent.
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We can see how final channels affect the cross section by the following. If(r,)>

H

lf(I‘ﬁ)>, etc., are the final symmetry channels by which the photoelectron may leave,
as determined by the selection rules. The cross section for the photoionization

process, [i(T})> - [f(T,)>, is

G,y ~ I<f(T )l AcVV |i(1“i)>|2 Eq.1I-14
and likewise for the other allowed symmetry channels. In a large number of events,

some fraction of the electrons in initial state |i(T;)> will leave by |f(T )>, another

fraction by |f(1“B)>, and so on. The relative likelihood is given by the cross section,

and for the "ensemble”

Oiot = 2

yset Sy Eq. II-15
where the subscript "sel" means that the sum is to be taken only over final state
symmetries allowed by the selection rule. Actually, all possible final state symmetries
could be included (although we never include them), because those which are not
symmetry allowed have cross sections equal to zero.

Now that we have the form of the cross section, we see that the dynamic energy
dependence of the cross section is due in large part to the energy dependence of the

continuum wavefunction. Its behavior will modulate the peaked background laid

down by k/(w(e; - ei)z). [In many of our calculations, we take €, to be given by the Xo
eigenvalue. Thus, e is the energy of the photon, and k = &/ (in magnitude, in

Rydberg atomic units), so that k/(ex(e, - ei)z) is at a maximum at e, = - £/5.]

As does the transition probability, the cross section shows a dependence upon
the square of a matrix element which involves the bound initial and continuum final
wavefunctions. The operator is multiplicative, which means that it will modify the
overlap of these wavefunctions to give the final value of the integral, but that this
overlap is still a useful function to consider.
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Angular Parameter

The question arises, "How is it that cross section can depend on the angle at

which we place the detector?" Yang>> proved a theorem for nuclear scattering events
(reactions) which carries over to our case by its generality. It states:

If only incoming waves of orbital angular momentum ! contribute
appreciably to the reaction, the angular distribution of the outgoing

particles in the center of mass system is an even polynomial of cose, with
maximum exponent not higher than 2 x /.

6, is the angle between the propagation directions of the incoming particle (traveling
along the z-axis) and the outgoing particle. Since for photons in the dipole

approximation, / = 1, this means

do
dQ

A+ Bcoszez. Eq.lI-17

Q-0

When this is written!? as an expansion of Legendre polynomials multiplying the cross

section per unit solid angle, we get

do
dQ

1 - (3c0526 ~1y7. EqII-17
Q=91(92) 41c 2

For a plane-polarized incident beam, application of trigonometric identities gives

do

= S [1+p (3c0s0-1y7, Eq.II-18
dQ 2

4T

Q-0,(6)
where now 0 is the angle between the plane of polarization and the detector axis when
the detector axis is placed perpendicular to the propagation direction of the light beam.
Figure II-3 shows the relations among 6, 6,, and the polarization and propagation

directions of the photon.




xdol

II-3.  Angular relations between incident photons and outgoing electrons.
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[For the case of elliptical polarization, Samson and Starace3®10 obtain a relation
from which the following may be derived.

do = Soi.[1 +B (1 + 3pcos2e)], Eq.II-19
dQ 0-0,8) 4n 4

where p = (I, - Iy)/ L+ Iy) is the polarization of the incoming light. Iy/ L+ Iy) and

L/(L+ Iy) are the fractional intensities of light polarized parallel to the y- and x-axes,

respectively, which make up the elliptically polarized beam. Synchrotrons emit
elliptically polarized radiation--although strongly polarized along one axis.]
This last equation shows that the photoelectrons are emitted from a gas

anisotropically according to a cos?0 dependence. This result should not produce the
the shock that it does, for consider the effect of a plane-polarized photon on the
microscopic level. The photon transfers angular momentum along the direction of its
electric vector, that is, the photon imposes a unique lab frame direction on the
molecule. Thus, even with a gaseous sample, the process is quantized with respect to
this unique, imposed symmetry direction.

A useful rule of thumb is: "Quantum behavior (discrete energies and limited
selection rules) is manifested when finite boundary conditions or symmetry are
imposed.” This is because we choose differential equations (D.E.'s) as our mathemat-
ical model, and the above statement applies to D.E.'s. We limit the number and kind
of solutions to a D.E. by imposing boundary conditions and symmetry upon the D.E.

In another sense, we make measurements in the lab frame. The photon is in the
lab frame already, but |i> and |f> are in the molecular frame. We have to average and
"sum" the orientations of these wavefunctions to represent them in the lab frame.

This averaging and summing will smear at least some of their symmetry,
leaving the representation of the photon dominant. [Because the partial cross section
is proportional to |<flphoton|i>|, however, this makes its representation D? (in the

pure rotation group), instead of D!. cos20 is D2.]

Note also that the cos?0 dependence in all the above formulae is a result of only

the dipole approximation--that the photon is represented by / = 1 (Reference 37).
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In the experimental definition of the differential cross section, Equation II-9,

because all the quantities on the right hand side are either positive or non-negative, the
left must be non-negative. cosze)Z has extrema at 6, = 0 (a maximum) and 8,="/2(a

minimum). From Equation II-18 for a plane-polarized source,

do = %ot.[1+pB (2.9_022_6_:1) 1, Eq.I1-20
Qg 60 947 2
= St [1 +B] at6 =0 and 7, Eq.II-21
4r
= %.[1-B8] at o = 1/2. Eq.II-22
4n 2

Thus, -1<B <2 in order for the differential cross section to remain non-negative.
In order to appreciate B's influence better, consider the angular distribution in

the cases B =2, 1, 0, and -1. For plane-polarization:

do (=2 = Sy [ 3cos® ]

Eq.II-23
dQlg q,@ 47
do B=1 _ S [ 3 cos? + 1 ! Eq.II-24
dQlg g @ 47 2
.(-1_0 (B=0) =_0..tot-, EqH-25
dQlg 0@ 47
do|B=D_o_ 3[1-cos%]_ o 3[ sin% ]. Eq.II-26
dQ 2-0,6) 4 2 . 2

Note that for positive B, the maximum photoelectron intensity is directed
parallel to the axis of polarization of the photon source; for B = 0, the differential

cross section is independent of the detector angle; for negative B, the maximum

intensity is perpendicular to the polarization axis.
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Cross sections are intensity quantities and thus may be broken into channels
which sum to give a total. Angular parameters are directional quantities. As such,

when subdivided into the same channels as the cross section, they do not add algebra-
ically to give the overall 8. Hence, though for some symmetry groups or for some
special basis sets a kind of channelization can be achieved (the J, basis), (References
38, 39, 2, 3) we do not consider subchannels of B in this thesis.

Even though we introduced the angular dependent cross section by demand of

experimental considerations, we do not calculate this property; we calculate o, , and
B. To compare with experiment, we measure do/dQ| , ., at a number of angles and

then compute o, (exp) and B(exp). [See Appendix II on the experimental techniques

involved].
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CHAPTER 111
THEORETICAL FORMALISM

What we are trying to achieve is a representation or model of a molecule
undergoing photoionization, and we are looking for quantitative results. The recent
history of science teaches us that quantum theory is our best bet--if not our only
bet--for spectroscopic models. For a case such as this, quantum theory prescribes that
we write a classical hamiltonian--the sum of all pertinent kinetic and potential
energies--and that we translate this classical energy into a quantum form of operators.
We are told that when this Hamiltonian is used as an operator in an eigenequation, its
eigenvalues will be interpretable as physically realizable total energies of the system
described.

In certain systems we expect all the material parts or particles to remain for all
time in the same region of space in a center-of-mass frame. These are called bound or
stationary states of the system. When a system is bound, the energy eigenvalues are
found to be discrete. When, however, the system has total energy greater than a value
known as the ionization threshold, the energy eigenvalues form a continuum. The
system is said to be free or unbound because one or more parts or particles may
occupy any point in space, even in a center-of-mass frame. By convention, the
ionization threshold is set as the "zero" of energy--we cannot calculate or measure
meaningful absolute energies. With this convention, bound states have negative total
energies--the absolute value of this energy for a given state is called its binding
energy--and free states have positive total energies.

Were the problem as easy as writing a hamiltonian, writing an eigenequation,
and recording the eigenvalues, then quantum theory would not be the enterprise it is
today. To completely solve an eigenequation involves finding the eigenfunctions of
the eigenoperator and then digging out the eigenvalues. By the way, the
eigenfunctions we find in quantum theory are not physically interpretable! In

quantum chemistry we usually work with the Schrédinger picture, so the operators
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we use involve sums of second order derivatives and expressions of the Coulomb
potential energies among nuclei and electrons. Thus do our eigenequations take on
the form of differential equations, the solution of which yields the eigenfunctions and
eigenvalues.

Hartree Fock treatments end up with a nonlocal exchange potential,’ that is, one
that is different for each electron. Nonlocality causes slow convergence to self
consistency.

Since nonlocality is a difficulty resulting from an approximation, the

one-electron approximation, and it is a difficulty bad enough to jeopardize the results
of a calculation, Slater’ decided that it would not be inappropriate to introduce a

further approximation which removes nonlocality. This is the Xo approximation.

From analysis of a free electron gas he found the exchange energy in Rydbergs to be
approximated by

Vi (1) = -6 [(3/8r) p(r)]'? Eq. ITI-1
where r is the three-space position vector, and p(r) is the electron density in units of
electrons per cubic Bohr radius. (Note that electron correlation is still not explicitly
included).*’ The parameter o equals one in Slater, two-thirds in Kohn and Sham#!
and Gaspar,* and is variable between two-thirds and one in Schwarz.43

The hamiltonian which results from this X approximation is easily solved in a
central field (spherically symmetric) case. This leads us to another Slater
introduction, the muffin tin potential approximation or model. Because central
potential problems and their solutions are very well understood, space can be
partitioned so that it consists of spherical regions each with a hamiltonian in Rydberg
atomic units like:

H=-V2+ V@) + Vy (@), Eq. I1I-2

where V (1) is the Coulomb potential. (The potential is a function of the radial

distance only, because space has been broken into spherical regions.)
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A sphere is drawn around each nucleus--this sphere is of such an extent to
include all the atom's electron density but about two electrons’ worth. An outer
sphere is drawn which is tangent on the inside to as many of the atomic spheres as
possible, i.e., its radius is as small as possible. There remains a troublesome inter
sphere region whose treatment, although tricky, turns out to hold some keys to the
solution of this model. Within this intersphere region, we make the potential
constant, equal to an "average" over the spherical regions' potentials. Since we find
that the potential at the surface of the atomic spheres does not equal that at the inner
surface of the outer sphere, there will be a step in potential as we cross from any
spherical region into the intersphere region. This is blatantly unphysical, and causes
many purists to reject our model. Suffice it to say here that this unphysicality does
come back to haunt us, but that by careful attention to the problems involved, we may
satisfy the purists and achieve useful results.

Xa Bound State Method

We shall sketch Davenport's treatment! of the Xa-SW and photoionization (PI)

formalism, sometimes called the "Continuum Scattered-wave Method" (CSM) or the

"Multiple Scattering X-alpha" (MSXa) method. Many other treatments exist
(References 2, 3, 4, 6, 44, 45, 7). Thus, Davenport's treatment is not definitive but is
thorough and clear enough for this thesis. Note that we follow Davenport in not
including symmetry; we feel the clarity of the presentation is degraded with such
inclusion. Symmetry may be added at the end.*’

First we make the muffin tin approximation--we break up space into spheres.
We do this so that the hamiltonian becomes a sum over regions:

H,=H + H + X H Eq. III-3

H, is for the outer sphere, H, for the intersphere, and each H, is for an atom of the
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molecule. The hamiltonian in the jth region is of the form

Hj = -Vj2 + V(rj)
= -Vj2 + Vc(rj) + an(rj)’ Eq. III-4

where Vy () = -6, [(3/8T) p(rj)]m, from Equation ITI-1. Now, in the atomic

spheres, limr_)0

V(r)) = -2Z/ 1; = V (r), the Coulomb potential, where Z is the atomic

number of the nucleus in that sphere, and energy is in Rydbergs. This is to say that the
Coulomb potential dominates at small r.

Bound Wavefunctions
Breaking up the hamiltonian this way leads to eigenfunctions which are sums
over regions
¥(r) = Pir) + ¥y + 2, i) Eq. III-5

These are all N-electron wave functions. In the outer sphere and atomic spheres, the
one electron eigenfunctions are well known. General solutions in the jth sphere are of
the form:

y(r) = ZL [AJ ff'(rj) + B g}(rj) 1 Y. Eq. III-6
where L = (/ ,m) is an abbreviation for the angular momentum quantum numbers;
r = rj/lrjl, a unit vector in the direction of roT = |rj|; f, is aregular or bounded (at the

origin of its argument) radial function to be found from the radial Schrodinger

equation, g, is an irregular or unbounded radial function; Y, is a spherical harmonic

whose arguments are the spherical coordinate angles of g and A; and B, are

coefficients to be determined.

For bound states, these reduce to the eigenfunctions:

\I’(r]) = ZL BLI gll(rl) YL(rI) ’ Eq 111-7

and y(r) = 2 A £() Y, (r) Eq. I1I-8
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for the outer and atomic spheres, respectively. The tilde ~ indicates the initial state.

These forms result from the boundary conditions: y(r — ) < oo, and ry(r — 0) = 0.
The intersphere region's wavefunction is not nearly as simple. Davenport! and

Johnson* show that it may be expressed in terms of expansions of functions on each site
vy = X2, Cinke) Y ) + X Clikr) Y (). Eq.IIL9

n, is a spherical Neumann function, j, a spherical Bessel function (see Butkov*S),

k = |k| is the wave vector of the electron at the energy of the bound orbital under

consideration, E = k2, and the C's are coefficients to be determined. Zjﬂ iS a sum

over atomic spheres only. j# I means that the outer sphere is excluded from this sum;
it is taken care of in the second term of Equation III-9.

Now we have compiled a list of wavefunctions in each of the regions of our
model’s space, each with undetermined coefficients. By imposing a constraint from

the postulates of quantum mechanics--as many authors delineate them--we find the

solution to the bound muffin tin Xo method. This constraint is that the wavefunction
and its first derivative be everywhere continuous. This results in interrelations of the
coefficients in the wavefunctions, since at the boundary between a sphere and the
intersphere region the wavefunction [and first derivatives] in one sphere will be equal
to that in the other. In this way, the intersphere region, for all its difficulty of
representation, holds a key to the solution of the model: it carries "information"
about the atomic spheres' solutions to the outer sphere and vice versa.

In the extended formal solution of the model, an entity known as the structure
factor, G, 4, is introduced as the result of the wavefunction continuity constraint.
Because wavefunctions and their derivatives are involved, certain Wronskians of the
radial functions enter. [A Wronskian is a quantity from calculus defined by

[f.g] = fg' - gf'. Eq. III-10
f and g are functions of the same independent variable, and the prime indicates

differentiation with respect to this variable¢]. The result of the method is a secular

equation involving these structure factors, Wronskians, and the coefficients of
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wavefunctions (Johnson* equation I1.60). The solutions to this secular equation are

the molecular orbital energy eigenvalues.

Johnson's comments*--once he has reached the safety of the farther shore in his
derivation of the formalism--demonstrate some of the advantages and features of this

method. We shall paraphrase him as follows.

Although the matrix elements of the secular equation may look
complicated, they are relatively straightforward to compute efficiently.
This is due, in part, to the dependence of these quantities only on radial
functions and their first derivatives at sphere boundaries, and on "structure
factors" which are functions of the internuclear vectors. Computer
programs exist to perform the necessary numerical methods.

Because the energy is a parameter occurring in all the matrix
elements, the latter must be computed over a range of energies bracketing
each orbital eigenvalue, and the determinant of the matrix involved in the
secular equation must be interpolated to find its zeros. We have found that
two or three partial waves (I = 0,1,2) per atom are sufficient in most
polyatomics to yield convergence of orbital energies to £0.001 Ry. With
such rapid convergence, the typical secular array is much smaller than that
of LCAO methods. Furthermore, the secular matrix can be partially
factored by exploiting any symmetry which the molecule may possess.
This leads to a smaller, faster solution.

The SCF calculations are also easily carried out in spin unrestricted
form using the unrestricted version

VXaT(r) = -60. [(3/8m) p"(r)]*3
qul(l') = -60. [(3/8T) pH(r)]'3

of the Xo approximation to exchange correlation. This version is
particularly valuable for developing a qualitative understanding of "open
shell” molecules and crystals.

Photoionization Method

Bearing in mind that we want the transition matrix, <f] operator |i>, the final

state wavefunction, |f>, and the "operator” need to be found. In the generalized

theory of PI, <f] operator [i> means <¥| operator |®>, where |®> is the full ground
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state N-electron wavefunction, and |¥p> is the full excited state (higher energy)

wavefunction.

Since our method is an independent particle method, and we are primarily
interested in direct photoionization, the final state wavefunction can be assumed to be
a product of the N-1 electron wavefunction of the ion and the one electron

wavefunction of the free electron. The ionic wavefunction obeys bound boundary
conditions (N1 — 0 as r — ), and the free wavefunction, the Coulomb boundary
conditions (y is wave-like as 1 — oo, that is, ry is sinusoidal at large r). In general,

¥N-1 is not comprised of the same one electron functions as ®V; the ionized electron
bears away some density causing the remaining orbitals to "relax", since they now
experience a different effective nuclear charge.

Were we to calculate a different potential for the ground state and ion (at every
final state energy!) we would have quite a job on our hands. The ionic orbitals, being
eigenfunctions of a different hamiltonian from the ground state, would not necessar-
ily be orthonormal to the ground state orbitals. . . .

As it is, before we go too far down this horrifying path, we side-step the
problem by assuming that the ionic orbitals are eigenfunctions of the ground state
hamiltonian, i.e., we use the same potential for the ground as for the ionic state. This
is known as the frozen potential approximation. With it:

N> = |oN> = 1'ij| 04> Eq. III-11

(ignoring antisymmetrization), where the |¢/> are eigenfunctions of the ground state
hamiltonian. Thus,

<EN AVV [0 N> = <ON| AVV [0N>

<IL, 001 <01 AWV | of> T o3>
=11

s Ly <0d | 07> <0, | AVV | o>

<¢X [ AVV | pk> Eq. III-12
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where | ¢ek> is the one electron continuum wavefunction of the free electron of

positive energy e, and | ¢.X> is the one electron wavefunction of the active ground
state electron. Recall that we are interested in direct photoionization, so that the
operator, A.VV, is a single particle operator.

