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SOME RECENT ADVANCES IN HIGH TEMPERATURE PHOTOELECTRON SPECTROSCOPY

by Brian William John Gravenor

This thesis deals with the study of a number of atoms and small molecules
by high temperature photoelectron spectroscopy. The experimental
techniques used to study these species in the vapour phase are described
in detail in Chapter Two while the theoretical methods used to assign the

spectra are outlined in Chapter Three,

The work described shows that the experimental p.e. spectra of
transition metals can be a valuable precursor to the study of transition
metal oxides in the gas-phase. The Hel p.e. spectra of iron, cobalt and
nickel are described in Chapter Six. These studies mean that all the
first-row transition metals have now been studied with u.v.p.e.s. in the
vapour phase and comparison of the Helo 4gqt034 photoionisation
cross—section ratiosis given in Chapter Six. The experimental spectra for
iron, cobalt and nickel as well as results previously obtained for other
first-row transition metals are used to monitor the vapour above a
transition metal alloy as a function of temperature. The results of this

study are given in Chapter Five,

The Hel photoelectron spectra of CrO and VO are presented in Chapter Six
and these are assigned with the aid of ab initio ASCF configuration

interaction calculations (Chapter Four).

Ab initio ASCF CI calculations are also used in the assignment of the
photoelectron spectrum of AlF. This work is described in Chapter Seven
where it is shown that an ionic rather than a covalent model is
qualitatively more appropriate to interpret the spectra obtained.
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CHAPTER ONE

Introduction



Photoelectyon spectroscopy (PES) is a relatively new branch of
science. The technique was first performed with X-rays (hv v 1000eV)
and used to study surfaces and later ultra-violet photoelectron
spectroscopy (uvpes, hv n 20eV) was developed. This thesis is concerned
with the latter technique. 1In uvpes the radiation source is much less
energetic than an X-ray photon source and is generally in the region
10-50eV. This radiation is sufficiently energetic to ionise the valence
electrons in atoms or molecules. The photon source most widely used in
uvpes is the Hel source with an energy of 21.22eV. A more energetic
source, the Hell source with an energy of 40.81eV, is sometimes useful

when information is required on deeper—-lying electrons.

Ultra-violet pes has developed into two separate but overlapping
areas as far as the Southampton PES group is concerned. The study of
transient molecules and radicals in the gas-phase was begun around ten
years ago (1,2). A few years later, a radio frequency induction heater
was introduced to allow vapour phase study of species generated at
higher temperatures and this has grown into the High Temperature PES

area with which this thesis is concerned.

The main aim of high temperature photoelectron spectroscopy is to
study, in the vapour phase, the electronic structure of atoms and
molecules which have negligible vapour pressures at room temperature.
This means that the number of compounds available to pes investigation
can be extended to include a range of inorganic compounds where an ionic
bonding picture may be more appropriate than the covalent approach used
for most organic systems. Relativistic effects will also be important
in molecules containing elements of high atomic number. Experimental
information such as photoelectron band positions, photoionisation cross—
sections, and angular distributions and structure within a photoelectron
band are important in probing the electronic structure of the positive
ion produced on ionisation. Approximately seven years ago, Berkowitz (3)
wrote a review which summarised the state of the art in high temperature
pes, some 2-3 years after this method was first introduced, and this
review serves as a useful summary of the interests in this area at that
time, The molecules available for study were determined by the upper

temperature limit of the technique which was then 10009K. This limit was



subsequently increased to 2800°K by the Southampton pes group.

In order to record photoelectron spectra of species generated
at high temperature (up to 2800K), particular experimental methods are
required. The methods used during the course of the work described

in this thesis are described in Chapter 2.

The work to be described in the following chapters is concerned
mainly with the study of metals and metal oxides with uvpes. Direct
evaporation has been used to produce the metal oxides VO, Bal® and Sr0O
in the vapour phase (see chapter 6) whereas, because of dissociation of
the solid oxide, Cry04, on heating, a crossed beam reaction (Cr+03) was

used to produce CrO in the vapour phase (also described in chapter 6).

An important part of this work has been the use of ASCF CI
calculations to interpret photoelectron spectra of metal oxides. The
theoretical basis of these calculations is described in chapters 3 and
4. Not only do these calculations allow the photoelectron spectra of
the metal oxides themselves to be assigned, they also provide a test for
a theoretical model. A successful gas~phase study of an oxide with the
aid of ab initio calculations will provide valuable information about
the electronic structure of the molecule and fundamental information
about the Metal-Oxygen bond. In principle, this information could then
be used to test the theoretical model on the electronic structure of the
metal oxide in the solid state. In other words, a gas—phase study is a
valuable precursor to a solid state study. This approach has already
been tested in the Southampton pes group with a gas-phase studv on
UF, followed by a study on the solid (4). Valuable insights may be
gained into the changes in molecular and electronic structure occurring

on formation of the solid from the isolated molecule.

Work on the transition metals iron, cobalt and nickel is
presented in chapter 5 with the eventual aim of studying oxides of these

metals. This information is, however, additionally important because

it enabled test evaporations of a transition metal alloy, of importance

to the nuclear programme of the CEGB, to be carried out. These studies

are also described in Chapter 5. Direct comparison of the sas—phase and

previous solid-state work proved useful and led to suggestions for further

higher sensitivity pes experiments on alloys.



Other work has been carried out which is also of some importance
to the CEGB. Magnox alloys consisting essentially of magnesium and
aluminium are used for canning uranium fuel elements in the CECB's
Magnox nuclear reactors. In the case of a fire involving magnox alloys,
a common extinguishant used is BF5. It is obviously of interest to
study the possible products of the reaction of BFq with the alloy at
high temperature which may include oxides, fluorides and oxyfluorides
of the constituent metals and molecular fragments of the extinguishant.
A start has already been made on this study with work being carried out
on AIF and AlF3 (see Chapter 7) together with work performed by other

members of the Southampton pes group, notably on BF(5) and MgFo(6).

Other molecules studied are of importance in the earth's
atmosphere. Strontium and barium monoxides have been the subject of
atmospheric release experiments. An understanding of both molecules'
gas phase photoelectron spectra is essential if the ion-molecule
reactions occurring in the earth's atmosphere are to be understood.

Some preliminary data on these molecules is presented in Chapter 6.

Further develecpments in the field of high temperature pes are
planned. A new high sensitivity multidetector spectrometer has
recently been installed in Southampton and some initial results
obtained with this instrument are given in Chapter 6 of this thesis

where the Hel photoelectron spectrum of vanadium is discussed.
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CHAPTER TWO

Experimental Methods



2.1. The Basic Spectrometer

The aim of this chapter is to outline the basic components of
the photoelectron spectrometer used to perform the work described in
this thesis. The general requirements are a monochromatic photon source,
a sample inlet system, an ionisation chamber (where ionisation takes
place), an electron energy analyser and an electron detector plus
equipment for recording the resulting spectrum. The ionisation, analyser
and detector regions need to be evacuated to a pressure of <1072 torr
and a photoelectron gpectrum 1is recorded by varying the energy of the
photoelectrons allowed to reach the detector and counting the rate at
which the electrons of each energy arrive. The basic components of the
spectrometer used in this work will be described in detail in the

following sections.

Photon Sources

For the purposes of the photoelectron spectroscopy experiment,
a photon source needs to have a small linewidth, be monochromatic and
have as high an intensity as possible. The most generally useful and
convenient ultra-violet source is a DC discharge in pure helium. The

major emission is at 58.4nm (21.22eV) and results from the transition:

1p(1s2p) » ls(1s2)

in the neutral helium atom. This is usually referred to as Hel
radiation following the spectroscopic convention that radiation from
an unionised atom is designated I, from a singly ionised atom II, and
so on. Small amounts of other Hel lines are present in the discharge
which arise from emission from other excited states of the type

1P(ls np) to the 1S(lsz) state. Typical relative intensities are given

in the following table:

Wavelength Energy Excited Typical Relative
&) _(eV) State Intensity
584.3 21.22 2p  lp 100.0
537.3 23.09 3p  1lp 1.3
522.2 23.74 4tp e 0.18
515.6 24.04 5p  lp 0.05
512.1 24,21 6p P <0.03



The notation Helo is sometimes used to distinguish the main emission
from the others. The other Hel lines are often useful in that they can

be used for purposes of spectral calibration.

For this work a DC discharge in helium along a quartz capillary
tube, placed between two water cooled stainless steel electrodes, has
been used. The properties of such a source are well known (1-3) and
since no window materials exist which transmit photons of the required
energy (2) a windowless lamp is used. The discharge takes place in
flowing helium and the lamp is differentially pumped to prevent éxcess

gas reaching the ionisation chamber.

The lamp can also be made to give a stable discharge with gases
other than helium. The most useful of these is neon, giving rise to a
NeIo doublet at 16.67 and 16.85eV. It is somewhat weaker than the
helium source but is occasionally useful when improved resclution is

required (the factors affecting resolution will be discussed later in

this chapter).

Discharges in helium may also generate a series of lines from
ionised helium, HeIl, with the main line at 30.4nm (40.81eV) arising

from the transition:

Zpoply - 25(1s1)

HeIl photons are normally present in small quantities when a helium
lamp is used. A band due to the HeIl ionisation of atomic helium
(ip = 24.58eV) at an apparent ip of 4.98eV on the Hel scale is often
seen and 1s a useful calibration position for Hel spectra. The
proportion of Hell photons emitted from a lamp designed to emit Hel

photons may be increased by reducing the helium pressure slightly.

Analyser and Detector Equipment

The electron energy analyser separates photoelectrons according
to their kinetic energies. The ideal analyser provides both high
resolution and high transmission but, unfortunately, these are
conflicting requirements since, to achieve high resolution, some
restriction must be placed on the paths of the electrons which will

obviously affect transmission.



The electron energy analyser employed in this work is an
electrostatic deflection analyser of the 150° hemispherical type and
is shown in detail in Figure 2.1. The analyser consists of two
concentric hemispherical sectors, of mean radius 10cm, mounted on an
insulating material. Each hemisphere is charged to equal but opposite
potentials with a potential of +V on the inner hemisphere and -V on the
outer hemisphere. Electrons of a particular energy generated at the
source, S, enter the analyser through the entrance slits and, by
application of the correct voltage to the hemispheres, can be brought
back to focus at F (see Figure 2.1). This particular design of analyser

was chosen for a number of reasons which are detailed below:

(a) The electron source S, focus, F, and centre of the hemispheres,
0, lie in the same plane which allows some simplification in
the design and construction of the spectrometer.

(b)Y The 150° sector angle allows the entrance and exit slits to
be placed between S, F and the hemispheres, thus enabling
the hemispheres and both set of slits to be mounted on one
plate (see Figure 2.1). The use of, for example, a 180°
analyser would require a lens system to focus the electrons
to a point source since the slits could not be positioned as
simply as in the 150° case.

(¢) In addition to the electron orbit shown in Figure 2.1, electrons
can travel in other orbits starting as S and terminating at F
but in different planes. This is the so-called 'double
focussing' property of this type of analyser and results in

high transmission.

In the type of analyser used in this work, electrons are usually
detected by a channel electron multiplier placed at the electron focus,
F. Electrons reaching the electron multiplier produce pulses which are
amplified and counted by a ratemeter, the output of which is fed into a
chart recorder. Spectra are recorded by sweeping the voltage applied to

the hemispheres at a constant rate.

The electron trajectories inside the spectrometer are easily
perturbed by stray electric and magnetic fields and care must be taken

to reduce these to a minimum. The hemisphere and slit surfaces were
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coated with graphite to reduce surface potential variations. To
eliminate the earth's magnetic field, the analyser was surrounded by
three sets of mutually perpendicular Helmholtz coils. A magnetometer
was used to initially zero the field at the centre of the coils and any
fine tuning was carried out by optimising a photcelectron signal,

normally that of argon.

Some discussion of the properties of the hemispherical analyser,
described above, is probably useful at this stage especially in terms of
transmission and resolution. It can be shown that, for spherical sector
analysers generally (4,5), the probability of transmission of an electron
is proportional to the kinetic energy of that electron. The transmission
function of a given analyser may be determined experimentally by making
use of published data (6). This has been done for the analyser used in
this work (7) and the transmission function was found to be linear except
at low electron kinetic energies (<0.5eV) where electrons are
particularly sensitive to slight electric and magnetic field variations

with consequent poor resolution.

The resolution of a spectrometer is particularly important if, for
example, vibrational structure 1s to be observed in experimental spectra.
For the spectrometer used in this work, the typical resolution was
measured as 25-30meV at F.W.H.M. for argon recorded with Hel radiation.
This resolution can be thought of as being made up of an instrumental

factor, plus a contribution which defines the fundamental limits of

resolution.

The instrumental factor may be derived by considering the path
of an electron moving in an orbit through the analyser. A stable orbit
for an electron moving in an orbit of radius R will be maintained provided
the electrostatic force acting on the electron is balanced by the

centripetal force.

2
ie. eF = O (2.1)
R
where e, m = electron charge and mass respectively
v = electron velocity

electric field between hemispheres

5]
=]
[a9
]
\
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Since the kinetic energy of the electron will be equal to imv<,

equation (2.1) gives:

KE = { eFR

and AE = } eFAR

Thus  AE = AR (2.2)
E R

The spread in energy (AE) of the electron beam at a given energy
(E) is thus determined by the analyser geometry, being dependent on the
radius of the electron orbit and the allowable variation in this  (AR).
For an entrance slit of width dR{ and an exit slit of width dR,,

equation 2.2 may be approximated by

_ S (2.3)

OE _ (dRir dRp). 1
R 2R

E 2
This expression defines the instrumental resolution in a simplified way
since the possibility of electrons entering the analyser non-tangentially

is not taken into account. Two interesting points arising from equation

2.3 can be made.

(a) For a given kinetic energy, the resolution, AE, is proportional
to the total slit width. Thus resolution may be improved by
reducing the total slit width, at the expense of lower intensity.

(b) TFor a given analyser configuration (ie fixed S and R), the
resolution 1s proportional to the transmission energy, E. Thus,
resolution may be improved by using a less energetic photon
source e.g. replacing a Hel source with a Nel source. This
point 1s also illustrated by noting the variation in recorded
band widths across a given photoelectron spectrum recorded by
sweeping the analyser voltage (see for example ref. (8)).
Typical slit widths used in this work were 1.0 mm for the

outer slits and 1.5 mm for the inner slits for both entrance
and exit slits.
As mentioned earlier, the instrumental contribution to the
resolution will be the major factor, but there are other contributing

factors (1,2):
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(a) Thermal broadening due to the motion of the molecule being
ionised. An expression for AE may be derived by assuming
that the most probable velocity of the molecule to be

ionised is

————
M g
LM

where T is the temperature (K) and M is the mass of the molecule.

It can be shown (1,2) that the energy spread is given by:

AR = Z{mEk
\™

|paasa—

"

1 L
\2 = 0.723(ET\? x 1073 eV
j

where m is the electron mass.

Thus thermal broadening will increase with increasing temperature
and decrease with increasing molecular mass. TFor example, at
room temperature (300K) and a photoelectron energy of 10 eV, a
photoelectron ejected from a molecule with molecular weight 20
will have a half-width of ~10 meV while a photoelectron ejected
from a molecule with mass 100 will have a half width of 4 meV.
(b) Line broadening in the photon source contributes approximately
3 meV to the total resolution.
A general schematic diagram of the spectrometer used in this
work is shown in figure 2.2. Both the main analyser chamber and the
ionisation chamber were pumped by oil diffusion pumps. A typical

operating pressure of <5 x 1076 torr could be attained in this way.

The sample source is dependent on the nature of the species to
be studied. In this work the technique of high temperature evaporation
of solid samples was used to generate the species to be studied in the
vapour phase. The high temperature heating method used here will be

discussed in detail in the next section.

2.2. High Temperature Methods

The design of a photoelectron spectrometer for the study of high
temperature and transient species has been discussed in detail elsewhere

(9,10)., This thesis is only concerned with high temperature p.e.s. and
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when designing a high temperature spectrometer some important points

should be borne in mind.

(a) The furnace and lonisation region should be pumped efficiently.
This is particularly important since the species to be studied
may be short—lived in the vapour phase, and efficient pumping
is needed to ensure rapid transport of the species to the
ionisation region.

(b) Considerable contamination of the ionisation chamber, particularly
the analyser entrance slits and furnace components, can occur on
evaporation of small quantities of material. For this reason, the

ionisation chamber must be readily accessible for cleaning purposes.
These points will be discussed further in the following section.

Furnace Heating and Design

Several research groups are, at present, operating in the field
of high temperature photoelectron spectroscopy using a variety of
heating techniques. These techniques will be briefly discussed in terms
of maximum achievable temperature and their advantages and disadvantages

outlined.

(a) Electrical resistive heating is the most widely used heating
technique in high temperature p.e.s. and it basically involves placing
the furnace assembly inside a coil, normally of tungsten or some other
refractory metal, and passing a current through the coil. The method
is quite simple but, in practice, the large currents required (typically
>50A to achieve furnace temperatures >1000K) would cause considerable
fields in the ionisation region. This problem can be alleviated by
winding the coils non-inductively. The practical upper temperature
limit for this technique 1is N2000K and this seems to be governed by
the high current requirements (which can be several hundred Amps) at
which some residual field is inevitable.

The first group to publish details of a spectrometer using
resistive heating was that of Berkowitz et al (11). Their spectrometer
was capable of studying specles at temperatures in excess of 800K.
Unfortunately the residual magnetic field associated with the applied

current limited the operation of the spectrometer to temperatures of

900K maximum.
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Later, Potts et al (12) reported a spectrometer capable of
operating at temperatures of up to 1300K. This used a resistively
heated furnace similar to the Berkowitz (11) design. The non-
inductive winding of the heater was improved thereby reducing residual
magnetic fields. Unfortunately, contamination of the critical regions
of the spectrometer led to poor resolution and hence the spectrometer

was limited in its use.