We see that not only do the ground and ionic states share the same potential, but

that the same orbitals except one are occupied in both. This approximation causes a

drastic reduction in the labor required--we have only one type of matrix element to

evaluate, and this will be quite enough since molecular wavefunctions in the MSX«

scheme are multi-termed.

Continuum Wavefunction

We may now find the final state wavefunction which we have been denoting |f>

and now |¢ k>, It is an eigenfunction of the same hamiltonian as we have seen in the
spherical regions
Hj = -Vj2 + Vc(rj) + VXa(rj), Eq. III-13

however, now the energy eigenvalue is positive and the boundary conditions are that

for a scattered Coulomb wave.3233 It is "Coulomb," because the electron leaves
behind a singly charged ion. It is "scattered,” because even if the leaving electron
comes from an orbital in an atomic sphere with well defined angular momentum
(single J), as it "passes through" the intersphere region it is scattered into many
angular momenta in the outer sphere where the Coulomb boundary condition is
applied. This latter scattering arises from the continuity criterion discussed earlier
and the resultant coupling of partial waves through the intersphere region. The
"smearing" of angular momenta may also be accounted for by reference to the fact
that the intersphere region results from the lack of spherical symmetry of the
molecule. Although /is not a "good" quantum number for the molecule, we expand
wavefunctions and scattering amplitudes in sums over / and thus have to accept that

the result will be multi-termed or "multi-/" wavefunctions and scattering amplitudes.
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First let us briefly present the pure Coulomb situation, then introduce the short

range molecular potential. The following is paraphrased from Davenport! who
refers to Messiah (Reference 33, Chapter X). The pure Coulomb Schrédinger

equation in atomic units is:
[V2 + K% - 29k/r' ] y(r') =0, Eq. I1I-14
where k is the wavevector of the leaving particle such that k = |k| and k2= ¢, the

positive photoelectron kinetic energy. y=Z,Z,/k, where Z, is the charge of the

leaving particle (an electron, so Z,=-1),and Z, is that of the particle left behind.
Because of spherical symmetry, a partial wave expansion is applicable:
y(r) = X 0,0 Y (). Eq. III-15
Each term in this expansion is called a partial wave. Henceforth, we shall loosely call

any term of a wavefunction which is indexed by /, the jth partial wave.

The radial Schrodinger equation, for a given [, becomes
[d%dr? + k2- 2yk/r' - I(] +1)/r'%] y(r') = 0. Eq. I1I-16
Its asymptotic (r — o) solutions are
y,(t) = Fvp) ~ sin(p'- /2 - yIn(2p") + c,), and
G/(1.p) ~ cos (p'-Im2- vIn(2p) + 5,), Eq. HI-17
where p' = kr', and 6, = Arg T'(/ + 1 + iy) is the Coulomb phase shift. F, is regular

and G, is irregular at the origin. We shall denote as 6, the argument of the above
trigonometric functions

8, = p-in/2- yIn(2p) +o,. Eq. III-18
The term In/2 arises due to the finite angular momentum, J, of the particle, y In(2p) is

the shortening of its wavelength due to the Coulomb field, and o, denotes the phase

shift due to the Coulomb field.
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The general solution to the Coulomb radial Schrédinger equation is

yr) = 2 [ALf@) + B g(r) 1Y, (), Eq.III-19

where now f(r') = F(v,p)/p" and g(r') = -G(1,p")/p". Note that both the regular and

irregular solutions appear. The full expansion of the pure Coulomb wave, unscattered

by any other potential, with asymptotic boundary conditions is
yAr) = ZL 4nil €59 Y, (r) Y, *(k") F(1,0)/p', Eq. I1I-20

wherei= v 1.

"The effect of the scattering potential is to shift the phase of each outgoing
partial wave," says Messiah (Reference 33, p. 387). In the complete derivation of the
formalism, an energy dependent matrix K is introduced which incorporates these
scattering phase shifts due to the molecular potential.*>** In the outer sphere where
we shall apply the boundary conditions for |f>, a solution of the Schrédinger equation
with the molecular potential put in looks like

v, @) ~ £l@) Y, () + ZL K, glt) Y (). Eq. I1I-21
[Note that K is diagonal for spherical potentials. It is the intersphere region which
causes [ to be smeared or coupled one to another, and the off-diagonal elements of K
are the embodiment of this coupling. Because spherical potentials need no intersphere

region, they have no off-diagonal elements in K.]

We may rewrite the above and indicate its asymptotic behavior by
v, (r) ~ ZL [8, fl(r) + K, glr)] Y. () Eq. 1I1-22
~ ZL [, sin6 - iK, cos6;] Y, (r]) as1r' —eo.

This helps to illustrate that K is a factor in the scattering of angular momentum, A,
into other angular momenta, /, and that it functions "to shift the phase of [otherwise
pure] outgoing partial waves." The full wavefunction is normalized as a sum of
partial waves like that in Equation III-22. It is then called "K-matrix normalized.
The result of the full derivation yields the wavefunction for the outer sphere

which obeys asymptotic boundary conditions and shows proper normalization for
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photoelectron kinetic energy € = k:
yry) = X2 4nil e YL YRR Eq. I11-23

x [ (1 1-iK) . f.0) + (K/1-iK) .ogu(r) ]
Again, primes on the arguments of functions indicate the molecular frame.
Note: (1/1-iK) .= 2 (1-iK);,,! 3,;..]

When the continuity criterion and normalization has been carried through, the

wavefunctions for the jth atomic sphere looks like

\y(rj') = ZL, ZL,, 4mil’ eiop YL,.(rj') YL.*(kI')( A/ 1-iK TR ,,,(rj'). Eq. I1I-24
We see that only the regular solution f,. is present because of the boundary condition

at the nucleus: ry — 0asr - 0. Alis a coefficient determined by the continuity
matching conditions. Note that k, the wave vector of the leaving electron, is
measured from the center of the outer sphere. The wavefunctions for both the outer
and atomic spheres must be found for each photoelectron energy considered; the

wavefunction is parametrized by the photoelectron energy.

Photon rator

Now that we have the initial and final state wavefunctions the operator is easy to
express. AoVV is in the laboratory frame, but we have written the wavefunctions in

the molecular frame. In this sense, it will be easiest to write the transition matrix in
the molecular frame and then rotate it to the lab frame. The operator is

(AVV)mol — (Aoer)11101 aV/or', Eq. III-25

and (Acep)™! = X 4n/3 Y, *(A) Y, (), Eq. III-26

where primes on independent variables indicate the molecular frame. v is the z

component angular momentum quantum number of the photon. Remember that A

and A are both unit vectors in the direction of A, but that we write A when we mean
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to indicate the arguments of a spherical harmonic. e_ is the spherical coordinate
three-space unit vector. Now we have the operator in the molecular frame:
(A-VV)ml = Zv 4m/3 Ylv*(A) Y, (r) oV/or' Eq. I1I-27

Because space has been broken into regions, the operator may be expressed as a sum

of contributions from these regions (j)

(AVV)™ol = Y (AoVV);mol

sites: j
=2, 2 43 YA Y, () aVier.  Eq.II1-28

We can finally see an advantage of the constant intersphere potential. Again

because we have broken up space into the regions of the muffin tin:

<fl AWV fi> = [<f| + <fy| + 3, <] 11(AVV) + (AVV),

+ Zj (AoVV)j 1> + lip> + Zj Iij> ]. Eq. I11-29
Since the regions are mutually exclusive, this reduces to
<A AVV [i> = <f] AVV |i> + <f| AWV fi>; + 3, <fl AWV Ji>,  Eq. T30
and since aV/or;' = 0 (because the intersphere potential is constant), only surface

terms survive from the region Il integral.#’ Thus, we have rid ourselves of the

hardest integrals we faced.

Matrix elements

Putting in all the parts, we find the expression for the matrix element
<f] AcVV |i> = ZL, Zv 4r/3 Ylv*(Aj') F(L',v,e) Y (k) Eq. II-31
where the "amplitude matrix" is

F(L've) = 2L FLve) + FLve) Eq. II-32

an eior (i) ZL ZL,, I(L,1v,L") {Zj (AV 1 -1K) . ALj R,/

+ B[ (1/1-iK) . Ryt 8, + (K/ 1-iK) R0 ]}
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ALJ' and B, I are initial state coefficients on the outer and atomic spheres, respectively,

Al is the atomic sphere final state coefficient.

The Gaunt integrals, I(L,L',L"), are tabulated and are merely the coefficients

of Y,... expressed as the product of Y, and Y,, ,,thatis, Y Y = ZL,, I(LL\LYY,.

I'm'?

(Reference 37). The Gaunt integral is given by
ILLLY = [ d Y, ) Y ) YL, Eq. III-33
=[ @I+ 1)U+ 1)/ 4 21" + 1) ]2 C@ 01" | mym',;m™) C(@,1,1" | 0,0,0).

(Equation 111-33), where C(/,/’,]" | m,m',m") is a Clebsch-Gordan or vector addition
coefficient. Because of the relation C(/,/',/” | m,m',m") = 0, unless m" = m + m', we
may drop the last index (it is always given by the sum of the two which precede it) and
write instead C(,/',l” | m,m"). The integral in the expression is taken over all angles,
0 and ¢.

The radial integrals are

R, = fm ~ dr; 12 (QV/ar) gl ff + RZ2 g/R) fIR) (VR - V),

R, =~/1.21 " dr 2 3V/ar) g gl + R2g/R) g IR (VR)) - V),
. Rj o . .
Ry =J, ™ a2 @Vin) 56, + R2®R) LIR) (Vy - VR). Eq. 1134

These integrals are non-zero only for I’ = I+1, because each region is spherical, and
we have used the dipole approximation (in its acceleration form).

In all the above, L or [/ labels the initial state, and L' or I’ and L" or [” label the
final state. Any function or matrix (except the Clebsch-Gordan coefficient) labeled
prime or double-prime is thus energy dependent.

We have not put primes on the arguments in the Gaunt integral or in the radial
integrals because these arguments are "integrated out," that is, the result of integration

is just a number, not a function of r. In fact, with regard to the space of the molecule,

F(L',v,¢) is itself just a number. F(L',v,e) is the "scattering” or response amplitude

matrix, indexed by an outer sphere L' of the leaving electron and the azimuthal
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quantum number of the photon, v = 0, £1, and the continuous kinetic energy, ¢, of the
photon. F holds information about the final angular momentum states into which the
incident photon causes the outgoing electron to be "scattered.”

The matrix element above is still in the molecular frame, but experiments are
carried out in the laboratory frame. For a randomly oriented molecule (in the gaseous
phase, for instance) the matrix element must be rotated from the body frame to the
laboratory frame and then squared, since the cross section depends on the square of the
matrix element. When this is carried out, and account is taken of finite detector size

(the quantities are all expressed in terms of those in Equation II-18), we find:

0,8 =(dok/9we2) X, X, |FL,v,e)| 2, Eq. III-35
and
Be) =[53, 3, |FLve) ]
x% X 5.3, { [QI1)QRI+1)]2 FLy,e) (L ve)
x C(,I,2 | m,-m") C(1,;21 0 0) C(1,1,2 | v,-v) C(1,1,2| 0 0)}. Egq.III-36

The P (cos6) and P,(cosé) terms are the only ones to survive in Equation II-18

because of the occurrence in the derivation of a Clebsch-Gordan coefficient:
C(1,1,I"|00) # O, only for I” =0, 2. This factor occurs because the photon operator
is represented by / = 1, which results from the application of the dipole
approximation.

[In electron scattering, any / is possible in the operator--since it is an electron of

continuously variable energy and hence angular momentum--and the final expression

for cross section contains terms in P,.(x) for all I”. This series must be arbitrarily

truncated.]
Eigenphase Sum

The coefficients, K AL of the cosine term in Equation III-22 form a real,

symmetric matrix. This "K matrix" supervises the coupling between different
angular momenta due to the nonspherical molecular potential. As such, it summarizes

the electron-molecule interaction. Because extensive coupling of angular momenta is
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the rule in molecular photoionization, no pure phase shift exists to describe the
process. Nevertheless, a useful quantity known as the eigenphase sum may be extract-
ed from the K matrix for each channel. This eigenphase sum is a fingerprint in multi-

channel (scattering-like) processes which indicates the presence of rapid changes in

phase of major components of the final wavefunction. It is defined*®*° (modulo 1) by

Mo = T 80 = ©1 2 tan (UTK U), Eq. [11-37

sum

where U is the (real) unitary matrix that diagonalizes K. Like the K matrix, p

sum

depends on the final state energy.

[Continuum resonances called shape resonances, which we shall discuss in
Chapter 4, are accompanied by rises in p,  of about one unit for atoms,*” less than
one unit for molecules. This is due to a loop in the final state wavefunction traversing
a potential barrier, near the origin, and becoming trapped inside this barrier, thus
causing the phase shift (which is defined far out from the origin) to "rotate" by about

7 radians. ]

Hum is a condensation of the information contained in K,>! but at a cost. We

may see in p  only dramatic changes in phase shift--small features are lost by

diagonalization and the taking of a trace. Appendix III contains Mg fOr all the

channels of the molecules studied in this work.
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CHAPTER IV
COOPER MINIMA AND SHAPE RESONANCES

It has been observed that for low photoelectron energies, the energy depend-
ence of the PI cross section for complex atoms is often distinctly non-hydrogenic
(References 9, 15, 11). Hydrogenic behavior includes a maximum at threshold and
monotonic decrease above threshold. Often cross sections show minima (thus
subsequent maxima at higher energy) or delayed maxima (in the region above
threshold) or both. These features which modulate an otherwise smooth spectral
shape are what we are interested in investigating for molecules.

Minima in the cross section are due to zeros in the spectral behavior of the
dipole matrix elements. These are usually referred to as "Cooper minima"--
abbreviated CM in this work. Delayed maxima are due to extrema (maximum
amplitude) in the spectral behavior of the dipole matrix elements. These in turn are
due to potential barrier effects in our independent particle picture. Delayed maxima
are usually called shape resonances--abbreviated SR here.

Although these features have been treated exhaustively for atoms, experiment-
ally as well as theoretically, we present here a brief discussion of some salient points

about each using our calculations on the noble gases.

Cooper Minima

We have seen that the cross section is proportional to the square of the dipole
matrix element. This makes the cross section non-negative as experimental
definitions and our understanding of cross section require. The dipole matrix
element may be positive, negative, or zero, however, and is energy dependent. This
means that it may attain negative and positive values at different energies for a given
initial state and final channel.



38

Based on his survey calculations of PI from outer atomic orbitals, Cooper®
found that "the PI cross sections from atomic subshells whose radial wavefunctions
are nodeless have, in general, a different spectral shape than those from subshells
whose radial wavefunctions have nodes”. He went on to elaborate this difference. It

is due to the noded wavefunctions' /- /+1 radial matrix elements being negative (with
the convention that the wavefunctions have positive value near the origin) at threshold
(e = 0) but becoming positive in the limit of high energy. The /- /+1 matrix element
is generally dominant (that is, at most energies) over that for /- /-1 by an order of
magnitude (Bethe and Salpeter>?). Thus at the energy where the /- I+1 matrix
element changes sign and becomes zero, the cross section is at a minimum.

We shall encounter cases where the - I-1 or corresponding cross section is
changing sufficiently rapidly with respect to the broadness of the /— /+1's minimum,
that the total cross section will not show a minimum. This does not affect our
explanation, however; the /- /+1 channel still undergoes a matrix element zero.

Fano and Cooper!? state a more refined rule concerning the occurrence of

negative radial matrix elements (R<0):

(1) R<O for I'= [+1 only, since (n' = n, I'= [-1) is always occupied when
(nl) is; this rule excludes only a minor fraction of the total oscillator
strength.

(2) R<0for n> I+1 only, since (n' = n = I+1, I'= I+1) does not exist; this
rule excludes He and Ne for which n = /+1 altogether as well as the 1s,
2p, 3d, and 4f subshells of all atoms.

These rules exclude the 1s, 2p, 3d and 4f subshells and limit the occurrence of

sign changes to the /- [+1 rather than the - /-1 matrix element, since the n(l-1)
subshell is always occupied in the ground state of the atom. Also, the Fano-Cooper
rule allows for matrix element sign changes in the discrete region of the atom's
spectrum, although this would not be seen as a PI cross section minimum. With our

method and model, the outermost ns orbitals of the noble gases and halogens show CM
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at or below threshold, in the discrete part of the spectrum. Their cross sections rise
from minima at threshold to maxima in the continuum due to CM near threshold.

For ground initial state PI, only one CM is possible per orbital, if any. It has
been found that multiple minima occur in some excited initial state orbitals
(References 53, 54, 55). These are due to matrix elements which are positive at
threshold, go negative, and then positive again. They are possible only in more
diffuse excited state orbitals.

An example for argon 2p and 3p is now given. In Figure IV-1 are the cross
section and angular parameter for argon 2p as a function of photoelectron kinetic
energy, in Figure IV-2 are those for argon 3p. [For this calculation it is necessary to
use a different potential for 2p than for 3p as Kennedy and Manson showed.>¢] The
channel breakdown in these Figures will be discussed in Chapter V.

The 2p is excluded from a matrix element zero by the above generalizations,
and its cross section is "hydrogenic" or monotonically decreasing. The total cross

section for 3p has a minimum at 1.9 Ry and a subsequent maximum at 4.1 Ry after

which it is also monotonically decreasing. B also behaves differently between these

two orbitals. For 3p a sharp dip appears around the energy of the cross section
minimum, while B for 2p is shallow and undramatic.

The channel cross sections confirm that the 3p— kd channel underlies the
minimum in argon 3p. Figure IV-3 shows the matrix elements 3p— ks and 3p— kd as

a function of energy, and the wavefunctions involved in the 3p— kd matrix elements
are shown in Figure IV-4 for a few final energies.

[Note: These are solutions to Schrodinger equations like
[d%dr® - I(+1) + (E-V)]P_(r) =0 Eq.IV-1

for bound orbitals (E < 0) with bound boundary conditions and unit normalization,
and

[d%dr? - I'('+1)/% + (e- V) 1P (1) =0 Eq. IV-2

for continuum orbitals (e > 0) with free particle boundary conditions and K matrix




IV-1.