Recent work has concentrated on improving furnace designs to
reduce the residual magnetic fields which limit the operating
temperatures of this type of heating. Berkowitz et al (13) have
produced a spectrometer containing a unique 'double-oven" assembly in
which a conventional Knudsen cell is radiatively heated (i.e. the
heating coil is not in contact with the furnace and hence heating is
by radiation). The cell is extended by adding a long narrow tube to
direct the sample vapour to the ionisation region. This tube is also
resistively heated by a coil, hence the term "double-oven". To reduce
the residual magnetic fields in the critical region of the spectrometer,
both coils are arranged such that their respective residual magnetic
fields cancel out. The maximum temperature obtained with this
spectrometer is reported as being 1500K (13,14). This spectrometer,
has been used recently in studies on B0y (14,15), atomic chlorine (16),
the alkali halide monomers, dimers and trimers (17) and in a number of

other studies (18,19).

Potts et al (20) have also improved their basic spectrometer and
furnace design. A new resistively heated furnace (20) in which graphite
or alumina tubes are heated using a double coil arrangement is emploved.
Each coil has a separate AC power supply operated 180° out of phase such
that the magnetic field from one coil oppeses that from the other. This
spectrometer has been used up to temperatures of 1500K with good resolution
in a number of studies, notably studies on both gas-phase and condensed
phases of the tin and lead dihalides (21), gas—-phase lanthanide
trichlorides (22) and gas-phase and condensed phases of the bismuth and
antimony halides (23). Potts et al are also interested in studying low
melting point metals by gas-phase p.e.s. and have recently published

details of a study on selenium and tellurium (24).
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(b) Electron Bombardment heating is used by two groups, those of

Bock et al and Elbel et al. Both these groups use essentially the

same spectrometer (supplied by Leybold-Heraeus) which consists of an
inlet system heated by electron bombardment (25) in which the furnace
system is composed of a non-~inductively wound tungsten coil surrounding
a molybdenum inlet tube. Electrons are produced which bombard and heat
the inlet tube which contains the sample. Stray electrons are prevented
from entering the ionisation region by enclosing the heated area of the
molybdenum tube with a stainless steel shield. This problem of stray
electrons has meant that many other p.e.s. groups (including the
Southampton group) have avoided the use of electron bombardment as a
heating technique. The technique has, however, been used successfully
in published p.e.s. studies by Elbel et al and Bock et al to achieve

temperatures of 1600K (26) and 1200K (25) respectively.

(e) Laser heating seems at first sight to satisfy the requirements
for a field-free ionisation region, but it too suffers from operational
problems. This approach was first used by Schweitzer et al (27,28). A
50W pulsed COp laser was used to heat a furnace which was thermally
isolated from the spectrometer. The problem with this technique is that
it produces a very localised heating effect and can produce on unstable
vapour source making it difficult to record reproducible spectra.
Theoretically, in laser heating, the maximum temperature attainable is
dependent on the choice of materials used in furnace design and the
type of laser chosen. Schweitzer et al (27) reported a maximum
temperature of 1800K, but no studies have been published with
temperatures greater than 1300K. This possibly represents the maximum
temperature at which reliable spectra can be recorded. Laser heating
was later attempted by Berkowitz et al (29). Problems were encountered
in controlling sample evaporation and recorded spectra had very poor
signal-to~noise ratios so Berkowitz et al had to abandon the laser

heating technique in favour of the "double-oven' arrangement (13).

(d) Radio-frequency Induction heating is probably the most versatile
technique and for this reason it has been chosen as the heating
technique to be used by the Southampton p.e.s. group (30). Induction

heating makes use of the fact that when an alternating current flows



through a conductor the associated fluctuating magnetic field can
induce a current in a nearby conductor (or susceptor). The induced

(or eddy) currents heat the susceptor by a normal resistive heating
process. In this work radiofrequency (RF) of IMHz was passed through an
induction coil surrounding a susceptor (or furnace). Interference

from the generated r.f. power in the spectrometer detection circuitry
was eliminated by pulsing the RF generator output. This is done at the
convenient rate of 50Hz, the frequency of the generator mains supply,
i.e. for half of the 50Hz cycle the generator is transmitting and for
the other half it is "off". A gating unit is used, using the 50Hz
supply as a timing signal, to generate a detection window during which
the signal from the detection circuit is allowed to pass through to the
recording equipment. The detection window can be set to be 180° out

of phase with the RF pulses and the window width adjusted to eliminate
RF interference effects. Details of the radiocfrequency induction

heating method as used in p.e.s. have been published and can be found

in references (9) and (30).

Radio—frequency induction heating has several advantages over
the other three heating techniques outlined above. The most important

of these are outlined below:~

(i) Potentially very high temperatures are accessible and
any interference with the photoelectron signal can be
eliminated by using pulsed techniques.

(ii) An inductively heated furnace is mnot in thermal contact
with the heating supply and hence conduction heat losses
are reduced.

(iii) With inductively heated furnaces, heating only occurs in
the area immediately adjacent to the coil, which means
that heating effects are localised to the furnace
assembly region.

(iv) The sample load required (up to 1 gram) can be easily

contained within the furnace assembly.

Radio-frequency induction heating was used throughout the work

described in this thesis and has proved to be a very efficient heating

technique.



The dimensions of the photoelectron spectromerer were such
that the RF generator could not be sited closer than one meter from
the ionisation chamber, so the radio frequency current was fed from the
supply through leads of the required length. To reduce losses from the
coil, and noting that the radio frequency current travels mainly in the
surface of a conductor, the supply leads were constructed from wide
copper strips. Figure 2.3 shows the location of the induction coils and
furnace assembly relative to the spectrometer entrance slits. The
water cooled coils are made from 3/16 inch high conductivity copper
tubing wound to give a coil with six turns with between 2.5 cm and
3 cm internal diameter depending on furnace requirements. The furnace
assembly 1s supported in the RF coils by a ceramic tube which passes
through an 'O'-ring vacuum seal. A carrier gas, normally helium, is
passed down through the furnace support tube to aid the transport of
sample vapour to the point of ionisation. The coil and furnace assembly

is surrounded by a tantalum shield which serves several purposes:-

(1) to reduce radiative heat losses from the furnace and
prevent radiative heating of the slit region,
(ii) to prevent any excess thermal electron emission
adversely affecting the photoelectron signal, and
(iii) to collimate the sample beam and hence reduce

chemical contamination of the entrance slits.

The complete furnace assembly, coils and tantalum shield are
mounted on a removable flange which forms the top plate of the
ionisation chamber. The fact that the top flange is removable is very
advantageous since it allows easy access to the entrance slit region
for cleaning purposes. A grid, positioned in front of the entrance
slits further reduces sample contamination and radiative heating of

the slits,

Temperatures measured during the course of this work were taken
mostly using a calibrated optical pyrometer sighted down the furnace
support tube onto the hottest part of the furnace. 1In the case of
studies performed at lower temperatures (notably the AlF/A1F3 work),

a chromel-alumel thermocouple was used.
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Although the choice of RF induction heating has many advantages,
it also imposes certain limitations on the possible furnace designs.
To understand these limitations, the theory of RF induction heating

needs to be understood (31-33):

For a current flowing in an electrical conductor a magnetic
field is created around that conductor, the strength of the field being
directly proportional to the current flowing. If the conductor is
wound into a coil, then the magnetic field strength is increased, the
increased strength being directly proportional to the number of turns
in the coil. 1If an alternating current is used, then the magnetic
field produced will be continually changing. Induction heating depends
upon a current being induced into a second electrical conductor (known
as the susceptor) by a changing magnetic field. A heating effect is

produced by the current flowing in the susceptor and is given by:-
Heat o(induced current)ZX resistance of the conductor (2.4)

The resistance of a conductor is given by the formula:
R = p= (2.5)

where P is the resistivity of the material
L is the length

and A 1s the cross-sectional area.

Therefore in using RF induction heating, it is necessary to
maximise the heating effect. The large induced currents are produced
by operating the generator at radio frequencies (v1 MHz) as the induced
current is directly proportional to the rate of change of the magnetic
field. One phenomenon that must be remembered is that high frequency
current flow i1s restricted to the outside or "skin' of a conductor.

The depth to which the currents are restricted is given by the formula

(31,34):
f 9
1 /P x 10
d = 5§, —F (2.6)



where d is in cm
P is the resistivity in ohm cm
1 is the relative magnetic permeability of the susceptor
material

and f is the frequency of the RF current.

This means that heat is generated within the skin depth, d, and
conducted to the rest of the susceptor. Therefore, for efficient heating
the magnetic flux at the surface of the susceptor should be maximised.
Heating is most efficient when the susceptor is as close as possible to
the induction coil. 1In the situation of "tight coupling" the magnetic
flux density at the workpiece is a maximum. Keeping the workpiece close
to the induction coil limits the amount of shielding which can be used
to minimise radiative heat losses from the furnace. A balance needs to
be found which optimises heating with respect to both coupling and

shielding efficiencies.

For a solid cylinder, approximately 907 of the total heat is
generated within a depth d from the surface, given above. For a furnace
of the type shown in Figure 2.4, the entire furnace wall will be
inductively heated if the wall thickness can be restricted to less than
the skin depth (d). This results in rapid heating of the furnace. TFor
wall thicknesses >d, sample heating can only take place by thermal
conduction through the susceptor material which necessarily resultsin
slower heating and, in extreme cases, a lower equilibrium temperature.

In general, an optimum temperature can be achieved if the wall thickness
ig significantly less than the skin depth, d, when the resistance factor
of equation 2.4 becomes important. TFor example, d for graphite is 1.8 mm
at a frequency of 1 MHz. 1In practice, graphite furnace components can be
machined with wall thicknesses down to 1 mm. In this case, the entire
furnace wall can be inductively heated leading to a rapid rise in

temperature.

Some commonly used susceptor materials and their corresponding
properties are listed in table 2.1. On the grounds of resistivity
alone, graphite appears to be the best of the susceptors listed and has

been used in the work on AlF/A1F3 described in chapter 7 of this thesis.
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Table 2.1 Properties of some Refractory materials¥®

. Resistivity (2000K) N (2)
11 K.

Material © 106/ ohm em ax. temp(K)

C 1375 3500

W 60 3100

Mo 53 2700

Ta 87 2900

Al,504 >107 2400

Zr0y >107 2400

BN >10/ 2600

%Data taken from references (34) and (35).

(a) Maximum workable temperature for a furnace manufactured

from the material.



A typical arrangement for a graphite furnace is shown in Figure 2.5.
Of the three susceptor metals listed (tungsten, tantalum and moly-
bdenum), tungsten has been used in experiments on vanadium and

vanadium monoxide described in chapter 6 of this thesis.

The simplest furnace arrangement possible is when the furnace
is also the susceptor. This is shown in Figure 2.5. Carbon felt is
placed around the furnace to reduce radiative heat losses. Carbon
felt has a low thermal conductivity and is used as a thermal insulator
capable of resisting temperatures of 3800K in a vacuum. It also has
the advantage of low inductive pickup due to its fibrous nature and
can be used in conjunction with inductively heated furnaces. A ceramic
ring is pushed onto the carbon felt to ensure that the furnace
arrangement does not short circuit to the coils., The ceramic therefore,
has to be electrically non-conducting, have a negligible vapour pressure
at high temperatures and be stable to carbon felt at high temperatures.
Other desirable features are low thermal conductivityv and good thermal
shock properties. Ideally, it should also be relatively inexpensive,
be readily available commercially and easily machinable. The limiting
temperatures at which various ceramics can be used are shown in table 2.2.
The choice of ceramic is largely governed by the reaction at the ceramic

carbon junction.

Zirconia with a low thermal conductivity and high melting point
is an excellent high temperature material. However, zirconia has not
been used as a ceramic ring in this work because it becomes a conductor
at high temperatures and it reacts with carbon at ~1900K. It also has
poor thermal shock properties. Although zirconia is unsuitable for use
as a ceramic ring, it has been used successfully as a support rod for
all the experimental work described in this thesis. It has also been

used as a furnace material in the cases of the work on Fe, Co, Ni and CrO.

Alumina, with a melting point of approximately 2300K is chemically
one of the most inert and one of the strongest of the refractory oxides.
The principal limitation of alumina is its reactivity with carbon at
n2000K, Alumina was used as ceramic ring for some of the lower temperature

studies described in this thesis, notably Fe, Co, Ni, CrO and AlF/AlFi.
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Table 2.2. Maximum workable Témperature (K) of various refractory

material junctions

C W Ta
210, 1900 1900 2000(a)
A1,04 2000(8) 2000 2000(a)
BN 2200(a) - 1800(a)

(a) FEstimated in this work from known furnace
temperatures.

(Data taken from references (36) and (37).



Boron nitride is a relatively cheap, commercially available
ceramic material. The high maximum usable temperature and its ease of
machining has made boron nitride the ideal ceramic for study of higher

temperature species, such as V and VO, in this work.

The ceramic rod used to support the furnace assembly is normally
zirconia. To avoid any high temperature reaction between the rod and

'cap' the furnace.

the furnace, a carbon extension piece is used to
This has the effect of removing the carbon—ceramic junction to a cooler
part of the spectrometer where a reaction at the junction is less likelw

to occur.

Normally a furnace material is chosen on the basis of its lack of
reactivity with the sample and the temperature required to generate a
suitable vapour pressure of the sample in the furnace. When a furnace
arrangement of the type shown in Figure 2.5 1s used, a problem sometimes
arises where the ideal furnace material in terms of sample compatibility
may not be a good susceptor and hence it may be difficult to obtain the
high temperatures necessary for evaporation of the sample to occur.
Other problems may arise when a furnace must be kept completely separate
from the carbon felt due to problems of reactivity (this was, in fact,
found for tungsten furnaces where reaction of tungsten with carbon
causes formation of a low melting point carbide). Problems such as
these were encountered in the studies of Fe, Co, Ni and Cr0. TFor Fe,

Co and Ni and for Cr, zirconia was chosen as the furnace material
which is known not to be a good susceptor at high temperatures (>1800K)
(see table 2.1). TFor a high furnace temperature to be obtained, a
heating method other than direct induction heating was required. It
was found that a "radiator" surrounding the furnace (but not in contact
with it), made from a good susceptor, could be heated up in the normal
way and its heat transferred radiatively to the furnace. A typical

example of this type of furnace arrangement is shown in Figure 2.6.

The radiative heating method provides greater flexibility than
the direct inductive heating method because the furnace need only be
designed for sample containment and the radiator designed specifically
for attainment of high temperatures. Carbon felt and a ceramic are
still used to reduce radiative heat losses and to insulate the furnace

assembly from the coils.
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A graphite radiator was chosen for the experiments on Fe,
Co and Ni and on Cr + O and was found to give sufficiently high
temperatures to effect evaporation of the transition metals Fe, Co,
Ni and Cr from zironia. An alumina ceramic was found to be adequate

and little reaction was observed at the carbon-alumina junction.

In the case of vanadium and vanadium monoxide, a tungsten
furnace was chosen in view of the expected high temperatures required
for evaporation. At temperatures >2400K it was found that a graphite
radiator would deposit small amounts of carbon on the tungsten furnace,
producing a low melting point carbide and causing premature melting of
the furnace. This effect obviously also prevented direct inductive
heating from being used since reaction of the tungsten furnace with
the carbon felt would lower the maximum usable temperature of the
furnace and decrease the working life of the furnace. The material
chosen for construction of the radiator for use with experiments
involving tungsten furnaces was tantalum. This metal 1s a good susceptor,
easily workable and 1s reasonably cheap to buy. It was found that in
tests, for the same RF power, a tantalum radiator gave temperatures up
to 200K higher than those obtainable with a graphite radiator. This is
because the tantalum sheet used is supplied at a thickness less than
the '"skin depth" of tantalum and hence a radiator made from the metal
will heat up very efficiently. Again, carbon felt was used as an insulator,
surround by a BN ceramic. This was necessary because of the higher
temperatures involved in the V/VO experiment. The only drawback with
using tantalum radiators 1s that formation of a brittle tantalum carbide
at the carbon~tantalum junction sometimes causes the radiator to crack
at junction temperatures >2600K. However in the case of the V/VO system

this was not found to be a problem.

2.3 The Photoelectron signal at high temperatures

The loss of signal intensity and resolution in high temperature
photoelectron spectroscopy is a well known but, unfortunately, only
partially understood experimental problem (13). Signal loss at high
temperature can be easily demonstrated by monitoring the photoelectron
signal from a constant pressure of a rare gas, such as argon, as a

function of temperature. When the first study described in this thesis



was undertaken (that of Fe, Co and Ni - chapter 5) few precautions

were taken to reduce signal loss. Loss of signal intensity and
resolution began at furnace temperatures of approximately 1600K and
increased rapidly. At 2300K only 37-67% of the initial argon signal
remained (measured from peak heights) with a resolution of approximately
150meV. Three possible mechanisms to account for signal loss may be

identified:

(a) Residual R.F. interference effects. On increasing R.F. power
there is an instantaneous reduction in the signal intensity
and resolution which is attributed to R.F. interference.

(b) Heating of electron optics. There is a gradual deterioration
in signal intensity and resolution which seems to be due to
heating of the slit regionms.

(¢) Contamination of electron optics. Chemical contamination
of the slits can lead to a build-up of a localised charge
and hence a reduction in the photoelectron signal. Similar
effects are observed if the entrance slits are inadequately

coated in graphite following cleaning of the instrument.

Contributions from each of these three effects on the overall
signal can, in principle, be estimated from the characteristics of
the signal loss. Effect (a) should occur instantaneously as r.f.
power 1is increased. It should also disappear instantaneously as r.f.
power is decreased. If effect (a) was the only mechanism governing
signal loss, 100% signal intensity should be re-attained on reducing
the r.f. power to zero. Effect (b) would take a little longer to take
effect since the system will take some time to come to equilibrium but
would be expected to disappear completely when the system is allowed
to cool. Effect (c¢) would increase with increasing temperature but

would be irreversible.