Cross section, 6 / Mb
w
]

o
—
*&é 10 I
&
(=W
5
a 0.5 |
=
<

1- kso + kdo s
0 T | ' ) | ]
0 1 2 3 4 5

Photoelectron Kinetic Energy / Ry

Calculated cross section and angular parameter as a function of photoelectron
energy for argon 2p.



41

2'0 ] A A - |
o 1.5 1 B
]
[
§
& 101 -
ki
=
&0
<
0.5 - -

0 - -
- b A
30 ¢
a)
=
S 20 A
-]
8 Total
§ O
@ 10 - -
g kso + kdo
Q =L
kdnt
0 Y
0 4 5

Photoelectron Kinetic Energy / Ry

IV-2. Calculated cross section and angular parameter as a function of photoelectron
energy for argon 3p.



42

10 i 1 1 |
s N -
g 3p—kd
%
< -3- -
-10 .
-15 4 B

0 1 2 3 4 5

Photoelectron Kinetic Energy / Ry

IV-3. Dipole matrix elements as a function of photoelectron energy for argon 3p.



43

P, e=0.1

P,e=16

Arbitrary Units
1

_ P,e= 3.1
P2p
P3p
] 1 H | I 1 R
0 1 2 3 4 5 6 7

Radial Distance, r/ a,

IV-4. Initial 2p and 3p (I = 1), and continuum (! = 2) radial wavefunctions for argon
at 0.1, 1.6, and 3.1 Ry photoelectron kinetic energy.
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normalization. The radial matrix elements are

R, = J, "P @ rP @) dr Eq. IV-3

with these functions. Usually chemists use y_, = P_/r and thus the "volume element"

in the integral is r2dr. Also note that lim 0 Py = 0even for I = 0, whereas
lim vy #0]

At 0.1 Ry, near threshold, the extended negative loop in P3p overlaps the positive
loop of P_,, making the integral negative. (Remember that the product of P, and P3p

needs to be multiplied by r to get the integrand.) As ¢ increases, the "wavelength” of

P 4 decreases, bringing more nodes (where P_, crosses from positive to negative)
closer to the origin (the nucleus). Since the product PP, b is predominantly negative
inside the first loop of P_;, and alternates in sign in each subsequent loop of P_,, this

bringing in of P_'s loops with increasing energy causes first partial then complete

cancellation of the first loop's negative contribution to the integral. At energies above

that at which the integral changes sign, the various loops' contributions combine to

leave the integral positive. At still higher energies, so many loops of P_, have been

crammed into the area where P3p is appreciable that all these loops' contributions begin

to cancel and the integral again decreases with increasing energy. We take the view
that the cross section for argon 3p shows a maximum near threshold and another at
4.1 Ry not because of two separated regions of good "overlap" but because of a region
between these of poor (zero!) "overlap.”

Manson®’ discusses B's behavior near the CM by reference to the Cooper-Zare
expression for B in atoms:®

Be) = I-1) R () + (I+1)(1+2) R, () - 61(I+1) R, (e) R, ,(€) cos A(e)
Q)[R (€)? + (+D R, (e)*] Eq.1V-4
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and specifically for p orbitals:

B,e) = Ry(e)’ - 2R () Ry(€) cos A(e), Eq. IV-5
Rd(&:)2 + (1/2) Rs((»:)2

where A(e) = [ §,,, +0,,,] - [ 8, +0,,], the difference in the energy dependent phase

shifts (3 is the short range potential phase shift, and ¢ the coulomb phase shift).

R ,,(¢) is the radial matrix element we shall label R, ;;1(€); Manson's form of writ-

ing the matrix element assumes the selection rule [- [’, where I'= I+1, so the initial

state / is supressed. From this expression, when R o 0,8 —>0. [Actually R 4= Ois

just one solution for B = 0, the other being R; =2 R_ cos A. We observe that the R 4=0
solution always occurs at lower energy than the other solution.] This result may be

considered in another light. When R ;— 0, only the totally symmetric s channel is left

and totally symmetric angular distribution is given by B = 0, as we found at the end of

the last section.

Manson goes on to parametrize B near the CM where R (e) >> R (e). We define

¥(e) = Ry(e)/ R (e), so

Bo(e) =21(e) { He) - 2cosAfe) }, Eq. IV-6
1 + 2¢e)

which for y(e) << 1 yields Bp(s) = -4 y(e) cos A(e). Thus, in a restricted region around
the CM, if y goes from -0.2 to +0.2 and cos A(g) remains approximately constant (it

does) at about 0.5, Bp will change by 0.8. This is a very rapid change in B, whose

range is only 3 units. Of course, the above is only intended to indicate the trend of BP,
not to represent any actual case.
The above parametrization indicates further that By becomes negative at an

energy immediately above that of the CM. This is common among p orbitals which
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show CM. For atoms, there occurs a term in the expression for B involving the cross

product of the - I+1 and /- /-1 matrix elements. This term bears a negative sign

which expresses itself as negative overall BP at certain energies. (For negative B in the
molecular case of HCI, see Thiel*). The R (e) = 0 toot of the expression for B,(©)

always occurs at a lower energy than the other root, R g=2 Rs cos A, and Bp is negative

until the energy of this root is reached.

Energy Location of the Cooper Minimum

The total cross section of argon shows a minimum at 1.9 Ry, tempting us to
place the CM at this energy. The o,'s for krypton and xenon, among others, do not
show minima, frustrating attempts to find their CM. Manson notes the experimental

problem of locating CM and suggests using the sinuosity of p. He states:>’

The rapidity of the variation of B with energy in the vicinity of a
Cooper minimum has an important possible application. It is generally
very difficult to pinpoint the exact energy at which a Cooper minimum for
a given subshell occurs from a fotal absorption measurement due to
interference from other subshells so that the minimum is often washed out
completely or just a very small dip percentagewise. Further, while looking
at the total photoelectron production cross section for the subshell is
somewhat better and abnegates this difficulty, it still suffers from the fact
that the minimum is usually fairly broad making the determination of the
zero point rather difficult. Measurement of the angular distribution of
photoelectrons, however, is much more sensitive; the rapid variation of B
near the zero [in cross section] means that only slightly above or below the
zero the angular distribution differs measurably from isotropic, i.e., B is
rather different from zero. Thus photoelectron angular distribution
measurements have the capability of providing very accurate information
on the position of the Cooper minimum which is of great importance in
assessing theoretical treatments of photoionization. [Italics are added.]

Some workers have seemed to interpret this as meaning that the energy of the

CM is at the minimum in . This is not Manson's meaning, nor does it carry over to
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theoretical calculations. The Figures show the situation. The minimum in B for

argon, for instance, is at 2.0 Ry yet the kd channel is at its lowest at 1.7 Ry, where B is

zero, as it must be. Further clouding the placement, we find the minimum total cross
section at 1.9 Ry.

In the theory, it is easy to choose among these alternatives. Since it is the
disappearance (or drastic diminution) of one or more channels which lies at the heart
of the whole phenomenon, the energy at which this disappearance occurs is the energy
of the CM. In atoms this is also where B = 0--within 0.1 Ry, the mesh or resolution in
our calculations.

In molecules, the point where a channel is at a minimum and the point where

B = 0 (if it does) may be separated by more than our resolution due to the multi-/
makeup of molecular wavefunctions and cross sections. In this case, the channel cross
section minimum is to be preferred as the location of the CM.

In experiment, we cannot observe symmetry channels to find their minima, and

total cross sections sometimes yield broad or even no minima, as Manson points out.
Thus have the above mentioned workers turned to the 8 curve to find CM. Since often
B does not obtain zero in p orbital experiments, they have futher turned to the
minimum B, B_. , as an indicator of energy of CM. We should like to suggest an
alternative.

The rapidly changing part of the p curve occurs before the CM, and the
minimum in our calculations occurs after the CM--even for molecules! An energy

lying between the energies of these two portions is more reasonable than the energy of
B [That theory goes through zero while experiment does not is not due to an error

in the theory but is probably due to our lack of understanding of the process of and
corrections involved in the comparison of a model calculation with experiment.]

As the location of the CM in p-like orbitals, we suggest the midpoint of the
interval bounded on the right by B_. and on the left by the "most rapid change” in p.
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To find the most rapidly changing part of the B curve, calculating the greatest slope is

difficult with typical experimental data, and using the energy midpoint of the maxi-

mum ( and the minimum B is hazardous due to scatter of the experimental data along
the ordinate. We shall suggest a method which seems to be needlessly complex, but is
actually easy to perform with typical data.

1. Determine an "average” maximum B and an "average" minimum p.
2. Find the value of B lying at the midpoint between these:
B'= (Brax + Bruin) 2-
3 Find the energy where the experimental B curve seems to be equal to B'.
This is €'.
4. The energy midpoint between ¢' and e(B_, )--the energy at which the B
curve is lowest--is £y,.

Let us stress that there is no mystical truth contained in this procedure for

finding e,,. It is merely a reproducible method for bringing €cpv down from the too

high values it has when found by looking for B_. . When applied to our theoretical
results for np-like orbitals for atoms and molecules, the proposed method places the
CM within 0.1 Ry of the energy where the np— kd (or analogous 17— k3) channel

cross section shows a minimum.

An example of this procedure is given in Figure IV-5 for HBr 17 (from

Reference 23). B .. is about 1.73, B_. is about -0.05, and B’ = 0.84 is halfway

max

between these. The experimental curve seems to cross p' = 0.84 at €' = 52 eV (photon

energy), and . is around e(B_. ) = 68 eV. Halfway between these is 60 eV where
we shall place the CM. IE for HBr 1 is 11.9 eV, so our CM lies at about 48 eV
photoelectron energy.

Carlson, et al.,2* have published a graph showing the positions of the
experimental and theoretical CM for the outermost np orbital of the noble gases
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argon, krypton, and xenon, and the outermost 17 of the hydrogen halides, HCI, HBr,

and HI. In Figure IV-6a, we present this graph which uses the B_. method. In Figure

IV-6b, we show this graph using the same sources (References 22, 24, 60, 61, 62, 57,
63, 64) but with our method for locating the CM.

Carlson has this to say?* about the graph we call Figure IV-6a.

In Figure IV-6a are plotted the values of the photoelectron energy
corresponding to the minimum in the § parameter for the 7 orbital arising
from the effects of the Cooper minimum. Results are also plotted for the
rare gases, (References 62, 60, 61) which are isoelectronic with the cor-
responding hydrogen halides. It has been noted before that the lone-pair
orbitals of the halides closely mimic the behavior of the corresponding
rare gas (Z + 1) with regards to the Cooper minimum (References 24, 19).
It was also noted that the variation in the energy position of the Cooper
minimum lone-pair orbitals of different molecular orbitals is much small-
er (a few electron volts) than the difference between the different halides
(References 22, 24, 19, 20). It can be seen from Figure I1V-6a that there is
a close parallel between the experimental behavior of the rare gases and the
corresponding hydrogen halides. It is also to be noted from Figure IV-6a
that the calculated energies of the minimum position in  for the rare gases
using Hartree-Slater potentials (Reference 57) are nearly the same as our
MSXa calculations on the hydrogen halides. This is not too surprising

since the MSXo method uses a Hartree-Slater atomic potential for the
starting point in the calculations and treats exchange in the same manner as
the Hartree-Slater calculation for atoms.

It is interesting to evaluate the effects of improving the atomic
calculations. In Figure IV-6a results from atomic calculations are plotted
for the rare gases, first improving the treatment of exchange and adding
relativistic effects (Dirac-Fock, Reference 63) and then employing, in
addition, many-body effects (Reference 64). In the latter case good agree-
ment was finally obtained between experiment and theory. Presumably, if
the same improvements could be applied to the molecular situation, good
agreement between experiment and calculations on the hydrogen halides
would also be achieved.

It is pleasantly ironic that after we apply our (not uninvolved) proposed
method, all we have achieved is a minor rearrangement and shift downward by about

7 eV of the curves given by the §_. method. All of the comments by Carlson, et al.,

apply to our graph as well as his.
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IV-6b. Comparison of the position of "most rapid change in B" in the plots of B vs.

photoelectron energy as a function atomic number.
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This is good for the experimentalists who want to assign the energy of the CM

by the B_. method. They may do so with impunity (at least from us). Nevertheless,

we still labor under the conviction that the Cooper minimum found by the _. meth-

od is too high in energy, by an amount that depends on the broadness of the minimum.
[We shall discuss the practice of comparing hydrogen halides to their
isoelectronic noble gases at the end of Chapter V.]

Shape Resonances

A shape resonance (SR) is manifested in a manner opposite to a CM. Instead of
channel cross sections going through minima as in CM, SR show maxima due to a
particularly large rise in matrix element magnitude over a small energy range
(References 9, 15, 11).

Shape resonances show up in the / 2 2 subshells in atoms of medium to high Z.
The shape resonance in xenon 4d is shown in Figure IV-7 as an example. The
maximum in cross section at 0.8 Ry is a shape resonance and the minimum near 6 Ry
is a CM, to be discussed with the atomic results. From the channel cross sections, the
kf channel is seen to underlie this resonant behavior.

In the radial Schrédinger equations IV-1 and IV-2, if we take the effective
potential to be

V@ = V() + I(+1)/ Eq. IV-7
then at some r for high /, the second term dominates causing a positive energy
potential "barrier." V. for / = 3 for xenon is shown in Figure IV-8. The / = 3 double
well potential shows us that there cannot be an f bound solution deeper than - 6 Ry.
More importantly, there is a hump in the potential from about 1a, to Sa, which in
effect "raises the ionization energy for / = 3 photoelectrons."!!

The initial 4d, the unoccupied 4f, and three ! = 3 radial wavefunctions are
presented in Figure IV-9. [In plotting these functions we have ignored their relative
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normalization. We wish simply to indicate the radial behavior of each.] The barrier

region has been indicated. Note that the € = 0.1 Ry and the 4f wavefunctions have low

amplitude inside the potential barrier, but the & = 0.8 Ry wavefunction has quite

substantial amplitude inside it.
We might say that 4f and € = 0.1 Ry are "eigenfunctions” of the outer / = 3 well,

and 4d is an "eigenfunction” of the / = 2 potential, but that the & = 0.8 Ry solution is an
"eigenfunction” of both the outer and inner / = 3 well. The amplitude in the inner
well generally reaches its maximum at photoelectron energies comparable to the
height of the barrier, so the inner well amplitude decreases with increasing energy
from about 0.8 Ry.

Naturally, the dipole matrix element and subsequently the cross section are
affected by this behavior of the wavefunction. At threshold, where the continuum

electron’s amplitude is low inside the barrier region, the overlap between P, and P

will be poor (the inner well position for I = 3 and the well in 4d are at approximately

the same position). As the energy increases, and P_ has a loop pushed into the inner

well (making the phase shift jump by ), the overlap improves as the continuum
wavefunction's amplitude soars within the inner well, and the matrix element thus
undergoes a great increase in magnitude. Eventually, the energy of the continuum
photoelectron increases to a point where the barrier cannot "trap" amplitude any
more, and the matrix element and cross section return to low values.

In a sense, SR matrix element enhancement (which underlie the cross section
enhancement) are traceable to an enhancement in the coefficient(s) on the wave(s) in
the region inside the barrier. We may find solutions to the Schrédinger equation at
any positive energy for this region inside the barrier, but at some energies--the
energies of SR--the coefficient(s) responsible for matching this solution to that

outside the barrier grow large and "resonate.” Manson and Cooper® discuss this as

follows. The matrix element is describable as R 18 = C(e) Bl. (€), where C (e) is a

final state normalization coefficient, and R, (¢) is thus an unnormalized matrix
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element. [In full,

R, (&) = fo ~ P,MrP,(r) dr, Eq.IV-8

where P (1) = CUe) B, (1) Eq.IV-9

is the solution of Equation IV-2. C,(e) for atoms is found so that P_(r) acts
asymptotically as

P () = C/nx)y'?2 sineo, Eq.IV-10
where x = 96/dr, as Cooper descibes in Appendix A of Reference 9.] For core
subshells, R, ,(€) does not vary much with energy, so C,(e) must be responsible for
resonances.

As with CM, the /- [-1 channel provides only a small contribution throughout.
In the case of the CM, it keeps the cross section from achieving zero at the CM; here,
it keeps the cross section above zero at threshold. Cooper® discusses these potential
barrier effects, and Starace!! provides a review of the atomic literature to 1978.

It is hard to analyze a general case for f around a SR, because SR involve

unknown and untypical values of the matrix elements and the phase shifts. We can

parametrize B, around SR in the manner in which Manson did for By around CM. Let

Y(e) = Rp(e)/ R(¢), and from the Cooper-Zare formula:8

By, = 2¥e)* + 12 - 36 ) cos A(e) Eq. IV-11
10 y(e)* + 15

This equation shows the difficulty in describing a "typical SR": the largest
coefficient, that on the last term in the numerator, multiplies the fast changing y(¢) and

the factor involving the phase shift. Suffice it to say that B can undergo variations as
drastic near a SR as it does near a CM. Figure IV-7 showed that as the xenon 4d SR is
approached from below, B changes by 1.4 (from about 1.9 down to 0.5). Again, this

is a very large change for a parameter whose range is only three units.
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Molecular Shape Resonan

Dehmer and Dill*84° note that K-shell photoionization of N, shows a resonance

at around 1 Ry photoelectron energy. "Not only," they continue,*® "is this [cross
section] enhancement non-hydrogenic, but it has no counterpart in either the spectra
of the constituent atoms or the spectra of the united atom." This means that the
resonance is due to the molecular nature of the potential, i.e., spatial extent (separated
nuclei) and anisotropy (less than spherical symmetry) of the molecular potential. In
atomic physics, it is known that high-/ partial waves are "excluded" from the core, but

Dehmer and Dill®! show the N, resonance to be primarily due to an / = 3 partial wave.

Thus the formation of the molecular potential has caused the introduction of, and
coupling to, high-/ components in the continuum wavefunctions. As we saw with

xenon 4d, high-/ waves experience effective potential barriers which give rise to

resonant behavior. To quote Dehmer and Dill on the N, case:*

The essence of this phenomenon 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 m-ionization channels (AA = 0, 21). In addition, the
spatial extent of the molecular field of the two atoms, separated by 1.1 A,
enables the [ = 3 component of the ¢ continuum wavefunction to overcome
its centrifugal barrier and penetrate into the molecular core at a kinetic
energy of ~0.8 Ry. This penetration is rapid, a phase shift of ~x occurring
over a range of ~0.3 Ry. These two circumstances combine to produce a
dramatic enhancement of photoelectron current at ~0.8 Ry kinetic energy,
with predominantly f-wave character.

While it is not in general helpful or possible to graph the effective potentials in
molecules (because of the discontinuities introduced with the muffin tin approxima-
tion and overlapping spheres), we still believe that the effective trapping of high-/
partial waves into regions of space near the molecule by centrifugal barriers is a
useful picture of near-threshold molecular resonances.
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Because the distribution of nuclear charge over more than one site is inherent to

(or definitive of) all molecules, Dehmer and Dill's analysis establishes the possibility
that centrifugal barrier phenomena are likely in molecules other than N,. Indeed,

when we discuss the valence orbitals of the dihalogen molecules, we shall see that
shape resonances near threshold are the rule. The dipole matrix elements for valence
initial orbitals vary much more with energy than those for core orbitals (due to the
weaker local field which valence electrons experience). These energy effects will
appear alongside the resonant features in the valence orbitals.

In molecules, the eigenphase sum does not always change by an entire unit at
SR, as does the phase at atomic SR.*36¢ (Remember that the eigenphase sum has 7
radians divided out and is unitless; it is not quite a phase.) Often the "rotation" is by as
little as one-quarter unit where distinguishable resonant behavior is apparent in the
cross section. This is a result of the multi-/ nature of molecular wavefunctions (and
"scattering" amplitude) as evidenced by the sum over L in Equation I1I-37, the

definition of the eigenphase sum.
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CHAPTER V

ATOMIC RESULTS

In this chapter, we present the results of our calculations on atoms. First come
the noble gases argon, krypton, and xenon, which provide a benchmark to other
workers' calculations. They have been extensively studied both theoretically and
experimentally, because they are easy to handle gases and are closed shell atoms.
Second in this chapter come the halogen atoms chlorine, bromine, and iodine, which
serve as a link between the much studied inert gases and the halide molecules which
are the heart of this thesis. These molecules will be presented in the next two
chapters, halogen acids, homonuclear dihalogens.

The data are presented in Figures. Note the following.

Energies are given as electron kinetic energy in rydbergs; one rydberg equals
13.6 eV. Rydbergs are more natural in theoretical work than eV. Since we do not
optimize our calculations to give the best ionization energies, these reported kinetic
energies may be considered as the next best thing to photon energies, i.e., they may be
added to any calculated or experimental IE to find the photon energy. [There is,
however, some question about this procedure.]

We approach threshold no closer than 0.1 Ry. Our model does not include
polarization terms in the outer sphere region which are known to influence the exiting
electron at energies near threshold.

Energy scales for Z = 17 and 18 are different from Z = 35, 36, 53 and 54. The
features we are interested in lie within 4 Ry of threshold for Z = 17 and 18, but
farther out for the higher Z. Results are shown to 8 Ry for these "high" atomic
numbers.

We draw smooth, continuous curves through the data, although we calculate at
intervals of 0.1 or 0.2 Ry. We have found strict belief in these curves to be
unjustified, because the complicated mix of numerical methods in our photoionization

program tends to misbehave at some energies. These energies vary with choice of
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molecule and choice of options and parameters such as the sphere sizes. Some step in
the calculation such as the inversion of a matrix begins to cause problems, and cross
section, eigenphase sum, and asymmetry parameter are all sharply affected.

The resulting "features” resemble resonances and occur more often in
molecules than in atoms, and more often in the larger molecules (consisting of atoms
with higher atomic number and larger sphere size) than in the smaller. Some workers
believe these to be "real” resonances, that is, not artifacts of the method. (There are
no references in the molecular PES literature, however.) Our limited attempts to find
an absolute cause for these features have been unsuccessful. Thus, in plotting the

Figures, we smooth over these rough spots, which practice does not affect the major
trends we shall discuss.

The precision of our energy "mesh" (0.1 or 0.2 Ry) also affects the accuracy
with which we may locate the energies of features. We state this accuracy to be 0.05
Ry in most cases.

Continuum channel cross sections for atomic orbitals are reported in terms of
the C_, subgroup of the full rotation-reflection group, K, to which the atoms belong
(in our nonrelativistic method). This facilitates comparison of atomic results with
molecular results. The np orbitals of the atoms were calculated using np, (or npo)

and an occupation number of six for the noble gases and five for the halogens. Thus,
the PI process is schematically given by

npc — kso + kdo + kdrn* + kdn". Eq. V-1

In the Figures for the np orbitals, channel cross sections are presented as
ko = kso + kdo, and krnt = kdn* + kdn™. This channel breakdown suffices for
comparison with molecular o orbitals involving the np,, atomic orbital (A.O.) on the
molecules constituent atoms, but is not suited to comparison with molecular 7 orbitals

which involve the np,, A.O.'s. The process for PI of np,, (npn*) is given by

npnt — kso + kdo + kdn* + kdé* + kd§. Eq. V-2
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We shall not present the channel cross sections for PI from npr orbitals in the

Figures; the npr* channel cross sections are related to those of npo arithmetically.

These relations are given as follows. Equal channel cross sections are connected by

lines.

npc > ks + kdo + kdrn* + kdr'. Eq. V-3

/\ |

nprt* - kso + kdo + kdn* + kds* + kds.
If we denote a channel cross section for a particular process as, say, o(npn*— kdo) for
the process npﬁ*—» kdo, then together (a), the following two relations between
channel cross sections of the npr* initial state, and (b), the above relations between

channel cross sections of npn* and npo, suffice to allow one to find any accessible

channel cross section for either initial state:

ompn*— kdo) = (1/3) o(nprn*— kdrn?), Eq. V-4

o(npr*— kddt).

For the reader's ease, we present the following relations between the channels

o(nprt*— kdnt)

of npo

o(npo— kdo) = (4/3) o(npo— kdnt),

o(npo— kso)

o(npo— ko) - o(npo— kdo),

and relations between channels of npo and those of npn,
o(npn*> kso) = o(npo— kso),

o(npo— kdn?),

(1/4) o(npo— kdo),

o(npr*— kdrnt)

o(nprt*— kdo)

o(npr*— kddt)

These relations result from the appearance and behavior of the Gaunt integrals

o(npo— kdn?).

in F. They may be derived from Equations V-3 and V-4
Initial state I-type analyses and the parameters used in the calculations for all
atoms and molecules studied are presented in the tables of Appendix V.
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Noble Gas Atoms

The noble gas atoms which show CM in which we are interested and which are
appropriate to calculate with our method are argon, krypton, and xenon. Neon has a
CM in only the 2s which is, to say the least, not pronounced. Radon is so large that
relativistic effects cannot be ignored, and thus it is not appropriate to study here.

The noble gases have been studied by Manson and others (References 9, 65, 57,
67, 68, 69, 63, 56, 64, 70) using a variety of theoretical techniques. We include our
own calculations of noble gas properties to provide consistency in our work, and to
illustrate the Cooper minimum clearly. Also, experimentalists are fond of comparing
their results for each of the hydrogen halides with its isoelectronic noble gas--argon
with HC1,22 krypton with HB1,2? and xenon with HI.2* Because of this practice, our
treatment might seem incomplete without results for the noble gases. In addition, the
noble gas calculations may be compared directly to noble gas experiments, as our
halogen atoms' results cannot. Let us stress that better calculations exist for these
atoms. We have performed the atomic calculations using our model and method so as
to better understand and interpret our results for molecules.

Figures V-1, V-2, and V-3 contain the photoelectron dynamics results for
argon, krypton, and xenon, respectively, and subfigures subdivide these atoms into
their outermost p, s, and d orbitals. Each subfigure contains graphs of the asymmetry
parameter, total cross section, and symmetry channel cross sections. The energies of
local minima and maxima are indicated by arrows, the energy of the CM by double,
labeled arrows.

We take up the orbitals of the noble gases in order of type, i.e., outermost p,
outermost s and, finally, d.

Nobl utermos ubshell

The selection rule for photoionization from a ground state orbital (n/) in non-
relativistic, self consistent field atoms is Al = 1, and n — k. k stands for the wave

vector of the wave of energy h’k%/2m, or just k? in Rydberg atomic units. It may also
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be thought of as standing for "continuum.” Some authors prefer e--for energy--to k.

We use k to label continuum channels, so that a parallel with the bound state principal

quantum number, n , is apparent. We use ¢ to label quantities which involve

continuum wavefunctions, such as R, ,,, (¢) and P_, so that we are reminded that these

are continuous functions of the continuously variable photoelectron energy.

The selection rule may also be written for initial state p electrons as

np — ks + kd. Eq. V-5
This form emphasizes the channel concept for the scattering-like process.
As discussed in the chapter on CM, the spectral behavior of the cross section for
each of these orbitals (argon 3p, krypton 4p, and xenon 5p) is affected by the CM.

Their o, 's measure in the tens of Mb at threshold and drop to the ones of Mb at 1.0 to

1.5 Ry kinetic energy. Their kd channel cross sections dip to zero where the np— kd
radial matrix element changes sign. The B curves are sinuous; they climb to maxima
of about B = 1.9 at around 1 Ry and then plunge to negative values which have become

associated with CM in p orbitals. This behavior is due to the np— kd matrix element
which is negative at threshold and must pass through zero to reach its high energy
positive value.

Note that krypton's and xenon's total cross sections do not show minima.
Reference to the channel cross sections helps us to understand this. Near the CM, the
kd channel in these atoms has a broad shallow minimum which must be added to the
dominant ks channel to obtain the total cross section. The shallowness of the kd's
minimum and the monotonic, sufficiently rapid decrease of the ks channel conspire to
leave the total without a minimum. We have not found a successful analysis of the
total cross section alone which extracts the energy of the minimum in such cases.

Such an analysis might prove useful in locating experimental CM more exactly.
Other studies of photoionization in p subshells are by Ong and Manson,3

Manson,’” and Kennedy and Manson.’ Qur results agree with those published

previously.
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Noble Gas Outermost s Subshells
The selection rule for photoionization of s electrons in a nonrelativistic atom is:
ns — kp. Eq. V-6
Non-relativistic s subshell PI does not profit from channelization; there is only one
possible channel!
Manson and Starace® show that for a one channel process, B is not energy

dependent. From the Cooper-Zare expression>® for p (Equation IV-4), since there is
noR, , forl=0,

B(e) = 2 RP2/ Rp2 = 2. Eq. V-7
Thus, for inert gas (s?p®) atom s photoionization, p = 2, and the CM has no effect on

these B curves.

The cross sections of all these inert gases are similar, rising from a small value
at threshold to a maximum near 1.5 to 2.0 Ry. This maximum is around 0.2 Mb for
krypton and xenon but is twice as large, 0.4 Mb, for argon. Argon's potential near
the edge of the atom (where the 3p wavefunction begins to die off) is shallower than

krypton's near its edge. Argon's kp wavefunction has a larger amplitude here than

krypton's kp, and the ns— kp radial integral is larger for argon 3s than for either
krypton 4s or xenon 5s. This phenomenon is present when comparing 3s orbital cross
sections for Z = 17, 18 to 4s and 5s orbital cross sections for Z = 35, 36, 53, and 54. It
occurs in molecules as well as in atoms. Our cross section calculations agree with
Manson and Cooper's to tolerances which probably arise from the use of different

methods and parameters used.

As Kennedy and Manson>® show, the CM in these subshells are at or "just

below" threshold with the HS (in our case, Xo) method of calculation. These cross

section minima are true cross section zeros since this is a one channel process. Our

calculations show low o, , at threshold due to CM. The energy placement of the CM in

these calculations do not agree with experimental placement. Houlgate, et. al.,”! and
Fahlman, et. al., (References 72, 73, 74) show noble gas outermost ns orbitals' CM to
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lie above threshold usually by 10 eV. Calculations which include many-body

interactions®* give much more accurate CM energies than do independent particle
calculations using the Slater Xo exchange.

Ong and Manson,®® and Manson and Starace®® include relativitistic interactions
in their calculations on ns photoionization so that spin may be included. With spin
included, the modified selection rule is

ns,, = kp;, + kps,. Eq. V-8

The minimum number of channels is always two (spin up and spin down), and B can

no longer be strictly energy independent.

Noble Gas d Subshells

The selection rule for d orbitals of inert gases may be written

nd —» kp + kf. Eq. V-9

The circumstances for the CM in d subshells are not quite the same as those for
CM in p subshells; here, the nd— kf radial matrix element changes sign. From the
Cooper-Zare®® formula for p(e) (Equation IV-4),

Bs® = 2R () + 12R(e)® - 36 R () R(e) cos Ay, Eq. V-10
S[2R () + 3R(e)’]

Thus, B, = 0.2 at the CM, where R;— 0. [Only when
R (e)* + 6R(e)’ - 18R (&) Ree) cos A, = O, Eq. V-11
does B4 = 0, but this is too complicated a relation about which to make generalizations.]

The Figures for the d's, particularly krypton's 3d, show that not every mini-

mum in B is a CM, in addition to the lesson of the p's, that not every CM corresponds

to a minimum in total cross section (specifically, for krypton 4p and xenon 5p).
Manson and Cooper (Reference 65, p.132) discuss the rapid rise of xenon's

3d- kf cross section in terms of the initial and final wavefunctions. They show it to

be due to a potential barrier effect, as for xenon 4d.
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Halogen Atoms

We now present the photoionization calculation results for the halogen atoms.
These serve as a link between the molecules which we wish to present and the noble
gases which, for completeness, we must present. As we shall discuss at the end of this
section, experimentalists favor the noble gases, whereas we, as theorists, will want to
use the halogen atoms for comparison with molecular results.

Our method of calculation is spin-restricted, that is, the effects of electron spin
are not included except that we allow only two electrons to occupy each spatial
orbital, as Pauli exclusion requires. Because of this lack of sophistication in our
methods, we may blindly attack such monstrous problems as the photoionization of
the open shell halogens:

ns?np’> ns?np? + e Eq. V-12

The handling of unpaired spins is a complication which we do not attempt to
address. Instead, we present results, for example, for chlorine atom with the electron
configuration, 152 2s? 2p® 3s? 3p>, that is, we consider a subshell to be complete and
degenerate with the occupation number shown. We do this because the atomic results
which we present are meant only as useful models for the molecular discussion to
come. They are not meant to model PI in atoms for close comparison with experi-
ment; we recognize that better calculations exist for the atoms we treat.

As an example of the molecules presented later, take HCI with the configura-
tion, 102CI,1S 20-2C1,2S 362Cl,2p 11t4Cl,2p 402(:1,35 562H-C1 21t4Cl,3p . All the mOleCllleS
we shall present will be closed shell and will allow analysis in terms of their orbitals'

constituent atomic orbital (A.O.) makeup. See Appendix V. (Although the Xa
method is not an LCAO method, there exist population analyses which "correspond”
to the A.O. breakdown of LCAO treatments.)

Although the population analysis for orbitals such as HCI's 2 indicate that it is
primarily chlorine 3p, the effect of residual non-chlorine or non-"/=1" density upon

the PED parameters, o, and B, is unknown at this point in our discussion. We shall
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compare HCI 27 to the chlorine 3p calculated as if it were closed shell--without spin
coupling. By elimination, the source of any difference is due to the formation of the
molecular potential. In this way, we shall pursue the molecular effects on CM.

Our format here is the same as that for the noble gases: p, s, then d orbitals.
Figures V-4, V-5, and V-6 present the results.

H n Atom hell
The selection rule for halogen (s?p°) PIin our model is the same as that for the

noble gases (s>p®). The selection rule is repeated for convenience here

np - ks + kd. Eq. V-13
The PI data for the halogen np's is presented in figures V-4a, V-5a, and V-6a.
Comparing these results to those for the noble gases, we note exactly the same trends:

the dropping total cross sections, chlorine (like argon) with a minimum; the kd

channels showing minimaj; and the sinuous B curves.

In fact, the only significant differences in the noble gases and the halogens are
the locations of the CM. Argon's CM is 0.2 Ry higher than chlorine's; krypton's CM
is 0.1 Ry higher than bromine's; but xenon's CM is (within our "resolution") at the
same energy as iodine's. If we may be allowed to speak qualitatively, we believe this
to be due to the differing spatial extents of the initial state p orbitals for the halogens
with respect to the nobles. Argon's higher nuclear charge "pulls in" the 3p orbital so
that its radial nodes lie closer to the nucleus than those of chlorine 3p. Since the CM

involves a zero in the radial matrix element which involves the continuum wavefunc-

tion whose nodes move toward the nucleus with increasing energy, the zero in np— kd
radial matrix element will occur at a higher energy for a contracted initial state.

Since the difference in atomic number (hence contracting power) between the groups
VIIA and VIIIA decreases percentagewise with increasing atomic number, the effect
of the noble gases' higher atomic number is negligible by the time we reach iodine and

xenon.>’
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V-4b. Calculated total and channel cross sections and angular parameter as a func-
tion of photoelectron kinetic energy for chlorine 3s. The kpo channel cross
section is equal to 1/3 o,,. The kpn* channel cross section is equal to 2/3 6,_,.
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Halogen Atom s Subshells.
Again the selection rule for ns PI is:
ns — kp. Eq. V-14
As with the np's, the halogen ns's are similar in trend to the noble gas ns's: cresting
cross sections, and § = 2. The slight differences in cross section arise from the noble
gases' contracted initial-states. Because the CM is below threshold, we cannot analyze
the effect on it of increasing atomic number.
Note again that the chlorine 3s total cross section at its peak is nearly twice that
for bromine 4s or iodine Ss as was the case with the noble gases (argon 3s twice
krypton 4s or xenon 5s).

H n Atom d Subshell
With selection rule

nd - kp + Kkf, Eq. V-15

the halogens' d orbitals show no unusual behavior when compared to the noble gases'.