At lower temperatures (<1600K) only chemical contamination has
any effect on the photoelectron signal. Chemical contamination is
minimised by the tantalum shield, which helps to collimate the sample
beam, and the protective "grid" in front of the slits. If the sample
is a well collimated beam chemical contamination below 1600K will be
minimal. At temperatures >1600K all three mechanisms outlined above

become important.
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It isnot quite clear why r.f. interference can be present when
pulsed r.f. and signal gating is used. It has been found, however,
that narrowing the signal window at 2300K produced a significant
improvement in the resolution and some improvement in the signal intensity.
Because of the use of the gating technique, up to 757 of signal intensity
may be lost initially, but on reducing the gating window it has been

found that signal retention has increased markedly.

Heating and contamination effects will clearly be most apparent
at the analyser entrance slits. Some attempt has been made to reduce
these effects by means of the tantalum shield surrounding the furnace.
However, in some furnace arrangements, a ''direct line of sight" between
the furnace and the entrance slits can be identified by bright
illumination of the slit region. This illumination is partly due to
the position of the furnace in the induction coils. e.g. in fig. 2.7(a)
it should be apparent that the lower the furnace is in the coils, the
more likely it is that there will be a "direct line of sight" between
furnace and slits. Experiments have shown that raising the furnace in
the coils, thereby keeping the entrance slits in shadow, will reduce
entrance slit heating and lead to an improvement in signal retention.
The entrance slits may also be heated by an alternative method, that of
thermal emission from the tantalum heat shield. 1In the original set-up
shown in fig. 2.7(a), heating by thermal emission from the shield was
found to be a problem, especially at temperatures greater than 2000K,
A simple solution was found to this problem which is shown in fig. 2.7(b).
The original slits were machined with a smaller overall length, such that
they did not protrude into the ionisation chamber, and a thick copper
plate containing a 4mm slit placed in front of them. This had the
effect of isolating the slits completely from the ionisation chamber
and drastically reducing any heating effects. Problems associated with
contamination are also minimised in the same way. The combination of
isolation of the slits and an optimised r.f. detection window has led
to an overall improvement in signal retention. Before these improvements
were made only 67 of the signal was retained at 2300K with typical
resolution of 150meV (measured for argon at F.W.H.M.) whereas, after the
improvements, the corresponding figures are 307 for signal retention

and 60meV for typical resolution.
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Further improvements may be made to the performance of the
photoelectron spectrometer depending on the species to be studied.
Obviously, lowering the furnace assembly in the coils will increase
the concentration of the species of interest at the ionisation region.
Correspondingly, a loss of signal may result. Signal loss
characteristics also depend on the type of furnace arrangement used
and the optimum furmace position must be found by experimentation for

each species of interest.

2.4, Further developments in High Temperature p.e.s. Instrumentation

One of the inhevrent drawbacks of p.e.s. is its susceptibility
to perturbing electric and magnetic fields. Problems of contaminatiocn
of the ionisation chamber and slit region limit the useful time of
any experiment. These problems result in a loss of spectral resolution
and instability in peak position. It would clearly be an advantage to
have a spectrometer capable of operating at a higher photoelectron
count rate such that the time needed for recording a spectrum is reduced
and spectral drift minimised. Such a spectrometer has recently been
constructed at Southampton (38). It features a microchannel plate
detector which allows rapid acquisition of spectral data with much
improved signal-to-nolse ratios when compared with the conventional
single detector instrument used throughout this thesis. It is hoped
that the new spectrometer will allow studies to be made of species which
are too low in concentration to be observed with a single detector
spectrometer. An example of its use may be found in chapter 6 of this
thesis where spectra of vanadium recorded by single and multi detector

spectrometers are compared.
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CHAPTER THREE

THEORETICAL METHODS



3.1. Introduction

Photoelectron spectroscopy (p.e.s.) involves the measurement of
the kinetic energies of electrons ejected from an atom or molecule by
photons of energy hv. The basic photoionisation process can be

summarised by the following equation:

M+ hy > M™ + ¢ (3.1)

where M is the atom or molecule under investigation. Iomisations to
several ionic states may be observed and, generally, some form of

theoretical calculation is needed in order that these ionisations can

be assigned.

The most readily calculated quantity is the vertical ionisation
potential and methods of calculating this will be the subject of most
of this Chapter. Examples of the use of these methods will be found in
the following experimental Chapters. 1In addition, for diatomic molecules
neutral and ionic vibrational frequencies, equilibrium bond lengths and
photoelectron band envelopes may be calculated. These quantities will

be discussed in the Chapters describing work on VO, CrQ and AlF.

3.2. Selection rules in p.e.s.

The probability of photoionisation occuring from a molecular
ground state characterised by the wavefunction, ¥'", to a final state
(consisting of the ion and photoelectron) characterised by the wavefunction,
¥', is proportional to the square of the modulus of the transition moment

integral, M, where M is given by (1):

TR Py dr (3.2)
i,] , .
In the above equation, P is tﬁ%iaiégﬁe operator and the summation
extends over all electromns, i, and nuclei, j. In the molecular case (j>1),
use can be made of the Born-Oppenheimer approximation (2) which states
that electrons can be considered as moving within a field of fixed

nuclei, thus allowing the dipole operator to be split up into electronic

Pe, and nuclear, P,, parts. 1i.e.



Z P-20 P + 2. P, (3.3)
1] i 3 -

The wavefunctions ¥' and ¥'" can be similarly separated into a
product of electronic Y, (r, R) and nuclear functions. Rotational
motion can be neglected since the motion of the molecule can be
referred to a rotating, molecule fixed-axis system. This allows the
nuclear wavefunction to be considered solely as the vibrational
wavefunction ¥, (R). Here, r and R are the electronic and nuclear
coordinates respectively. It should also be noted that Y, is generally
only a weak function of R. The orthogonality of electronic wavefunctions
of different electronic states allows the transition moment integral to

be written as (3):
M =f%\',*<R) %’(R)dR/%*(r,R) 2- P, ¥y (r,R)dr (3.4)
e

The first integral of equation 3.4 leads to the derivation of
vibrational selection rules while the second will yield the corresponding
electronic selection rules.

(a) Vibrational Selection Rules (3,4)

The probability of a vibrational transition between two electronic
states is proportional to the square of the first integral of equation 3.4

i.e.

I ocf‘y\',’F(R) Yl (R)dR | 2 (3.5)

V'+V"
Equation (3.5) is known as the Franck-Condon factor and will be
discussed further at the end of this chapter. v' is the vibrational
quantum number in the ionic state while v'" is the corresponding

vibrational quantum number in the neutral state.

For a vibrational transition to take place, the Franck-Condon
factor must be non-zero which implies that the product W&* von must be

totally symmetric. This statement leads to the following four vibrational

selection rules:

(i) Totally symmetric vibrations may assume any quantum number in

the ionic state.



(ii) Assuming transitions take place from the totally
symmetric v''=0 level in the molecule, non-totally
symmetric vibrations only assume zero or even
quantum numbers in the ion whose wavefunctions
are then totally symmetric.

(ii1) TFor a combination band (i.e. simultaneous excitation
of two or more non-totally symmetric vibrations), the
transition is allowed if the total wavefunction is
symmetric.

(iv) If ionisation causes a change in equilibrium geometry
between molecule and ion, the preceding rules still
apply but only in respect of symmetry elements which
are common to both states.

Examples of the experimental observation of vibrational structure

will be discussed in chapters 6 and 7.

(b) Electronic Selection Rules

For a photoelectron transition to be allowed, the second

integral of equation 3.4 must be non-zero,

i.e.v/‘\?é*(r,R) > P Vi(r,R)dr O
_—

If spin-orbit interactions are assumed to be small, the wavefunctions
¥& and ¥Yg can be considered to be made up of products of orbital and
spin functions. Since the dipole operator does not affect spin functions,
an integral of the form <V¥y|V¥4>, where ¥g is the spin wavefunction, can be
factorised out (3) from equation (3.4). Spin functions corresponding to
different spin values are orthogonal so that for an allowed transition
there can be no change in total spin between initial and final states.
Since the free electron can have spin * 3 it follows that the final ionic

state must differ in spin from the neutral state by + } (in units of h).

This is the first electronic selection rule.

Now consider the example of the spin allowed ionisation of a closed

shell singlet molecular state to a doublet ionic state as follows:
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¢; is a molecular orbital and ¢5 is the wavefunction for the free
electron. The wavefunction for the initial singlet state and the final

singlet/triplet state are given in equations 3.6 and 3.7 respectively.

vlo= i 1] (3.6)

wlo= 1 ()1 F]2T 30 (3.7)
V2

The determinants used, known as Slater determinants are defined

in the next section. Using the singlet ionic state (lower '-' sign in

(3.7)), the second integral of equation (3.4) can be re—expressed as:

M =f1 (i T1-1T 5037 2, | 1) ar (3.8)
72‘ [P
Expanding the determinants in terms of space and spin parts gives:
M, = ?%/wn TH) - 45 T - T 6T @) + T T
x (Pa(1) + Po(2)) [0 (1) 91(2) = ¢1(2) $;(1)] dr(l) dr(2) (3.9)

Assuming the spatial orbitals areorthonormal and integrating

over Spin, equation 3.9 reduces to

=
It

. /qus}"(l) Pe(1) 93 (1) dr(1)

/2'/‘¢33<2) Pe(2) 95(2) dr(2) (3.10)

If the triplet ionic state (upper '+' sign in (3.7)) is used, M,
will be equal to zero and this implies that there can be no change in
the overall electron spin of the system between initial and final states.

i.e. AS = 0. Therefore AS between the neutral molecule and ion must be *}H.



On further conmsideration of equation 3.8, it is apparent that if

1

Yo

more than one orbital, Me would be zero. This leads to the

had differed from the ground state molecular wavefunction ?; by

selection rule that only one electron ionisations are allowed in pes.
The derivation of this rule makes use of the orthonormality of the
spatial orbitals which assumes that the orbitals are unchanged on
ionisation. Allowance for this reorganisation and for electron
correlation, may cause this rule to break down. These arguments can be

extended so that they apply to all closed and open-shell systems.

For an allowed transition, the integral of equation 3.10 must be
non-zero. This will be true if the product of the irreducible
representations, I', of the species in equation 3.10, T(®;) x I'(Pg) x F(@j)
is totally symmetric with respect to all symmetry elements of the
molecular point group. For at least one component of P,, the product

r(e;) x F(®j) must contain the same svmmetry species as one of the

components of T(P,). Since Pg = erij, where ri is the position vector of

the ith electron, P, transforms in the molecular point group as the
cartesian vectors x, v and z. If the equilibrium geometries of the
molecule and ion have different symmetries, then only symmetry elements

common to both point groups are considered.

The selection rule governing changes in orbital angular momentum
between the initial and final state applicable to optical spectroscopy
is still valid in pes. In pes, the final state is the ion plus the free
electron implying that the free electron may leave carrying the angular

momentum necessary to satisfy this rule.

3.3. Hartree-Fock-Roothaan formalism for closed shell molecules (5,6)

The Hartree-Fock-Roothaan formalism allows a solution to the time-
independent Schrodinger equation to be found. It proceeds by making an
approximation to the molecular wavefunction, &, subject to the constraint
that it should be composed of one electron functions and satisfy  the
Pauli Principle. The total emergy, E, of the system also has to be
minimised. The approximation must be made because, as is well known, the

Schrodinger equation can only be solved exactly for the hydrogen atom.
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In the derivation of the Hartree-Fock-Roothaan Method, the first
step involves the BormOppenheimer approximation (2). Use of this
approximation means that the total wavefunction, Y;,;, and the total
energy, Eio¢, can be split up into electronic (e) and nuclear (n) parts
as follows:

Yior = Yertn (3.11)

Eror = EgtEqp (3.12)

The approximation is now used to solve the fixed nucleus time-

independent Schrodinger equation:

& e = Ee We (3.13)

The 'e' subscripts may be dropped for reasons of simplicity and
convenience. The Hamiltonian operator H(EHe) for the n-electron system

has the form

H(L,2,...m) = 23 By(8) + 21 (1/rg,) (3.14)
£ £<n

where the indices £ and n run over all n electrons. The Tzy parameter is

the interelectronic distance which means that the l/rg)n terms represent

electron-electron interactions. To simplify matters, atomic units are

used (i.e. electron mass, electron charge = 1) and any nuclear-nuclear

interaction terms have been omitted. These can, if necessary, be added

to the total energy of the molecule at the end of the calculation. The

one electron operators Hy(f) are the Hamiltonian operators for the electrons

£ moving in the field of the bare nuclei and consist of a kinetic energy

term and an electron-nuclear attraction term:

Hy(g) = -pvf - 23 %o (3.15)
61

I‘gu
In equation 3.15, Z, is the charge on nucleus o and rzy is the
electron-nuclear separation.
It is well known that the Schrodinger equation {(3.13) cannot be

solved exactly. Hence an approximate molecular wavefunction, &, must be

found subject to the constraints that it is composed of one-electron



functions, satisfies the Pauli Principle and minimises the total energy,
Erors of the system. To satisfy the Pauli Principle it is necessary that
9 is antisymmetric with respect to interchange of two electrons. TFor a
system with n electrons, this can be achieved by writing the total

wavefunction in the form of a determinant, known as a Slater determinant:

o= 1 A1(1) do()m = = = - - = - An(l)
/n. A (2) |
, i
| 1
| , (3.16)
| !
| 1
l l
| I
. !
R e I A (n)

where the one electron functions X; (&) are known as molecular spin orbitals
(MS0's) and 1 defines the different orbitals and £ ldentifies the different
electrons. 1//;I is a normalisation constant. This is the simplest case

of a determinantal wave function and it should be apparent that & will
satisfy the Pauli Principle since the interchange of two rows or columns

of a determinant causes it to change to -1 times itself. More generally,

® can be written as a linear combination of Slater determinants which will

also satisfy the Pauli Principle.

The MSO's from equation 3.16 are assumed to be orthonormal

i.e.f,\’-l‘ Ay dr o= 845 (3.17)

where dt denotes integration over all space and spin coordinates. The

MSO's can be expressed as products of spin and space functions,
e.g. Ay = d10, Ao = 998
The spin functions o or B are clearly orthonormal while the space

function can be assumed to be orthonormal. These two conditions will

satisfy equation 3.17.
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Using a different notation, the determinant of equation 3.16 can

be expressed as:

¢ = |41 31 42 6~ S B Or B |

For a closed shell system, v = n/2 where n= the number of electrons.
If it is assumed that Ay = 61, A2 = ¢, A3 = $g ——==== Ag-1 = ¢y and i, = ?p‘v,
where the bar ('-") denotes R spin and no bar denotes o spin, the

expression for & becomes,

(3.18)

Having done this, an expression for the expectation value of the
electronic energy can be derived. Equation 3.13 is multiplied on the

left by ¥* and integrated over all space to give

/: H, Ydt = Eq fb;'* vdr

which yields an expression for E,.

If ¥ is replaced by ¢, the following expression can be obtained

(note that the 'e' subscripts have been dropped for simplicity),

E = _._____.__.f”) i odr (3.19)
[ o edr
The denominator is equal to 1 since ® will be normalised from the
orthonormalisation conditions on the MSO's . The variation theorem (1)
requires that the expression for E in equation 3.19 should be minimised
with respect to ®. An expression for E of the form H®/d cannot be used

since it has no associated minimum property (7).

An expression for the energy E can now be derived by substituting
expressions for the wavefunction, ®, and the operator, H, into equation

3.19. The wavefunction ® is given by the determinant in equation 3.16
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but can be re-expressed as:

s = 7{%_2 DPPO (D) 25(2).n.edy (), (3.20)
P
The summation is over all n! distinct permutations, P, and the
value of (-1)P is +1 or -1 if the permutation involves an even or odd
number of pairwise permutations respectively. Substituting equations
3.14 and 3.20 into equation 3.19 will give two types of integrals, omne
involving the one electron operators, Hy(£) and the other involving the

two electron operators l/rgn. The one electron integrals have the form:

Ipg = %*fz (—1)PP(A1(1).....An<n>)"’Z Hy(8) x
. p g

2 DG @A (D) dr(2).....dt@)  (3.21)
Q

By considering a given permutation, P, and then considering the
effect of each of the one electron operators, Hy(£), on each of the
permutations, Q, it can be seen that the integral of equation 3.21 is
non-vanishing only when the permutation, Q, is equal to the specific
permutation, P, under consideration. When summed over all n!
permutations, equation 3.21 is reduced to a sum of one electron integrals,

Zli, where the ''' superscript denotes integration over space and
spin. The two electron integrals may be similarly reduced to a sum of

'

coulomb and exchange integrals, Jj;' and K;:'

I This leads directly to

an expression for E as follows:

E= 20 T 420 gyt - kg (3.22)

i 1<j
This is a general result where:

1

I; =fxi>'=(1> Hy (1) A; (1) dt(1) (3.23)

' = * % ~__]:_. . .
Kij —[/ As (1) kj (2) 1o )\J(l) A;(2) dt(1)dt(2) (3,25)
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For a closed shell system, these integrals may be reduced
further to involve space coordinates only. It is assumed that no
spin-orbit coupling occurs allowing the space and spin variables to
be separated. The spin parts of the MSO's in Ii', Jij' and Kij' are
integrated out and the summation variable redefined to run over all

V(=n/2) occupied space orbitals. Use of the identity

yields new expressions
I; =f<:>i>'<<1> Hy (1) 65 (1) dv(1) (3.27)
/1 1
3ij j/@p(l) 05%(2) 7= 81 (D) 95(2) av(D) av(2) (3.28)
r:o= - % . _.1_.,. A . ;
Ki j]:’gl (1) 03%(2) = 05(1) 95(2) dv(D) dv(2) (3.29)
The expression for E for a closed shell system becomes
n n
B- 2 20T + 23 (245 - K;5) (3.30)
i 1]

Equation 3.30 is the most useful and widely used form of the energy
expression for a closed shell determinantal function. It can be

written in a different way as:

25 (I3 + )

1
where €; I, + E: (ZJij - Kij)
J

jea]
1

11

A physical interpretation will be given later in the discussion of

Koopmans' theorem (e; is, in fact, the Hartree-Fock orbital energy).