Comparison of Atomic and Molecular Experimental Results

Carlson, et al.,” claim that, with respect to the CM, each hydrogen halide may
be compared to the noble gas with which it is isoelectronic. Faegri and Kelly”>
performed single center ab initio calculations on HCI and stated that they expected that
"the results should relate to the isoelectronic inert-gas atom--argon--in the same
manner as the results from a previous calculation on HF (Reference 76) relate to Ne."
Why the noble gases rather than the halogen atoms?

The preceding presentation has shown that the results for the halogens closely

follow those of the nobles, that is, that trends are similar even if energy placement of

features is different. (Manson’’ demonstrated that the overall appearance of the

energy dependent B curve changes slowly with atomic number; the curves for atoms of

adjacent atomic number are quite similar.) Noble gases are much more easy to deal
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with experimentally (they are "inert gases") than the halogen atoms. With our
theoretical method, since open shell systems are as easy to calculate as closed (by the
adoption of some drastic simplifications), we may compare the hydrogen halides to
either halogen or noble gas atoms, as we please.

We shall find that we discuss lone pair orbitals frequently, that is, orbitals whose
electrons feel the influence of only one nucleus. Molecular orbitals primarily
associated with a halogen atom in the molecule will be more accurately compared to
the halogen atom than to the associated noble gas atom. For the low energy processes
on ground state valence orbitals of the hydrogen halides considered here, the largest
contribution to the transition integrals comes from the spatial region close to the
nuclei. Here the electrons feel the influence of each individual atom (halogens) rather
than the influence of the united atom (noble gases).

We do not mean to disparage the practice of reference to the noble gases, for
there are experimental constraints which recommend that practice. (It is more
difficult to produce halogen atoms than noble gas atoms. Also, different open shell
final state electron configurations have different energies, complicating the analysis of
halogen atom results.) In fact, the close theoretical agreement of the noble gases' and
halogen atoms' behavior should encourage experimentalists in their practice of using

noble gases for comparison with hydrogen halides.
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CHAPTER VI
HYDROGEN HALIDE MOLECULE

RESULTS

The stated purpose of this dissertation is to investigate the manifestation in
molecules of an atomic effect--the Cooper minimum. The next two chapters present
our theoretical results for the halogen acids and diatomic halogens. All the notes
concerning the format of the Figures in the atoms' section pertain for these chapters.
All orbitals of one molecule will be treated (from the outermost inward) before
moving on to the next molecule, and all of a class, for example, the halogen acids, will
be treated before moving on to the next class and chapter.

We consider only the three outermost valence orbitals of the hydrogen halides.
In keeping with recent usage?® (but using a different convention), we number the
valence orbitals of HX: 10, 20, and 1n. This facilitates intercomparison of the

molecules. For the readers’ ease, we present a table of correlations of the
significations of these orbitals of HX (Table VI-1).

Table VI-1. Correlation of HX valence orbitals.

lo 20 Ir
HCl 4023 So%a  2ma3p
HBr 76 %Br4s 80 %yp; 4754Br,4p

HI 106 21’55 116 ZH_X 6754[’5},
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When we speak of the 1o orbital of HCI with respect to valence PES, we mean

the 4o, not the chlorine 1s. Chlorine 1s is referred to as the K-shell and is too deep to

be studied by valence PES methods. Appendix V contains [-type analyses for the
initial state orbitals of the hydrogen halides as calculated by the Xoa-SW method.

To motivate these assignments of orbital symmetry, consider the following. As
is conventional, the nuclei of our model linear molecule lie on the z-axis of our
coordinate system, making it the principal symmetry axis. The 1s orbital of

hydrogen, which is responsible for most of the bonding in which hydrogen takes part,

is represented in C__ point group by ¥*. Thus it will be involved in either the 1o or

20, and the 1r will be a lone "pair” (actually two pairs) on the halogen. In fact, the
assignments are as follows. 1o is primarily the ns of the outermost shell on the

halogen, 2c is the admixture of 1s on hydrogen and np on the halogen forming the
single bond holding the molecule together, and 17 is a nonbonding orbital of np's on
the halogen. The 17 is often visualized as two lone pairs which are mutually perpen-
dicular and are perpendicular to the single bond. These gross "A.O." assignments are
indicated for each orbital in Table VI-1 as subscripts and are supported by the I-type
analyses of Appendix V. "H-X" means that this orbital is a bond.

Since the CM is explained by reference to atomic orbitals, we should not be

surprised if the 17 orbitals display atomic-like CM, and the 26 bond has a somewhat
different behavior due to the mixing with hydrogen 1s. This is not to say that we
should not be pleased, for when our expectations are fulfilled, it is good, but that

surprise is inappropriate, because we were forewarned.

Hydrogen Chloride;: HCI

Figure VI-1a presents the results for the 17 orbital of HCI. Figure VI-1b
presents the results for 2, the bonding orbital. Figure VI-1c shows the results for

1o, which is mostly made up of chlorine 3s.
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HCl1x
The selection rule for PI from this orbital (from Appendix I) is

In* - ko + kn* + k& + k& Eq. VI-1

As postulated above, the spectral features of this orbital behave virtually atomically;

the B curve is almost indistinguishable from that of our chlorine 3p (not that of argon
3p). The cross section is about four-fifths of that for chlorine 3p along its whole
energy range. This is due to the differing occupation numbers for HCI 1x and

chlorine 3p, i.e., n(1ny.)/ n(3p,,) = 4/5.

That the above occupation number explanation is successful, and that the p

curve is nearly interchangable with that of chlorine 3p, are further justifications for
denoting HCl 1 as lone pairs.

We see that the kd cross section is at a minimum at 1.5 Ry, the km at 1.6 Ry, the

c,,at 1.8 Ry. p=0at 1.5 Ry, again showing that channel cross sections are prefer-
able to B or o, , minima for locating CM. Reference to the channel cross sections

shows that the ko is dominant at the CM, where krt and k8 undergo minima. We
regard this as due to the fact that ko contains / = 0, whereas krt and k3 start with / = 1
and [ = 2, respectively. The (I = 1),» (I = 0), matrix element in the atomic spheres is
the major contributor to the amplitude matrix at the CM. It is analogous to the ks

channel in chlorine atom 3p,,.

HCl 26

The selection rule is
26 - ko + kn* + k. Eq. VI-2

Note the much narrower traverse of B's oscillations compared to 1n's. Here again the

cross section is diminished--it is less than half that for the 1%. The occupation

numbers are n(20) = 2 and n(1n) = 4. When we take this into account, though, we still

have a shallower minimum for 2¢ than for 17.
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This weakening of the effect of the CM in bonding with respect to nonbonding
orbitals is "typical,” has been noted experimentally, and is referred to as a "partial”

CM?, 1t is sometimes ascribed to the multi-/ makeup of molecular wavefunctions.

What we should note here in this regard are the channels' cross section behavior. ko
is more suppressed than the occupation numbers can account for, and kr does not
attain zero although it does show a minimum at 1.6 Ry around where the chlorine 3p
and the HCI 1t show CM.

It is at this point that the multi-/ nature of the wavefunction is often invoked.

We reason that, because there is a minimum in the k7 cross section (and the associated

B plunge), surely some partial wave making up kn has a matrix element changing
sign. km does not attain zero, because other partial waves are "interfering," that is,
the channel is a sum of many partial waves. This reasoning is sound as far as it goes,
but we shall find a more enlightening way to look at the partial CM in a later chapter.
We shall show there that the cause can also be assigned as the presence of the bond,
meaning finite wavefunction amplitude, and hence cross section, in the hydrogen

sphere which is not present in HC1 2% or chlorine 3p.

HCl 1o
The selection rule is the same as that for any o orbital
lo - ko + kn* + kn. Eq. VI-3
We note that now, in a molecular environment, it is not true that p = 2. In fact, at
threshold, B dips down to below 1.5. As with the atoms, the CM lies at or just below
threshold, indicated by the drop in B. B is not necessarily aiming for zero--the value it

takes for totally symmetric angular distributions--but since B is bounded above by

two, and at high energy it will approach the atomic value of two, it has to fall from
two to reach any other value near threshold.

The total cross section curve is similar in shape to that of chlorine 3s, and the

occupation numbers for both are equal: n(2oy) = n(3s.) = 2. In the atom, by our
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method, the ko channel's cross section is strictly equal to 1/3 6, , the kn'sto 2/3 6

tot’ tot’

and B = 2. For HCl 1o, the krt cross section is enhanced with respect to 2/3 o, and
ko's is diminished with respect to 1/3 o, ,. Where the molecule's channels approach

one-third and two-thirds o, , most closely, at about 0.7 Ry, B approaches two most

closely.

H n Bromide: HBr

Figure VI-2a presents the data on HBr 1, the bromine 4p lone pairs. The
selection rule is the same as that for HCI 1nt (Equation VI-1). Figure VI-2b shows our

results for the 26 bonding orbital. The 1o, mostly bromine 4s, results are presented

in Figure VI-2c. Their selection rule is that for any o orbital (Equations VI-2 and
VI-3).

HBrin
As with HCl 1 and chlorine 3p, this orbital is nearly indistinguishable from

bromine 4p once the differing occupation numbers have been taken into account.
B is at a minimum at 4.3 Ry but goes through zero at 3.6 Ry where the k5 and kr

channels both are at minima. Compare this with bromine 4p where B = 0 and kd is

minimal, at 3.5 Ry--the same energy, given our "resolution.”

HBr 2¢

Again, as with HCI, note that o, Shows no minimum, nor does the kr channel
(which is strangely enhanced at the expense of the ko). The B curve for this orbital is
one of the most unusual we have encountered (relative, of course, to one's apprecia-

tion of a "usual” B curve). Its traverse is limited between about 1.5 and 0.8 as is usual
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for a partial CM, but past about 3.0 Ry it varies but slightly from the value g = 0.88
out to 6.0 Ry. In other words, it straightens to a horizontal line upon which it is
difficult to distinguish a minimum. What we are trying to indicate is that § is a

complicated function of energy (very much so for a bonding orbital such as this), and
that for such a complicated function to revert to a straight (horizontal!) line over a

large range after a period of relatively large variation, that for all this to be true is a
bit shocking (again, relative to ones reactions to "usual” § curves). Were this
behavior to be manifested in experiment--were only the relative traverse of B at high
energy to be reduced compared to other hydrogen halides' 26's--a triumph of our

calculational model should be declared. This behavior of the 26 B curve is, in all
seriousness, merely a long, broad minimum associated with the partial CM. It is
longer and broader than most but is nonetheless just the manifestation of this same

basic behavior.

HBr1

HBr 1o has the usual "ns" behavior. The CM is near threshold, and B dips to
less than 0.7 there.

Hydrogen Iodide: HI

With HI, we reach a point in the periodic chart where it is questionable to

disregard relativistic effects. The expectation value of the radial velocity of the

K-shell electrons goes as Z a.u. (see Pyykkd'”). Thus, the K electrons of HI are going
(Z2/137) x 100 = (53/137) x 100 = 39% of the speed of light. At this speed, the mass-

velocity and Darwin terms of the relativistic hamiltonian are appreciably large and
should be included. It has been found, however, that at these intermediate Z's (Z = 53
for iodine), the electron density around the atom is such that many-body effects begin

to play an important role. Carlson, et al., (Reference 23 and references therein) by
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use of the graph we call Figure IV-6a, show that inclusion of relativistic effects by the
Dirac-Fock method results in wrong energy placement of the CM for xenon Sp (HI's
united atom). Indeed, the non-relativistic Hartree-Fock or Herman-Skillman methods
reproduce the rough experimental cross section and angular parameter energy trends
and actually (fortuitously) place the CM at energies closer to those found in
experiment than do relativistic treatments. Our preliminary molecular calculations
using the Scalar Relativistic Approximation with the MSXo method (References 78,
79, 80, 81) have shown this same behavior. For these reasons, we shall present our
non-relativistic calculations for molecules containing iodine and will only analyze
trends, since ideally relativistic and many-body effects should be included.

Figure VI-3a presents the HI 1z, the nonbonding lone pairs, Figure VI-3b

shows the graph of 2¢'s dynamic features, and Figure VI-3c presents the results for

1o, the bond.

Hllx

HI 17 shows the behavior we have come to expect from a lone pair which has a
CM. It is similar to iodine 5p: kr and k3 show minima at 3.9 Ry where g = 0. ko

decreases too rapidly, relative to ki and k§'s broad minima, for o, to have a

minimum. B in this energy range reaches up to 1.9 and down to -0.1 at its lowest.

HI 2¢
The behavior here is typical of bonding orbitals involving atomic orbitals

which show CM. Note the broad valley in the B curve with its minimum at 5.9 Ry.

This is different from HBr, remember, where the B curve flattens to a horizontal line.

This is an extreme example of the failure of the method of finding the CM by looking

for a minimum in ; the minimum B is at 5.9 Ry, but the CM is at 3.9 Ry, that is, this is

the energy where the p— kd (and d— kp) matrix element changes sign.
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Unlike the 20 bonding orbitals of other hydrogen halides, HI 26's ko channel

remains dominant over the knt well past the CM. This probably is a result of the
diminished relative contribution of the hydrogen sphere in HI.

Hllo

Like HI's other orbitals, the 1o displays typical behavior. The CM is near
threshold where B and the cross section both fall off (that they both fall off is
coincidence).

This orbital is unusual in one way; the ko channel cross section has a slightly
pronounced bump at 1.1 Ry. The bump seems to be a shape resonance, since the
eigenphase sum oscillates at this energy. None of the other HX orbitals shows any
sign of shape resonance, even though the HI krt and k3 channels' eigenphase sums also
wiggle at 1 Ry. We believe that these resonances are so weak that they do not appear

in the total or channel cross sections when these are large, as for 17 and 2o. Only in

the relatively small 1o can it surface.

Summary of Results

It is remarkable how closely the molecular channels resemble the atomic
channels. In HX, ko is recognizable as ks, k7t as kp, and k& as kd. The difference in

occupation number between the HX molecules' 16 and 17 orbitals and X atoms' ns and

np orbitals successfully explains the difference in their cross sections. This, and the

fact that the B curves for these orbitals are nearly identical, argue that the hydrogen
atom is a negligible perturbation. Of course, the hydrogen atom makes a difference
in the bonding orbital where its presence is felt through the electron density it distorts
in forming the bond.

Apparently the hydrogen atom does not cause a large enough perturbation on
the X atom's potential for molecular shape resonance behavior to be manifested



104

(except in the case of HI's 16 orbital). In Dehmer and Dill's terms,*? although nuclear
charge is separated in "forming HCI from the united atom," high-/ partial waves are
still excluded from the cores in HC1. This suggests that simple separation of nuclear
charge is not enough to cause shape resonances. Sufficient charge must be separated

to incite the high-/ components into participating. Thus, molecules involving only

hydrogen and another species normally do not show shape resonant behavior.%?
Thiel's decomposition of B allows him to explain the general appearance of its
energy dependency curve.>>3 For instance, he traces the initial rapid rise in B to low

energy changes in the Coulomb phase shifts of the continuum waves.?38 His methods
are often capable of quickly locating such causes, where our methods require much
analysis. At present, however, his method is limited to linear molecules, and ours is

not.

Partial Cooper Minima

In experiment and theory on the 2¢ orbitals of the hydrogen halide molecules,
an effect is seen which has been dubbed the "partial Cooper minimum."!%?° Partial
CM are identified by comparison of molecular o, , and p with the o, and B of the X
atoms comprising the HX molecules.

Partial CM in HX 20 (a bonding orbital involving mostly hydrogen 1s and X

np,) are marked by the following.
1. P traverses a narrower range than it does in X np.
2. The valley in o, , in 20 of HX (near the energy of the CM in X np) is
shallower than the valley in o, , in X np.
3. The kr channel cross section in HX 26 does not achieve zero as it

does for kdrn in X np. kn in HX 26 does go through a minimum, but its

cross section at this minimum is about equal to ko's.
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Points 1. and 2. apply to the experimental as well as the theoretical results,
whereas, of course, point 3. applies only to the theory.

In order to understand better the causes of partial CM effects, we have carried
out model calculations on the 26 orbital of HCI and related species. We say "model"
and "species,” because the calculations are not meant to correspond with any real
physical system or molecule. We have taken advantage of parameters and options in
our program to tweak the calculations and find out the factors responsible for this
weakened or partial CM.

At the outset of this discussion, we note that point 1. above can be qualitatively

understood by reference to point 3. Recall the rough similarity of the spectral

behaviors of the HX channel cross sections to the X atom channel cross sections. ko in
HX roughly corresponds to kso + kdo in X atom, and kx in HX to kdr in X atom

np0.75’76 Also, recall that B changes most rapidly where a channel cross section

experiences dramatic change. At SR, channels show peaks, and p shows wiggles; at
CM, channels show deep valleys, and B changes rapidly. Since HX kr channels in the
20 "spectra” show less pronounced valleys, B's dip is also less drastic than in X atom
np "spectra." Because point 2. above is also due to point 3., it remains to be discover-

ed what causes point 3., the enhancement of the kr channel in HX 2.

For reference, Figure VI-4 presents the results for chlorine atom 3p,- o, 8OES
through a minimum at 1.7 Ry and kdr is zero at 1.5 Ry, the shift being due to the
falling kso cross section.

The first model calculation, called "chlorine off-origin,” is a modification (as
are all the others) of the HCI overlapping spheres model (see Appendix V) using the
same sphere sizes, positions, and values for a.. This calculation is for chlorine atom
moved off-origin (with a converged potential). It may also be viewed as an HC1
calculation with hydrogen's atomic number set to zero. Its sphere remains but the

potential inside it does not become large and negative toward the nucleus--there is no
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nucleus. Instead, the potential inside the hydrogen sphere is nearly constant at around
-0.9 Ry. We performed this calculation to find the effect of moving the chlorine atom

off origin in forming HCl. Is it possible that this translation affects 3p,, in such a way

to produce partial CM? As seen from Table VI-2, the initial state 20 (3p,) is still
virtually all / = 1, and from Figure VI-5, translating the chlorine has only a small

effect on cross sections and B.

Table VI-2. Initial State Molecular Orbitals' "I-type" analysis for
model calculations. See the introduction to Appendix V
for a full explanation of the entries in this Table.

Cl off- Hydrogen
Cl3p, origin Neglected HCl 2¢
Orbital
energies/Ry: -0.99 -1.01 -0.98 -1.10
Halogen I=0 -- 0.3 0.8 4.5
sphere =1 100 99.7 99.2 94.1
1=2 - n - 1.3
percent charge (74.5) (66.8) (61.0) (54.7)
"Hydrogen" [=0 -- 95.0 - 98.5
sphere I=1 -- 5.0 - 14
1=2 - -- - 0.1
percent charge -- 0.7) -- (6.9)
Outer =0 -- 0.2 n 0.1
sphere I=1 100 90.1 90.1 97.2
1=2 -- 9.2 8.6 14
=3 -- 0.5 0.6 13
=4 -- n -- n
percent charge (21.2) (17.9) (20.2) (19.3)
Intersphere

percent charge 4.4) (14.6) (18.8) (19.0)
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In "chlorine off-origin," the CM is shifted to higher energies, o, , is minimal at

2.0 Ry, and kr at 1.8 Ry. This sort of shift is seen elsewhere in our work simply by
changing sphere sizes or using overlapping rather than tangent spheres. (The

chlorine sphere has a radius of 2.30 a, in the normal atomic calculation but a radius of

1.901 a, in the "chlorine off-origin" calculation.)

This calculation shows that a converged off-origin atom (with an empty
"counter sphere” and a large intersphere region) does not show partial CM. Partial
CM must be a molecular effect, that is, must stem from the formation of the molecule.

[This model calculation further shows that our adoption of a "blatantly
unphysical" constant potential intersphere region is not a hindrance to consistent
qualitative results. An atomic calculation (in which this region is negligible) gives
roughly equivalent results to a calculation involving a large intersphere region. This
is encouraging.]

The second model calculation, called "hydrogen neglected" uses the converged
HCI molecular potential. To find out the effect of molecule formation on chlorine

atom's potential, and to screen out any confounding contributions of the hydrogen, we
left out hydrogen's potential and calculated B and o, , only for the chlorine and outer

spheres in the HCl potential. Table VI-2 shows that ignoring the hydrogen sphere in
the initial state leaves the chlorine almost entirely as / = 1. Figure VI-6 shows that the

results are virtually those of the chlorine atom 3p, but for a tiny rise in knt's cross
section at the CM amounting to 0.006 Mb, up from 0.002 Mb for kx in "chlorine
off-origin” at its CM. [We also note that the minimum ¢, is at 1.8 Ry, and minimum
kr is at 1.6 Ry as in the atom.]

This calculation is a measure of hydrogen's effect on the potential in chlorine's
sphere and the outer sphere, while neglecting any amplitude arising from the

hydrogen sphere. That the results resemble those of the atom shows that the effect of
hydrogen on the chlorine through the potential is small.
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Note from Table VI-2, however, that in the full initial state, inclusion of
hydrogen arouses a noticeable / = 0 component in the chlorine sphere. Since we did
not see this in "chlorine off-origin" or in the "hydrogen neglected" initial states, this
effect must propagate through the wavefunction coefficients. Is this [ = 0 contribution
to the initial state responsible for the partial CM?
Our third (and final) model calculation, called "hydrogen final state neglected,"

investigates this by using the proper HCI 20 initial state (with the proper converged
HCI potential) but setting the final state hydrogen symmetry coefficients to zero. This
allows hydrogen to influence and evoke the / = 0 initial state contribution in the
chlorine sphere but then snatches out the hydrogen sphere amplitude contribution.
All radial matrix elements in the F matrix in the hydrogen sphere may as well be zero
in this calculation.

Figure VI-7 presents the results for "hydrogen final state neglected." The krn

cross section has been enhanced to 0.012 Mb at 1.6 Ry, and B no longer achieves zero.
In fact, about half of the (partial CM) shift in § near the CM has been accounted for by
this artifice of ours. (At its minimum, B in 2¢ of HCl equals 0.42; in chlorine atom

3p,» B = -0.3 at its lowest; and here, in "hydrogen final state neglected,” p bottoms out

at 0.13.) Thus, we find our first real "cause" of the partial CM: the formation of a
molecule by "putting two atoms together" produces an initial state effect of multi-I
form of the wavefunction around the constituent atoms. This should not be too
surprising, for we knew already that / is not a "good" quantum number in molecules.

We might have suspected that it would not be good even within an atomic sphere in

our model.

We again show the results for HC1 2o in Figure VI-8, revealing the full "partial

Cooper minimum." As stated at the beginning of this section, the kx channel has risen
to 0.146 Mb, and B reaches a minimum of 0.42, both much higher than in chlorine
atom 3p,. This full, "realistic" calculation of HCI 2¢ differs from "hydrogen final

state neglected” in that this calculation now includes amplitude from the hydrogen
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sphere. This amplitude results mostly from (! = 0),- (I = 1), radial matrix elements

which contribute to the k7t channel ®

umm
Figure VI-9 is a schematic summary of the model calculations. In HCI's 2o

bonding orbital, we see a smaller cross section minimum and a weaker B oscillation
than in either the HCI 1x or in chlorine atom 3p. In "chlorine off-origin," we recon-
verged the HCI potential with the hydrogen sphere empty (Z = 0), thus simulating a

chlorine atom whose nucleus had been moved off-origin. We were pleased that the
results for "chlorine off-origin" were similar to those for the chlorine atom 3p,,.

(The differences are attributed to differing sphere sizes, as Figure VI-9 shows.) In
"hydrogen neglected,” we used the HCl potential but excluded the hydrogen sphere
from the initial and final states. This was meant to measure the effect of the hydrogen
on the chlorine during the process of converging the HCI potential (bringing it to

self-consistency). Again the results closely resemble those for the chlorine 3p,;
hydrogen does not "distort" chlorine's atomic potential in our model in a way which
significantly affects the PED parameters. When the Xa method is granted its full

flexibility to find the proper initial state 2c orbital of HCI, however, the matching of
wavefunction coefficients at boundaries introduces a significant / = O contribution to

the chlorine sphere; the presence of hydrogen has distorted the otherwise purely / = 1
wavefunction (of the chlorine 3p,). However significant this initial state effect may
seem, if we perform the PI calculation with this proper initial state, but snatch out the
hydrogen sphere's contribution to the F amplitude matrix before o, , and f are

calculated, we see only a small effect. This is what we have done in the calculation
called "hydrogen final state neglected." Thus, by elimination of causes, the

contribution of hydrogen to the "scattering” or response amplitude matrix, F, adds to

the chlorine atomic contribution, thus softening the pure atomic CM into a molecular
partial CM.
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Hydrogen Neglected
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Chlorine Atom

VI-9. Schematic summary of model calculations.
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Comparison with Experimental Results

The PED of hydrogen halides has been extensively studied (compared to other

classes of molecules). The cross sections of the two outermost orbitals of HCI have
been treated theoretically by Faegri and Kelly using ab initio methods,” and their
angular parameters by Thiel using his unique parametrization of MSXa calculations.”®

Carlson, et. al.,”> compare Faegri and Kelly's results to those presented here,
and Thiel favorably compares his results to ours. But for some spurious remarks
concerning the treatment of exchange in our method, Carlson's remarks are good. He
shows that the ab initio method places the energy of the CM closer to the experiment-
al value than does our MSXa method. (Thiel casts doubt on Faegri and Kelly's results,
however, by noting that they were found with a basis set with an upper bound of I = 2
for the final state channels. Thiel found / = 3 to 5 to be important contributors around
the CM.) Absolute cross section comparison of the theories with experiment is not
particularly successful--measurement of these is difficult, and our calculations are not
"optimized" for such comparison. More importantly, the authors show that the
theories yield o, , and B trends in excellent agreement with experiment; there is one-to-
one correspondence of features. The three methods (Faegri and Kelly's, Thiel's, and
ours), as different as they are, all find the same basic behavior.

The experimental and theoretical trends for HBr are in disconcertingly good
agreement.”® The cross section results are in such good agreement as to compel the
authors to resort to the unorthodox practice of presenting theory and experiment in the
same graph. Compared to its behavior in HCI and HI 2o orbitals, p in the 26 of HBr
shows a flat profile past 3 Ry in the experiment. As stated above, this is remarkable
behavior for such a complicated parameter, and MSXa's prediction of it is
encouraging.

Carlson, et. al.,> report experimental results for HI and discuss the comparison

of these with our theoretical results. Our method produces much broader minima at
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higher energies than are found in experiment. Elsewhere, Carlson?® presents the
graph which we have labeled Figure IV-6a, which shows that nonrelativistic, inde-
pendent particle methods tend to find too high energies for the CM of heavier systems,
but that relativistic, independent particle methods fare worse still.

In Reference 23, all the work on HX of Carlson, et. al., is compiled and
compared with our calculations. Aside from absolute energy placement of the CM and

agreement of absolute cross sections, they show that the MSXa method can predict the
features of the experimental 6, , and B curves.

HCI and HBr have also been studied by dipole (e,2e) spectroscopy.®>36 (See
Reference 87 for a recent review.) (e,2e) spectroscopy is a coincidence technique
involving a "knockout reaction” in which a single incident electron knocks out a
second, target electron from the system of interest so that one starts with one electron
and ends with two; hence, (e,2e). Dipole (e,2¢) uses low momentum transfer by the
incident to the knocked out electron to simulate the photon in PES. A photoionization
cross section is one result of dipole (e,2e) measurements.

The (e,2¢) results for HCI and HBr agree excellently with those from PES,
considering that the two experimental techniques differ vastly. The (e,2¢) experiments
have not been carried out to high enough energies to see the Cooper minima, but the
cross sections tend towards low values at higher energies as do the PES results.

None of the third bands of HX have been studied experimentally over wide

energy ranges by PI methods due to their low cross sections. Two points for the 1o
band of HBr have been reported.”? B shows the expected high values (nearly equal to
two), but 6, , is discrepant between experiment and theory. We do not anticipate that

our independent particle calculations will fare well in comparison with experiments on
the third bands, in light of the results of such comparison for the ns orbitals of the
noble gases (References 60, 72, 74, 73, 65, 88, 69). Our calculations place the CM at
or below threshold, but experiment and more considered calculations find the CM in

the area of about 10 eV into the continuum. Nevertheless, we look forward to these

experiments as they will provide still further insight into "molecular effects" on CM.
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Brion, et. al.,*>® have studied the "third bands" of HCl and HBr by (e,2¢)
spectroscopy. The cross section results have the same humped shape as our results, but
are an order of magnitude larger. We use quotes on "third bands,” because the third
bands of HX are composed of (mostly unresolvable) many electron transitions, making

comparison with our independent particle calculations hazardous.




119
i CHAPTER VII

HOMONUCLEAR DIHALOGEN MOLECULE

RESULTS

This chapter presents our theoretical results for the diatomic halogens, X,. All

the notes concerning the format of the Figures in the atoms' section obtain for this

chapter. All orbitals of one molecule will be treated (from the outermost inward)

before moving on to the next molecule.

We consider the five outermost valence orbitals of the homonuclear halogens.

Again in keeping with recent usage, we number the valence orbitals of X, lcg, lo,
2og, In, and 1x o this facilitates intercomparison of the molecules. For the readers'

ease, we present a table of correlations of the significations of these orbitals of X,

(Table VII-1). Appendix V contains /-type analyses for these orbitals as calculated by
the Xa-SW method.

Table VII-1. Correlation of X2 Valence Orbitals.

lcg 1o 26 b4 In

u g u :4
Cl, 4o gzc1,3s 40,2¢) 35 50g2c1-c1 27tu4C1,3p 2ng4C1,3p
Br 2 76g23r,4s 70u2Br 48 863231"‘Br 4ﬂ:u4B r,4p 4ng4Bf»4P
L 106,25 10025 1102 67,%,5p 67,15
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The homonuclear dihalogen molecules belong to the D_, point group. Consider

that the nuclei reside on the z-axis of our coordinate system. As with the hydrogen
halides, we may make guesses as to the A.O. makeup of the orbitals. (Because they

are made with hindsight these guesses are roughly correct.) The np,, (ornp, and
npy) orbitals are virtually lone pairs represented as 1 and lng. The single bond of

the molecule is made up of np,, (or np,, if you will) orbitals on the constituent atoms
and is represented by 2csg (the 20, is unoccupied). The outermost ns orbitals of the X

atoms are represented by 1(5g and 16,. These rough assignments are indicated in

Table VII-1.

With the experience we have gained from the hydrogen halides, we may

anticipate the behavior of the CM in the dihalogens: the lone pair orbitals, 17, and
In . will likely show atomic behavior; the outermost s orbitals, lcg and 1o, will

behave basically like their constituent ns's but will deviate in cross section and p due to
mixing of / = 1 in the initial state; the 2<sg bonding orbitals will display weakened or
"partial” CM due to the mixing of / = 0 into the initial state, as with the hydrogen
halides' 2c.

These CM effects can be explained basically in terms of the atoms present, but
the formation of a molecule (of the size of these we are considering) gives rise to
phenomena not present in the atoms. These are, of course, shape resonances (SR).
These lie in the region just above threshold to about 2 Ry kinetic energy, although one
will occasionally sneak out to 3 Ry. As mentioned in Chapter 4, the barriers which
underlie these resonances cannot easily be pictured due to the discontinuities of the
muffin tin approximation and overlapping spheres. Nevertheless, by analyzing our
symmetry channel breakdown of the cross section, we may label SR by channel.

Further, by analyzing the partial wave cross sections within a symmetry channel,

partial wave labels may be assigned to particular channel SR. SR are signaled by a
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change in eigenphase sum, p_ . Molecular SR often involve changes as small as one-
quarter unit. With practice, it becomes easy to distinguish potential resonant behavior
from "normal" rises in B, (See References 48, 49, 51 for a description of the N,

K-shell resonance and discussions of molecular resonances in general.)

In what follows, we indicate this by statements such as: "The SR in the X
continuum channel of the Y initial state is mostly / = m, n, 0" (where m, n, and o will
be integers). Please take this to mean that, since a shape resonance is manifested as a
(rapid) rise in cross section over a small energy range, the m, n, and o partial waves
on the outer sphere were found to be most responsible for this rise. (Thus, a mono-
tonically decreasing partial wave cross section is not listed, even if it dominates.)
They are listed in the order of decreasing percentage contribution except in some
unrankable cases when two components contribute almost equally.

We emphasize that these are partial wave labels for the continuum wavefunc-
tion in the outer sphere, because numerous partial waves (of differing /) in the atomic
spheres are coupled to a single partial wave in the outer sphere. This coupling makes
it possible for / = 0 to appear in our list of SR active partial waves, although from our
picture of potential barriers, the effective potential for / = 0 cannot be repulsive

[V {/=0) = V(1)]. Insuch a case, the SR must occur in the atomic spheres and be

coupled to [ = 0 on the outer sphere.

The shape resonances do not occur in the same energy regions as the CM for the
dihalogens. Most SR are near threshold; CM are out past 1.5 Ry.

As discussed for atoms in Chapter 4, a shape resonance will strongly affect

because it involves a single channel becoming rapidly large. Thus in addition to the

cross section, the B curves for the dihalogens should not be expected to resemble those

for the halogen atoms of Chapter V. We do hope to make plausible explanations for
the differences, though.
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Referring to Appendix III, we see that the kcg and kr . channels show

particularly sharp rises in eigenphase sum about 0.4 Ry and 0.7 Ry, respectively,
although all the channels seem to hold the potential for resonant behavior.

Figures VII-1a through VII-1e present the cross section and B results for the

five outermost orbitals of CL,. Table VII-2 contains a summary of the shape

resonances found in these orbitals and the partial waves responsible for them.

Table VII-2.

Energy positions in rydbergs of shape resonances in chlorine
molecule. Numbers in parentheses indicate responsible partial waves.

n" means "no resonance in this channel.”

kd

kcg krn . k$ . ko, km,
1.0 .n
e))
1.0 n
(1,5)
1.2 .n
@)

0.2
3)
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Cl, 1z, and I,
Cl,'s 3p lone pair orbitals are 17 and 1x o The selection rules are
In+ — kog + kng+ + kSg+ + k8g-, and Eq. VII-1
In Al ko, + km* + k§* + k3~
As seen in the Figures, o, , shows bumps due to SR not found in the atom's
profile, and B is dragged down from the very high values which it achieves in

chlorine 3p. Past 1 Ry, the curves are much like the atom’s.In 1 , the bump in 6, at

about 0.6 Ry isduetoan /=4 SR in kng andan/=4,2 SR in kog. kng and kSg
virtually go to zero at the CM at 1.6 Ry.

1, appears to have only one /=3 SR in the k3, channel which pulls down 8
from the high values it has in the atom. Comparing the o, , curve with that for 1x ,
however, turns up a much narrower minimum in 11tg-- o, for lng falls toward and
rises away from the minimum faster than 6,  for In . ko in lng is seen to have
higher values than kog in 1w, at energies just below the minimum. The ko eigen-

phase sum shows a slight bend at these energies indicating that a small SR is respons-

ible for holding up ko s cross section. It also causes the hump in p below 1 Ry. In
In, kng is at a minimum at 1.7 Ry, and kSg at 1.6 Ry compared to about 1.5 Ry in
chlorine 3p. B =0 at 1.8 Ry, and B is at a minimum at 1.9 Ry. In In,, kr is lowest at
1.4 Ry and kb g at 1.6 Ry. B =0at 1.55 Ry (an energy between the two channels'

minima), but  is lowest at 1.7 Ry.

[As an aside, let us use our method suggested in Chapter IV for finding the
energy of the CM. We find the energy where

B' = B (maximum around CM) + B (minimum around CM) Eq. VII-2
2
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and the energy where B is lowest, and locate the point midway between these energies.

This point is a good estimate of the energy of the CM.

For Ix =14, B . =0. p'=0.7ate=135Ry,andB_, =0at 1.9Ry.

w ﬁmax

Midway between these energies, € = 1.6 Ry, is near the points where kng and kSg, are

at minima. Similar "analysis" for 1nt . gives € = 1.5 Ry as the location of its CM--

between the channel minima.]