The energy terms I;, Jij and Kij can be interpreted qualitatively.
I; is the energy of an electron in orbital i moving in the field of the

bare nuclei. Jij’ known as the coulomb integral, is simply the

electronic interaction between electrons in orbitals i and j. Classically
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it can be interpreted as the coulomb interaction between two charged
particles (electrons). The exchange integrals, Kij’ though having no
classical analogue, can be interpreted as interactions between pairs

of electrons having parallel spins.

Having obtained equation 3.30, the variation Theorem (7) may
now be used to determine an approximate total determinantal wavefunction,
®. The next step in the process is to define coulomb and exchange

operators, J; and K; as follows:
Tij =f¢i""<” J5(1) 95(1) dv(D) zﬁj*(Z) T3 (2) 65(2) dv(2) (3.31)
Kij =f¢i:':(1) KJ (1) (\bi(l) dv (1) E’/‘g‘;j;'c(z) Ki(z) ¢_] (2) dv(2) (3.32)
Equation 3.30 can now be written in the form:-

E =2 Zf oy op dv o+ 23 fogs (05 - K g4 dv (3.33)
i 1]

According to the Variation Theorem, the total energy, E, must

now be minimised subject to the constraint

513 =f¢i"‘ 05 dv = 645 (3.3%)

The method of undetermined multipliers, due to Lagrange, is
applied to equations 3.34 in which each equation is multiplied by the

Lagrange multiplier, ~2€ij, and added to the total energy to give:
E' = E - 2 Zelj Slj (335)
1]
E' must now be minimised for constant eij's
i.e, OSE' = 8§E - 2 :?} Eijésij =0 (3.36)

where the §'s represent changes induced by small variations in the

molecular space-orbitals, 8¢;. The variation in 513 is then:
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681] = Ez 5¢)i* ’j)J dv + E (’bi* S(ﬁJ dv (3,37)

From equation 3.33, SE can be written as:

E = 2S5 :'/Mi* Hy ¢ dv + 22 :];1 Hy 66; dv

i i

+Z[ﬁ¢i* (235 = ¥;)95 dv +f5¢j>'< (20; = %;) ¢ dv]

1]
+§. ; [’/‘df)i* (ZJj - K_])(Sd)l dv +fd)j"‘ (ZJ]'_ - Kl)ddﬁj dv] (3.38)

1]

The indices 1 and ] run over the same ranges. It should be noted
that, since the operators Hy, Ji and K; are hermitian®, the expression

for SE reduces to:

§E = 2 ﬁfbi* [HN + z: 2JJ - KJ](’Dl dv
i 3
+ 22' :ﬁ¢i [HI\I+ +§ : 2Jj+ = Kj+]¢i* dv (3.39)
1 ]

The results of equations 3.37 and 3.39 can now be substituted

into equation 3.36 to give:

SE' = 2 E _/é(bi* [{HN + E (?,Jj - Kj>}¢i - 2, gij(bj]dv
1 j j
+ 2§§/a¢i [{ny" > (zJj+ - Kj+)}¢i* - > e5403%]dv (3.40)
- j j

The condition for minimisation of SE' is that the coefficients
associated with the {8¢;*} and {§¢;} in the integrands of equation 3.40

should identically wvanish
i.e. [HN + E: (ZJj - KJ)](bl = z: €13 (}53 (3.41)
] J
+
and [Hy +§: (ZJJ-— Kj+)]¢i* =§: €1y 93%
J ]
*A hermitian operator A is defined by j.fi*Afj dv = J‘fjA+fi*’ dv,

where the ™ denotes the hermitian conjugate of that operator, and
f; and fj are arbitrary functions.
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The set of most flexible molecular orbitals, <g, must satisfy
these expressions. Taking the complex conjugate of equation 3.41 and
comparing it with equation 3.40, 1t can easily be shown that the
matrix elements Eij* are equal to the gij' The total electron
interaction operator, G, and the Hartree-Fock Hamiltonion, F, are

defined as follows:

]
i

Z (275 = K;) (3.42)
J

Hy + G (3.43)

i

and F

These definitions allow equation 3.41 to be written as:

Fo; = >7 eqj 9] (3.44)
A}

or, in matrix form

Fo = e (3.45)

where F and € are m x m matrices (m = the number of mo's) and ¢ is a

column vector. There is no loss of generality if it 1s assumed at the

outset that the most flexible set of mo's satisfy the equation below:
Foés =¢€; ¢ (3.46)

i.e. the & matrix is diagonal with elements e (this amounts to
subjecting the initial determinant to an arbitrary linear transformation
without affecting its physical significance).

The set of equations 3.46 are known as the Hartree-Fock
equations and state that, for a closed shell molecule, the mo's giving
the "best" single determinantal wavefunction, ¢, are all eigen functions
of the same hermitian operator F which is, in turn, defined in terms of
these mos. The operator, F, is dependent on the orbitals, s by
virtue of the dependence of F on J; and K;. To solve the problem, a

self-consistent field (SCF) method is used in which a trial set of ¢;
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is assumed from which a trial F can be determined. Equation (3.46) can
be solved to give a new set of ¢; and the process repeated until a

convergence criterion placed on the ¢; or on the total energy is

reached.

The most commonly used technique is the Linear Combination of
Atomic Orbitals (LCAO) SCF method first introduced by Roothaan (5) in

which the molecular space orbitals are approximated by:

le = Z Ciq Xq (3.47)
q

Here the Xq are normalised atomic orbitals (AO's) and the Ciq are a

set of coefficients. Substituting equation 3.47 into equation 3.46,

mulkiply beth sides by Yp and inkegroke gives (8):

E%Z Ciq(Fpq = Spq €1) = O (3.48)
where

qu = <XP¥F!Xq> (3.49)

Spq = <prxq> (3.50)

A more rigorous approach uses a variational treatment similar
to that used for the derivation of the Hartree-Fock equations, such

that the total energy is minimised with respect to the LCAO coefficients.

This yvields the result (5),

Fc e8¢ (3.51)

where F and S are matrices with elements qu and SDq defined in

equations 3.49 and 3.50, ¢ is the matrix of TLagrangian multipliers,

€i5> and C is the matrix of coefficients. Since an arbitrary linear

transformation of the initial determinant can be chosen which makes £
diagonal, the following holds for the ith mo:
(3.52)

FCi = 5
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where Ci is the column vector with m components Cii.....Ciy and S and F

are matrices of dimension m X m.

The SCF process now involves estimating an initial set of
coefficients Ciq and computing the trial qu. Equation 3.48 is then
solved to determine the new Ciq which in turn allows another set of qu
to be calculated. The process is applied repeatedly until convergence
is reached i.e. the total energy becomes lower on each successive
iteration and the energy difference between successive iterations is

within a pre-set tolerance.

In theory, the most accurate wavefunction for the system would
require an infinite number of AO's in the MO expansion or a sufficient
number of AO's such that the total energy is at the "Hartree-Fock limit"
i.e. further addition of any AO's does not lead to a further lowering
of the total energy. Clearly this cannot alwavs be achieved because
of the computational problems involved. Hence in practice a compromise
is achieved by using a truncated basis set which gives the most accurate

results consistent with the available computer time.

Koopmans' Theorem

Koopmans' Theorem offers a method of predicting vertical
ionisation potentials (VIPs) of closed shell molecules. It can be

derived from the Hartree-Fock method as follows:

Consider the photoionisation of an electron in the ith orbital
of a closed shell molecule consisting of v doubly occupied MO's,

$1+++..9y, Trepresented as:

i ———lkb—-——v —-—*q—————— }  open shell

closed shell
" —— ——

|
i
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The initial molecular state is labelled (ly,) and the final
ionic state is labelled (2w+). The total energy of the initial state,

E(lwo) is given directly by equation 3.30:

E(1g) :E: ; +-:£: (2355 » (3.53)

k|
The total energy of the ionic state will be made up of an
expression similar to equation 3.30 consisting of the total energy of
the (v-1) closed shells, the one electron integral for the single open
shell and a term representing the total interaction energy of the open
shell with the closed shell. Assuming no electronic reorganisation

takes place on ionisation, this can be written:

£(2p,) = Z ; +Z (2055 = K430

J%l J,le

M PN (2355 = Kq3) (3.54)
energy of  J(¥i)
closed shell

open—closed shell

interaction energy

When the summations over the closed shells are redefined to
include the open shell, i, the expression becomes:
v

Y
EC20,) = 220 Tj + >0 (235 = Ky
j

1,k

-1 - Z (2355 = Kij) (3.55)
J

The first two terms are simply the energy of the initial

molecular state, E(lwo). Hence the ionisation energy for the process

E(Ppy) < E(lwo) is given by:
E(2yp) - E(Mye) = - I3 - >3 (2315 = Ki3) (3.56)

From equation 3.52 this expression reduces to:

E(2y,) - E(lyo) = - ¢4 (3.57)



The left hand side of this equation 1s the vertical
ionisation potential, IP;, which corresponds to ionisation of an

electron in orbital i, such that:
IP. = - ¢ (3.58)

£; 1s the negative of the orbital energy obtained from a molecular
orbital calculation on the neutral molecule at the Hartree-Fock limit.
This is the approximation proposed by Koopmans (9) and is known as
Koopmans' Theorem. The theorem is applicable only to closed-shell
molecules and any calculation should preferably be performed at the
Hartree-Fock limit to minimise errors arising from truncation of the

basis set.