Cl, 20,
The 2og bonding orbital shows a mixture of SR and partial CM. Its selection

rule is

2cg+ - ko, + km+ + kn - Eq. VII-3
ko hasanl=1,5SRat1Ry. At 1.6 Ry, where k| goes through its minimum, ko,
makes up 80% of o, . This latter behavior is much more like that in the atom than
HClI's 20, where ko and kr each are about 50% of o, at the CM. This occurs because

the major factor behind the partial CM in Cl, is the [ = 0 character introduced by the

molecular field into the atomic spheres (which are purely / = 1 in the atom). In HC],
this factor combines with the scattering amplitude from the hydrogen sphere--which

contributes to different partial waves than does the amplitude from chlorine. In CL,

by the symmetry of the molecule, both atoms contribute to the same partial waves
without "interference."

In Cl, 208, the ko, channel cross section near threshold is much smaller relative
to kr 's than HCI or chlorine atom's pertinent ko channels'. This causes a narrower
traverse in § near threshold, although ko, 's SR makes B wiggle around 1.2 Ry. Past

2.5 Ry, B rises from the CM and achieves values similar to p for chlorine 3p.
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Cl,1c and 1o
Since lcg and 1o are primarily formed from the ns orbitals of the constituent

halogens, we would do well to remember the ns behavior. It consists of: Cooper
minima at or below threshold, cresting cross sections around 2 Ry, and energy

independent B = 2 from the Cooper-Zare formula. Recall also that the chlorine

atom's cross section crest is 0.45 Mb which is twice that for bromine and iodine.

Now to the Cl, lcg and 1o,. The pertinent selection rules are
lo, > ko, + km+ + k-, and Eq. VII-4
lo, — kcsg + kng+ + kng'.
The same pattern we have seen for CL,'s other orbitals is apparent here: SR within 1
Ry of threshold mar the otherwise-atomic look of 6, , and . lcsg shows roughly

atomic ns behavior: total cross section peaks at 0.36 Mb at about 2.5 Ry (versus 0.45

Mb at 1.6 Ry in chlorine 3s), and B rises rapidly from a low value at threshold to high
values (nearly two) within 1 Ry of threshold. As anticipated, SR make their

appearances. A little SR in ko, due to [ = 1, causes a bump in the total cross section
and a downward wiggle in B around 1.1 Ry.

At 0.3 Ry, the total cross section shows a minimum and B rises rapidly, indicat-
ing the presence of a CM. Although the kr channel cross section has a minimum,
ko, 's minimum is masked by the SR in that channel at 1.1 Ry. Both channels of lo,
show SR at the energy of the CM, although the atomic 3s-> kp matrix element changes
sign; the CM is masked overall in lo,.

lo, behaves atomically but for its SR. An ! = 0 (with small [ = 4 contribution)

SR occurs in kcg at 0.3 Ry, and an / =2 SR in kx, occurs at 0.6 Ry. Although

g

distinguishable in ¢,_, these are broad and close enough to cause wiggles in p. These
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are difficult to break down further except to say that B differs from 2 in the region of
these SR. The cross section "peak” is past 3 Ry but is now around 0.5 Mb large, up

from 0.36 Mb in log. We attribute this difference to the differing / make up of initial
and final states' g and u symmetries in all spheres. kcg in the spectrum of 1o, holds

closer to 1/3 6, (the value of kpo in Cl 3s PI) than ko does in log.

Bromine Molecule: Br2

From Appendix III, for Br,, we see eigenphase sum changes in the same
channels as for Cl,, but at different energies. For Br,, the bends in the curves are

softer than Clz‘s.

Figures VII-2a through VII-2e hold the results for cross section and p for the

five outermost orbitals. Table VII-3 contains a summary of the shape resonances
found in these orbitals and the partial waves responsible for them.

Br, 1n_and lgg
The effect of SR on Br2's lone pair orbitals, Im and 1r . is smaller than their
effect on CL,, as anticipated from Br,'s softer eigenphase sum curves. The B curves

for Br,'s lone pairs closely resemble bromine 4p's, except that the lone pairs' p's are

pulled down by about 0.2 near threshold.

Although the results seem atomic, the SR which are present are quite similar to

those in Clz. I in Br, has SR in its kng channel at 0.6 Ry due to [ = 4, 2 and its kcg
channel at 0.4 Ry dueto / = 4. lng has ak3, SR at 0.2 Ry and a hard to detect ko,
resonance at about 1.2 Ry which holds o, , high and alters the B curve as we discussed

for Cl2 1ng.
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Table VII-3. Energy positions in rydbergs of shape resonances in bromine
molecule. Numbers in parentheses indicate responsible partial waves.

LA 1)

n" means "no resonance in this channel."”

ko . kr . ké . kcsu km, k8u
lcsg -.- -.- -- .n .n -
lo, 0.45 0.75 -.- - - --
0,4,2) (2
26g -.- - -- 1.2 .n --
(1,5)
Im, 04 0.65 .n -- -.- --
4) 4,2)
17tg -.- -- -- 1.2 .n 0.2
M (3)

Br, 20,
Br,'s 2ch bonding orbital displays trends with respect to HBr 26 and bromine
4p, similar to Cl,'s 2<sg with respect to HCI 26 and chlorine 3p.

The ko, channel of Br, 26 . has an SR at 1.2 Ry due to [ = 1, 5. In addition, ko 's

small cross section at threshold helps to pull down p from its value of almost two in

bromine 4p. At 3.7 Ry where knt, undergoes a CM, ko, is quite dominant and B dips

almost to zero as opposed to HBr's 26 which only achieves B = 0.86. Past the CM,

cross sections (once occupation numbers have been accounted for) and p for Br, 20 o

act similarly to bromine 4p.
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Br, 1o, and Io,

Br, 1o . and 1o, behave similarly to their counterparts in CL,. 1o . hasa CM
about 0.3 or 0.4 Ry, ko, is reduced relative to 1/3 o, , (the value of kpo in bromine 4s

PI), and o, , reaches a peak of 0.19 Mb past 2.5 Ry compared to 0.21 Mb at 1.7 Ry in

bromine atom. kcsu channel] lacks a distinct SR which was present in C12; as we have
noted, the eigenphase sum curves are softer here meaning less pronounced SR.

lo,'s channels, ko o and kng, show SR near threshold at 0.4 Ry due to / = 0, 4 and
0.8 Ry, due to / = 2 respectively. These are close enough and broad enough to show
up as only one peak at 0.5 Ry ino,,. B wiggles in this energy range, but ranges mostly
without mishap from 1.6 near threshold up towards 2.0 at higher energies. Again the

peak in lo,'s o, is past 3 Ry and is about 0.30 Mb high. This is about one and a half

times the peak in lcg.

Iodine Molecule: T,

The graphs of channel eigenphase sums in Appendix III show sharp and
frequent resonances above threshold. kog, kcu, and kn . have two resonances each.

The potential is deep enough that / = 4 in the outer and / = 3 in the atomic spheres can
have resonances.
The results for the outermost five orbitals are presented in Figures VII-3a

through VII-3e. Table VII-4 contains a summary of the shape resonances found in

these orbitals and the partial waves responsible for them.
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| Table VII-4. Energy positions in rydbergs of shape resonances in iodine

| molecule. Numbers in parentheses indicate responsible partial waves.

n" means "no resonance in this channel."

ko kr k& ko kr ks

g 8 g u u u
1(5g -.- - - 1.25 .n -.-
(1,5)

lo, 03 04512  --
40 24,

2<sg -.- - 0.75,1.6 0.8 -.-

(1,3,5), (1L3) (3

Im, 02 04,11 an  --
4) 4,2),(2,6)

lng 1.2 .n 0.0

(5) (3)

L 1z and lng

As with Br,, the 1, lone pairs, 11t and lng, show B curves like iodine Sp's and
o, curves which are enhanced due to SR near threshold and which decrease
monotonically past about 1 Ry. As with Br,, the CM is masked by a rapidly falling
kog or ko, channel cross section.

InL's 1rt , the kr . channel displays an SR at 0.4 Ry due to ! = 4, 2 and another
at 1.1 Rydueto/=2,6. kog shows an SR at 0.2 Ry due to / = 4. There is arise in

kng‘s cross section due to al =4, 2 SR at 1.1 Ry. This feature causes a dip in p.
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Inirn g's cross sections, we see that the ko, SR at 1.2 Ry due to / = 5 has finally
expressed itself in I,. (It was distinguishable in Cl, and Br, not as a peak but only as a
higher than expected channel cross section.) km, shows a tiny SR at 0.8 Ry.

I,2g,
L's bonding orbital, 2cg, past 1.8 Ry acts more like its constituent atoms' np
orbitals than do the 2<sg in either CL, or Br,. SRinkc, at0.7 Ry dueto /=1, 5and in
kn at 0.7 Ry due to / = 3 are responsible for the bump in o, , and for pulling down B
from two near threshold. Another SR in ko at 1.6 Ry is due to /= 1, 3 and causes a

small depression in the decreasing B curve. B reaches almost zero near the CM caused

by kr 's minimum at 4.3 Ry.

L 1o and 1o,

The Ss orbitals of L, lcsg and 1o, follow the pattern of Cl2 3s and Br, 4s
orbitals. The CM in log is now in the continuum at 0.4 Ry, ko, hasalarge /=1,5SR
at 1.2 Ry, and o, , reaches a peak of 0.19 Mb at 3 Ry. B dips sharply at the CM and
again less dramatically near the SR in ko,. At high energies, B tends towards two.

lo,'s channels, kcg and kng, show SRdueto/=4,0at 0.3 Ryanddueto/=2,4
at around 0.5 Ry, respectively. These two SR show up as only one peak in 6, which

displays the normal humped ns behavior past 1 Ry. B is more strongly affected by the
SR here than in Br,, dipping to 1.0 around 1 Ry. B also tends towards two rather
rapidly past 2 Ry.

The kn . feature at 1.2 Ry is related to the one we found in the 17, orbital of L,

at 1.1 Ry. Examination of the eigenphase sums and comparison with other X,
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molecules make us wonder whether this is real or an artifact of our method--due to an
unknown glitch. It has no counterpart in other X, molecules, and the change in the

eigenphase sum which underlies it is sharper than any other feature in all the other

channels' eigenphase sums. We would not normally be so suspicious of a spectral

feature, except that it is manifested as a cross section decrease in the krn . channel.

ngmg! Y

Again, the molecular channels closely follow the atomic channels; ko is recog-

nizable as ks, km as kp, and k& as kd. The g and u labels do not affect the overall trends
of behavior. The features of these molecules' orbitals can be explained in terms of
atomic CM and molecular SR. In all the orbitals, the SR lie near threshold and

enhance o, , compared to the atom, but lower B's value. Past about 2 Ry, these orbitals
show normal behavior with respect to the atomic CM, or, in the case of the bonding

orbitals, behavior appropriate for partial CM (narrowing of B's traverse, shallower
o, Mminima). 20g, In, and lng in Cl, (like 26 and 17 in HCI) have minima in Oyt

which are washed out in the corresponding orbitals of Br, and L, (and HBr and HI).

Comparison with Experimental Results

Of the dihalogens, only Cl, has been studied by PED techniques. (P. Dowben®®

has performed absorbed molecule experiments on Br,, but because these are systems
of fixed orientation, comparison with our results will be complicated.) Carlson, et.

al.,?? have found cross sections and angular parameters for the first three bands (Ix .

In , and 2og ) of Cl,. As with the hydrogen halides, the qualitative agreement of

experiment and theory is quite good. The experimental cross sections all show
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minima, and the 2o g's is the shallowest. The resonance in In near 0.6 Ry seems to be

confirmed by the experiment, although the appearance of a cross section maximum

depends on the value of only one experimental point. The energy placement of CM is

different (higher in the theory), but the overall B curves display surprisingly

consistent relative behavior between the orbitals. In both experiment and theory, the

lowest dip in B belongs to lng, the highest to 203. Below the energy of the minimum,
the 17 , reaches the highest values followed by 1w . then 20g. At energies past about 3

Ry the B curves of the three orbitals merge in the manner of our results (as well as ex-

perimental points with scatter can merge). Thiel®® shows that his analysis can predict

the qualitative relative behavior of p around the CM for the first three bands of Cl,.




148
CHAPTER VIII

SUMMARY

In the preceding chapters, we have presented a survey of MSXo: calculations of
energy dependent cross sections and angular parameters for the valence orbitals of
some small halogen containing molecules. Special attention has been paid to the
presence and behavior of Cooper minima and shape resonances.

An outstanding result of this work is that the analysis of the energy dependence
of the photoelectron dynamics (PED) parameters, o, and B, allows a distinction

between bonding and nonbonding molecular orbitals. These molecular PED para-
meters show energy dependent features which may be discussed in terms of properties
of the molecule's constituent atoms, and properties due to the formation of the
molecular potential. Atomic behavior is plainly discernable in the nonbonding or
lone pair orbitals, whereas bonding orbitals display different behavior due to their
"multi-atomic" composition. Shape resonances result from the spatial extent of the
molecular potential and modify the PED parameters' behavior in both bonding and
nonbonding orbitals.

Our calculational method is based on a nonrelativistic, independent particle
theory, and thus ignores the spin-orbit splitting of energy levels and electron
correlation effects such as autoionization. Because of this, our method should not be
expected to adequately treat situations in which these effects are important.

It would be a poor model, indeed, which did not find Cooper minima in
molecules (one, for instance, which excluded the possibility for matrix elements to
change sign). Nevertheless, considering the complexities of the description of the

angular distribution of photoelectrons and the rapidity with which valence orbitals'

matrix elements change with photon energy, the MSXa method has performed well in

predicting the trends of the PED parameters within and among the molecules and
orbitals presented.
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| Molecules consisting of atoms from the second, third, and fourth periods, as

well as nonlinear polyatomics, and core orbitals,®® may be treated reliably by our

method. Calculations for CCl,1° and SiCl 25 have been completed and show the same

agreement with experiment as those presented herein.
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APPENDIX 1
THE USE OF REAL SPHERICAL HARMONICS

AND SELECTION RULES

[This Appendix is reprinted from the Ph.D. dissertation of Dr. P. Senn®!

almost in its entirety.]

The wave functions in the Xo program are expressed in terms of real spherical

harmonics.

Let Y,  denote the usual complex spherical harmonics; the real spherical
harmonics are denoted by y, . These can be formulated as products of - and

¢-dependent parts. [Refer to Rose®” for a treatment of angular momentum and the

spherical harmonics.]

Y, (6.0) = (1 2ry2 X (8) Z,,(60) ALl
Yim(88) = (1) (L + 8,0y % (6) 2,,,(6) A2

where
Z, () = [@2I+1)(-m)Y Q27+ m)) 12 Pmi(cos 8). A-I-3

P m represents associated Legendre polynomials. The ¢ dependent parts are:

X (0) = exp(im¢) for m>0
= (-1)™ exp(im¢) for m<O0, A-I-4
and
x(¢) = cos(m¢) for m>0
= sin(-m¢) for m<0. A-I-5

In writing the photoionization program, Davenport! had the option of either

converting the Xa program to the usual complex spherical harmonics or to adopt the
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conventions of the Xo program. He chose the latter. He had to convert the Gaunt
integrals

ILL,LY) =) Y, * Y, Y, dodo A-L6
to "real" Gaunt integrals
L(LL,LY = [y y.y,. dode ALT

where the L's represent pairs of quantum numbers / and m.

The dipole moment operator in the molecular frame is
A =% aY A-1-8
where a™ = (4n/3)2 (-1 O(r) Y, (r)DDA),, A-1-9
In Equation A-I-9, A represents the molecular orientation and O is an operator
which will depend on the representation chosen for the dipole moment operator [in
our case, the acceleration form]. D{)(4 ), is the (0,v) matrix element of the [ = 1

representation of the rotation group. If we are dealing with linear molecules, the
initial wave function can be chosen such that it contains spherical harmonics of a fixed
projection quantum number, either in terms of real spherical harmonics or in terms

of complex spherical harmonics. (A "fixed" projection quantum number means that
we don't take linear combinations of Y, and Y, .)

The essential features of bound Xo wave functions for linear molecules are

reproduced by

v, (1) = le Cy; G) Y, (), A-1-10
where j is the index of summation over the sites. If real spherical harmonics are used
instead of Y in Equation A-I-10, the expansion coefficients, Cryj remain the same for

linear molecules.

In Davenport's notation, an individual partial wave of the continuum
wavefunction becomes

B UA> = 2 Copeag Bl Yok * Yy, A1l
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where k; is the propagation vector of the free electron. According to Davenport! and

Johnson* we can write the secular equations as
2 Gy icC, =0 AL12

where it has been assumed that the initial state is a bound state. The quantities GU are

structure constants between pairs of sites i and j. They can be formulated as
Gp i = 4n 21;' P I, L, LY 2z, (kR;) Y;.(R;), foriwj, A-I-13

where the functions z are spherical Bessel functions of different types depending on
whether the outer sphere is involved in the pair of sites. Notice that L" does not refer
to the initial state in Equation A-I-13, but simply serves as a summation index (over
final state L's).

Davenport wrote his dissertation as though he had used the usual complex

spherical harmonics. Ifi = j, the structure constants contain a factor

81 8y - A-L-14

For a linear molecule, Rij lies along the z-axis, such that we have A" = 0. In this case,

the Gaunt integrals of the complex spherical harmonics are nonzero only if A = A'.
With real spherical harmonics, the Gaunt integrals are nonzero only if A = £ A/,

becausey, =Y, +Y, .

In the nonzero matrix elements, the integral over ¢ can be factored out. For

real spherical harmonics
<E I'Ma®|y> = [(1+8,) 1+8, (1+8,,)/ 8]
xfxx.xvxxdq) <...>, A-I-15
and for complex spherical harmonics
<E I'\Ma®|y> = [ X, X, X do <...>, A-L16
where <. .. > is the same in both A-I-15 and A-I-16. <. .. > involves the integral

over 6, and the radial dipole matrix element integral. The integration in A-I-16 can be
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performed analytically
L7 expl(A+v-N)0)do = 25, AL17
which gives the selection rule

A=A+ A-I-18
Besides the integral of Equation A-I-17, the integral in A-I-16 also contains a factor of

(-1)ASp+vS,-AS 3 42 A-I-19
where S represents a modal quantity

S

n

0 forn=20 A-I-20
=1 forn<O.

For real spherical harmonics, the integration over ¢ gives a factor

[8/(1+8,0) (1 +8,0) (1 +8,) 12 [, 2S(119)SUvI ) SUA | 9)do  A-L-21
where S is the sine or cosine depending on the S, of each of A', v, and A.

The selection rule obtained from A-I-21 is different from that of Equation
A-I-18. If the integrand of A-I-21 is not an even function , the integral vanishes. This
gives

sgn(A') sgn(v) sgn(1) > 0. A-1-22
If one of the projection quantum numbers is zero, the following relations apply
J, 7" sin(ng) sinm'e) do = & .7 (1-35_,)
/; o cos(ng) cos(n'p)d¢ = 5 . w(l+3 ) A-I-23
From this, we obtain:
1.if A =0 thenl'=v,

2.if v =0 theni' =4,

3.if =0 thenv=AX A-1-24
The selection rule, obtained when using real spherical harmonics, becomes

A=A v, exceptA' #A,if A#0. A-1-25
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Let us set up some notation. For an initial orbital with the quantum number A,

we draw arrows to the possible symmetries of the partial waves of the final states. The
arrows pointing to the right indicate the accessible partial waves, when expressing
them in terms of real spherical harmonics, and arrows pointing to the left indicate the
accessible partial waves, when expressing them in terms of complex spherical harmon-
ics. In addition, we also indicate in square brackets the values of the matrix elements,
excluding the quantity denoted <. . . > in Equations A-I-15 and A-I-16. Finally, the

components v of the nonzero matrix elements will also be indicated. Using this
notation, we obtain the following scheme for the photoionization of a ¢ orbital:
2r,v=-1] x" T [2n,v=-1]
2, v= 0] o-—‘\-—o(l=0)4:o [2r,v= 0]

2rv= 1] 7c+/ \n+ 2nv= 1] A-1-26

According to the above, the matrix elements obtained in the photoionization of ¢
orbitals are the same when using real or complex spherical harmonics.
For the photoionization of a n*, orbital we obtain the following scheme:
[-2m,v =-1] o a- [mV2, v =-1]
2n, v = 0] n:\n"(l— ) —en* 27, v = 0]

2r, v = 1] s+ \c R2r, v = 1]

5 [mV2,v = 1] A-1-27

AN

For the photoionization of orbitals with |A| > 2, the following scheme arises:
-A-1 [V2, v =-1]

[-2r, v =-1] x-l\ -A+1 [-mV2,v =-1]

2n, v=0] A - 2rn, v = 0]

1] x+1/ A1 [V2,v = 1]

A+l [mV2,v = 1]  A-1-28

This gives us the selection rules for photoionization in linear molecules.

N

2r, v

/)
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APPENDIX II
EXPERIMENTAL MEASUREMENT OF PHOTOELECTRON
DYNAMICS PARAMETERS

In many modern PED experiments, photoelectrons are accepted for energy
analysis over only a small solid angle due to the use of focusing slits. As pointed out in
Chapter II, the photoelectron intensity, which is proportional to the differential cross
section, is an angle dependent quantity from Equation I1-19:

I(6, hv) ~ 4o = S 11+ B (1+3pcos2e)], A-IL-1
Q-0,0) 4r 4

where 6 is the angle between the direction of the leaving electron and the major
polarization axis of the incident photon beam measured perpendicular to the photon

beam's direction of propagation (as shown in Figure II-3), and p is the polarization of

the photon beam. do/dQ is energy dependent.
Generally the proportionality constant relating experimentally measured

intensity and the differential cross section is a function of angle:
I(6,hv) = C(ehv) 90 . A-Il-2
Q=0;(0)
C(8,hv) results from the experimental geometry in-the-small and may be investigated

by using an orbital for which B(hv) is known at a given energy. (He 1s displays p = 2
very reliably.)

In principle, because only two parameters, o, (hv) and B(hv), are being sought,

intensity measurements at only two angles need be measured (aside from those needed

to find the values of C(6,hv) at these angles for this experimental set up). In practice,

three measurements are made. do/dS2 has extrema at 6 = 0 and 8 = 71/2 (regardless of

the value of B) and varies least rapidly at angles surrounding these, i.e., its derivative
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with respect to 6 is zero at these points. Thus, experimental uncertainties in the
detector angle and the effects of noise are minimized by measuring 1(6,hv) and

I(7/2,hv) and taking the ratio at an energy hv:

Rw) = 10hv) _  COhv) do/dQ, o, | A-1I-3
Imw2hy)  CW2hv) do/dQlg oo
If we set
R'(hwv) = CW2V) Ry = CRew), A-Il-4
C(0,hv)

then a little algebra brings us

B(hv) = 4(R'(hv) - 1) . A-IL-5
3pR'Mv) +1) - R'(hv)-1)

This is how B(hv) is measured experimentally. [In A-II-4 we have written C not

as a function of energy, because most of the energy effects are common to all angles

of measurement, that is, C(6,hv) = C'(8) K(hv). K(hv) includes the spectral dispersion

of the light source, the collection efficiency for photoelectrons of a given energy, etc.]

Because p(hv) is a measured parameter subject to experimental error, as well as

being energy dependent, it would be best to minimize its effect on the measurement of

otot(hv). By examining Equation A-II-1, we see that for an angle such that

1 + 3pcos20 = 0, A-II-6
the differential cross section would be independent of angle. This is called the "magic

angle," 6_, and is given by
6, = (1/2) cos’!(-1/3p). A-I1-7
The relative energy dependence of o, (hv) may be measured at this angle without

interference from B's influence:

I(e ,hv) = C(8_hv) o (hv)/4m. A-II-8
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The existence of the magic angle makes cross section measurement seem easier

and more straightforward than § measurement, however, the difficulty of cross
section measurement is buried in the energy dependence of C(6_,hv) whose complete

treatment requires extensive and painstaking corrections.

Equations A-II-5 and A-II-8 relate the theoretically desired PED parameters to
the experimentally measured intensities. Despite the formal simplicity of these
equations and the straightforward intuitive appeal of the photoelectron intensity as a
measured quantity, ample room for experimental error is available. Systematic and
random errors involving the synchrotron light source include the time decay of the
circulating electron beam causing decay of the output light intensity, and the critical
experimental alignment due a high directional character of synchrotron radiation.
Well-known random errors involved in counting the discrete photoionization events
are present. Mostly systematic errors are introduced with the "efficiency”
corrections for energy dependent monochromator transmission function, energy
dependent efficiency of the electron energy analyzer, source region geometry and
physics, and source region sample pressure variations.

The sympathetic reader will appreciate why in this dissertation we have

compared theoretical and experimental trends in the PED parameters, rather than
their absolute values at fixed energies.

Texts concerned with the experimental practice of electron spectroscopy!%?
contain discussions of data analysis. As an example of the results of such analysis by
one group--the ORNL group--we present in Figures A-II-1, 2, and 3 the first three

bands of Cl,, 21tg, 2n, and 5<5g from Reference 20. Bars indicate the (estimated)

error limits of the PED parameters. It is difficult to determine a firm statistical inter-
pretation of these error limits. It is fair to say that they represent a "high" confidence
interval within which points are "expected" to lie. Points which do not lie within them
are suspect and elicit either further investigation or "corrective" action. [These
comments are not to be taken lightly. In designing an experiment and performing it

for several years, a scientist develops an accurate sense of "acceptable” deviation.]
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APPENDIX III

EIGENPHASE SUMS AS A FUNCTION OF PHOTOELECTRON
KINETIC ENERGY FOR THE ATOMS

AND MOLECULES STUDIED

In the Figures are the unitless phase shifts, §/x, for the atoms and the

eigenphase sums, p . /m, for the molecules. All the "phases” have been shifted

sum = sum
by units (8 is shifted by ) in the Figures, so that they overlap as little as possible.

The phases are determined only to the addition of a multiple of =.

The phase shifts for the halogen atoms are not presented. They closely
resemble those for the noble gases.

Note that our phase shifts drop at resonances where others rise (References 50,

48, 49). This is due to Davenport's choice of outgoing wave normalization, i. €.,

there is a sign difference between our method and others'.
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APPENDIX IV
ATOMIC AND MOLECULAR ORBITALS WHICH DISPLAY COOPER MINIMA

AND THEIR PROPER SYMMETRY LABELS

Orbitals which show Cooper minima are underlined.

Table A-IV-1. Atomic and molecular orbitals which display Cooper minima

and their proper symmetry labels.

Noble Gases
Ar : 152252 2p53s? 3pt
Kr : 182 2ﬁ2 2p6 152 326 3d10 4§2 4126

Xe : 1s2 ;SZ 2p6 352 126 3410 4§2 426 4_le 5.&2 526

Halogens
Cl : 1s22s22p®3s*3p’
Br : 182 252 2p6 32 326 3d10 4.&2 4.125

I . 182 232 2p6 32 326 3d10 4_1'52 426 4A10 iﬁz iQs




Table A-IV-1. continued

Hydrogen Halides

HCl: 16%cy 15 20%c12s 30%c12p 1nciop [ 4020135 S6%m.c1 20 3p ]

HBr: 10‘2Br,1s ;QZ Br,2s 362Br,2p 17t4Br,2p A_QZ Br,3s iQZ Br,3p 2‘54Br,3p

4 4 4
60%p:3d 3n°r3a 18%Br3d [ 19%Rr45 89%prap 4'Brp |

HI : 1o% 5 20% 25 36%1p Ingp 40P 35 5071 3p 2% 3p
667134 31130 18% 30 70745 8071 4p An1 4p 9071 40 511 40 28 44
[ 106?55 116%y 6n 5, ]

174
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Table A-1V-1. continued

Homonuclear Dihalogens

Cl,

Br

Is 2s 2p

‘16216 2 29 2 23qg 2 1r 417 4
.lc';g lo, Zgg 2gu 3og 30u In; lng

: log2 lou2 20

3s 3p
[ 4-Qg2 4g 2 5ng 2n ¢ 2Eg4 156,0
Is 2s 2p

gz zgu2 3og2 3cu2 lnu41ng4

3s 3p 3d

402402 502502 2m42n* 602602 3nd3n? 15415

4s 4p
[ Zggz 10,2 §Qg2 4r ¢ ézzg“' 1800

Is 2s 2p

: log2 10u2 Zgg2 _Zguz 3cg2 3ou2 1nu41ng4

3s 3p 3d
_4&82 4?2 ngz S¢.2 2n t zug“ 6(5g2 6<Su2 3r ¢ 31tg4 18g4 15,4
4s 4p 4d

Io,*10,? 80,2802 4n*4n* 90292 Smf5m4 284254
5s 5p
[100,2105? 1102 6m46n4]11c,0
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APPENDIX V
INITIAL STATE ORBITALS' I-TYPE ANALYSES AND SUMMARY

OF PARAMETERS AND OPTIONS USED IN CALCULATIONS

The following parameters and options were used in our calculations of the
Xo-SW potentials presented in this dissertation.

Bond lengths were taken from Herzberg’! and are presented in the following
tables.

Values for o, the exchange parameter, were taken from Schwarz*? and are
presented in the following tables. In all calculations, one value of o was used for all
regions, the value being that for the constituent atoms. For HX, the value of « for the

halogen was used. When the same value of « is used in all regions, the virial theorem

is satisfied, in principle. (See References 5, 92.)

A Latter tail potential®® was used in the outer sphere region. In principle, this
correction to the potential gives it the proper attractive Coulombic form at large
distances. With this addition:

V(r) = V(1) (as found by the Xa-SW method)

for all r such that V(r) < - 2/r; (in Rydberg atomic units),

but
V() = -2/t
for all r; such that V(r)) 2 - 2/r,.
(We have used the notation ":=" to mean "is assigned the value of.")

Overlapping spheres and a transition state potential consisting of half an elec-
tron removed from the outermost orbital were used. (See References 94, 95, 92, 5.)
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In the following tables:

1. Entries are percent /-type of the given orbital in a sphere. Within a
sphere, for a given orbital, these should add up (across /) to 100%

(within round-off error).
2. Entries in parentheses are the integrated percent charge for the given

orbital in a sphere. These should add up (across spheres) to 100%

(within round-off error).

3. The a values, sphere sizes, Ry, sphere locations along the z-axis, zy (the

outer sphere is centered at the origin of our coordinate system), and the

bond lengths are shown.

4. Tonization energies for each orbital are shown. These may becompared

to experimental values tabulated, for instance, in Reference 96.
5. "n" means less than 0.05.

6. "--" means not applicable, due to symmetry.
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Table A-V-3. Molecular Initial State Orbitals' "I-type" analysis.
Hydrogen Chloride Molecule

a=0.72325 R, =1.901 a, R . =2.500 a,
Ry =2409 2, R, =0.69 3,
1x 20 1o
Orbital
energies/Ry: -0.98 -1.10 -1.89
Chlorine =0 - 4.5 99.6
sphere =1 99.9 94.1 0.4
=2 0.1 1.3 n
percent charge (61.6) (54.7) (75.8)
Hydrogen [=0 -- 98.5 96.4
sphere I=1 91.1 14 3.6
[=2 8.3 0.1 n
percent charge (0.0) (6.9) 0.6)
Outer I1=0 -- 0.1 93.2
sphere I=1 934 97.2 59
=2 6.3 14 0.8
=3 04 1.3 n
=4 n n n
percent charge (18.7) (19.3) (9.1)
Intersphere
percent charge (19.6) (19.0) (14.5)
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Table A-V-4. Molecular Initial State Orbitals' "/-type" analysis.
Hydrogen Bromide Molecule

a = 0.70606 Rp =2.2248 a, R, =27933 3,
Ryp =26716a, R;=0.693,

In 20 1o
Orbital
energies/Ry: -0.88 -1.00 -1.76
Bromine =0 -- 33 99.6
sphere I=1 99.9 95.0 0.4
=2 0.1 14 n
percent charge (63.3) (56.0) (80.2)
Hydrogen [=0 -- 98.9 95.4
sphere I=1 92.6 1.1 44
1=2 7.0 n 0.2
percent charge (0.0) (6.8) (1.3)
Outer 1=0 -- 0.0 93.3
sphere I=1 95.1 98.1 54
=2 4.7 04 1.2
=3 0.2 14 n
=4 n 0.1 n
percent charge (19.0) (19.0) (6.9)
Intersphere

percent charge (17.6) (18.3) (11.6)
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Table A-V-5. Molecular Initial State Orbitals' "I-type" analysis.
Hydrogen Iodide Molecule

a=0.69 R, =2.670 a, R ,=3.131a,
R, =3.0313, R, =0.561 a,
in 2 1o
Orbital
energies/Ry: -0.78 -0.84 -1.44
Todine =0 -- 22 99.6
sphere I=1 99.9 96.7 0.4
=2 0.1 1.0 n
percent charge (63.8) (59.4) (80.9)
Hydrogen 1[=0 -- 994 97.8
sphere I=1 96.2 0.6 2.1
=2 3.8 n 0.1
percent charge 0.0) (2.9) (0.6)
Outer =0 -- n 97.3
sphere I=1 97.8 99.2 2.1
=2 2.2 0.1 0.5
[=3 n 0.7 0.1
=4 n n n
percent charge (21.8) (21.9) (8.6)
Intersphere
percent charge (14.4) (15.8) (9.9)




Table A-V-6. Molecular Initial State Orbitals' "I-type" analysis.
Chlorine Molecule

o =0.72325 R, =203152a,
R =3758a, R ,=391052
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In, Ilm, 2, ls, Ig
Orbital
energies/Ry: -0.87 -1.04 -1.13 -1.75 -2.00
Chlorine 1=0 - -- 4.2 96.8 94.8
spheres I=1 99.3 99.1 94.1 2.7 43
=2 0.6 0.8 1.7 0.4 0.8
1=3 0.1 0.1 n 0.1 0.2
percent charge (74.7) (68.2) (80.9) (85.9) (85.4)
Outer =0 -- -- 32.7 -~ 65.1
sphere I=1 -- 79.6 -- 86.4 --
1=2 90.9 -- 67.3 -- 326
=3 -- 204 -- 12.8 -
=4 9.1 -- n -- 23
=5 -- -- -- 0.8 -
percent charge (6.1) 4.7 (7.3) 3.7 (1.5)
Intersphere
percent charge (19.2) (27.1) (11.8) (10.4) (13.1)




Table A-V-7. Molecular Initial State Orbitals' "I-type" analysis.
Bromine Molecule

a = 0.70606 Ry =22248 a,
Ry 5, =43124a, R . =4.3808 a,
lﬂ:g 1r, ZQg 1o, lszg
Orbital
energies/Ry: -0.78 -0.91 -0.98 -1.66 -1.84
Bromine =0 -- -- 3.1 98.2 97.2
spheres I=1 99.5 99.4 95.5 1.5 23
[=2 0.3 0.5 1.2 0.3 04
=3 0.1 0.1 0.2 n 0.1
percent charge (71.2) (64.5) (76.5) (86.4) (84.3)
Outer [=0 -- - 26.0 -- 57.7
sphere I=1 -- 75.7 -- 83.3 --
=2 89.6 -- 65.4 -- 38.7
=3 -- 22.3 -- 15.5 --
=4 9.8 -- 8.6 -- 3.6
=5 -- 20 -- 12 --
=6 0.7 -- n -- n
percent charge (6.4) (5.1) (8.2) (3.1) (1.5)
Intersphere
percent charge (22.4) (30.4) (15.3) (10.5) (14.2)
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Table A-V-8. Molecular Initial State Orbitals’ "I-type" analysis.
Iodine Molecule

185

a=0.69 R, =2670a,
R, ;=5.039a, R, =5.1895 a,
11:g I, Zszg 1o, lszg
Orbital
energies/Ry: -0.69 -0.79 -0.85 -1.36 -1.51
Iodine 1=0 -- -- 35 97.8 96.3
spheres I=1 99.4 99.2 94.6 1.8 29
1=2 04 0.6 1.6 0.3 0.5
=3 0.2 0.2 04 0.1 0.2
percent charge (72.0) (66.2) (78.8) (87.0) (85.8)
Outer =0 - - 27.1 - 55.7
sphere =1 -- 72.3 -- 81.9 --
1=2 88.7 -- 63.8 -- 40.5
=3 -- 253 -- 16.7 --
=4 10.6 - 9.2 -- 3.8
=5 - 24 - 14 --
I=6 0.7 -- n -- n
percent charge (5.6) 4.3) (7.6) (2.9) (1.3)
Intersphere
percent charge (22.4) (29.5) (13.6) (10.1) (12.9)
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