Relaxation and Correlation Energy

Some important factors are ignored when deriving Koopmans'
Theorem (equation 3.58). TFirstly, in writing down the expression for
the total energy of the ionic state, it was assumed that the orbitals,
¢1, remain unchanged on ionisation. In reality, when ionisation occurs
the orbitals will reorganise to some extent, resulting in a lowering of
the total energy of the ion. This is known as the reorganisation, or
relaxation, effect. As a result, the Koopmans' Theorem ionisation
energy needs a negative correction to take account of this. This

correction 1s known as the Reorganisation Energy.

Secondly, the other major effect is that of neglect of Electron
Correlation. This arises from the fact that, in the Hartree-Fock
method (on which the derivation of Koopmans' theorem is based), electron—
electron interaction is evaluated as an interaction of each electron with
an averaged—out charge of all the other electrons. This error occurs in
the evaluation of the coulomb terms in the Hartree~Fock Hamiltonian. The
exchange terms are evaluated correctly and considered as the instantaneous
interaction between electrons having parallel terms. These terms only
account for some of the error which is known as the Correlation energy.
Hence, an error in the total energy calculated by the Hartree-Fock
method is introduced such that the total energy will be more positive
than the true experimental energy by an amount equal to the correlation

energy.
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Allowance for reorganisation and correlation errors in

Koopmans' theorem can be written as follows:
(o]
IP; = IP; - R+ C (3.59)
(where in (3.59) R and C are usually +ve quantities).

As mentioned above, allowance for orbital relaxation in the
ion requires a megative correction, —-R, to the Koopmans' Theorem i.p.
Electron correlation will lower the Hartree-Fock total energy of both
the molecule and the ion but this usually introduces a positive
contribution, +C, since the correlation energy in a n—electron molecule
will usually be greater than in the corresponding (n-1) electron ion
(10). It is obvious from equation 3.59 that if R and C are apnroximately
equal, the IP% will be good estimates for IP;. This does sometimes
happen though such a balance is fortuitous and it is usually found,
for calculations performed at the Hartree-Fock limit, that the Koopmans'
Theorem value is too high implying that R>C. 1In some cases, Koopmans'
Theorem fails to predict the correct ordering of states in the ion
(11,12) and such discrepancies are only remedied on subsequent accurate
calculation of the correlation energy in both the molecule and the

ionic states.

The ASCF Method

In this method separate SCF calculations are performed on both
the molecule and the ion at the equilibrium geometry of the neutral
molecule. The difference in the total energies of the molecule and ion
in a particular state will be an estimate of the vertical ionisation
potential for that ionisation (definitions of both vertical and
adiabatic ionisation potentials may be found in section 3.4 of this
thesis). The fact that a separate calculation has been performed on
both molecule and ion means that the effects of orbital relaxation will
have been included. Unfortunately, since non-allowance for correlation
energy is a defect in the Hartree—-Fock SCF method, the ASCF method itself

will also suffer from the same deficiency. As a result, vertical
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ionisation potentials predicted by the ASCF method are frequently

too low when compared with experimental vertical ionisation potentials.
Since the corresponding Koopmans' theorem vertical ionisation potentials
are often too high it is fairly common to find that the true
experimental vertical ionisation potential lies somewhere between the
calculated ASCF and Koopmans' Theorem values. Methods of estimating

the correlation energy correction required in a ASCF calculation will

be described later in this Chapter and include the Multi-Configuration

SCF (MCSCF) method and the method of Configuration Interaction (CI).

Open Shell Theory and the ATMOL Method

Koopmans' Theorem 1s only useful for closed-shell molecules and
sometimes predicts an incorrect ordering of ionic states. To
circumvent this problem an SCF calculation needs to be performed for
the neutral molecule and for each ionic state. It is obvious that, if
the neutral molecule is a closed shell species, then the ion must be an
open shell specles. Thus closed~shell theory must be extended in some
way to take account of this. Also it is very desirable to have a
method of studying molecules where the neutral molecule itself is an

open shell species (this thesis describes studies of several open shell

molecules).

Several SCF studies on open shell systems have been performed

(13-16) with the general starting point being the method of Roothaan (5).

Roothaans open shell method (6) is an extension of the closed
shell theory (5). It involves no further approximations, and can be

applied to systems with more than one unpaired electron.

In the Roothaan Formalism (6) an energy expression of the

following type is derived:

Fo=2 D200 +20 (2051 = Kep) + £[292% Inp + £ >4 (2alyy = bKy,)
k k1 m mn
+ 2 gj (231m = Ky ] (3.60)
m

where a, b and f are numerical constants depending on the specific case
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under study. The first two summations are familiar as those over

the closed shells (given in equation 3.30), the second two are over

the open shells and the last is over all open—-closed shell interactions.
Application of the Variation Theorem to this expression yields two sets
of Hartree-Fock type SCF equations, which involve two different
Hartree-Fock operators, one for the closed and one for the open shells.
Unfilled, or virtual, molecular orbitals are undefined in this double
Hamiltonian method, but can be included by combining these two
equations in such a way as to give one resultant operator which
operates on all of the molecular orbitals. This method is known as

the combined Hamiltonian method (6).

The Roothaan combined Hamiltonian method (6) has a number of
deficiencies. TFor example, it only gives correct wavefunctions for
configurations of maximum multiplicity and it cannot cope with cases
where the open shells have different fractional occupation. These
problems can, however, be overcome by using a more general energy
expression due to Huzinaga (13). The most serious problem associated
with the Roothaan method is that of achieving convergence in the SCF
process. Such problems can even occur for closed shell calculations
(17) and this is the result of an initial poor choice of trial wave-
function. Divergence or oscillation may occur in the SCF nrocess,
particularly when a highly excited state or a state with a near

degenerate neighbour of the same symmetry is being considered.

Roothaan (6) demonstrated that, by going from a double-
Hamiltonian method to a single Hamiltonian method, the number of
Hamiltonians required to correctly solve the open-shell problems was
not unique. Later, a method involving three basic Hamiltonians, one for
the closed shell, one for the open shell and one for the virtual shell
was developed by McWeeny and coworkers (18,19). This was unfortunately
limited in its application because of difficulties encountered in
obtaining convergence. This led to the development of the ATMOL method
(17, 20-23) which has proved to be very successful in performing
molecular orbital calculations on both open and closed shell molecules
and ions. The ATMOL method is very flexible and allows SCF calculations

to be performed on closed shell and open shell molecules (up to ten open
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shells can be handled), For simplicity, the method used for an SCF
calculation on a molecule with just one unparied orbital will be
described here, though this can easily be extended to cover molecules
with a number of open shells. The purpose of the ATMOL method for
systems with one unpaired electron is to make stationary the energy of
a single determinantal wavefunction (for a given choice of basis set)
constructed from M1 orthonormal doubly occupied molecular orbitals
(DOMOs) and M2 orthonormal singly occupied molecular orbitals (SOMOs),
the latter being of common spin factor. TFrom M linearly independent
basis functions, M3 virtual molecular orbitals (VMOs) can be
constructed (M=M1+M2+M3), such that all the MO's form an orthonormal
set. Let Y3, Vo, Y3 and ¢ denote row vectors of the DOMOs, SCMOs, VMOs

and basis functions respectively, then:
(1 = Y2t ¥3) = ¢(Qp : Q2 : Q3) = ¢Q (3.61)

where each column of Q contains the basis function coefficients of a
given molecular orbital. The following density matrices may now be

defined:

Ry = Qp Q' (3.62)

Ry = Qo Qof (3.63)

where T denotes a transposed matrix. The electronic energy expression

for the "half closed" shell case considered here is given by:
E = 2trRqF + trRpF + 2trR1J[Ry] - trRyK[Ry] + ;trRoJIR?]
- 3trRoK[Rp] + 2trRoJ[R7] - trRpK[Rq] (3.64)

where F is the matrix representation of the one electron Hamiltonian and
J[R] and K[R] denote the coulomb and exchange matrices respectively for

a given density matrix R. 1i.e.

Jpq =21 Reg(pq/rs) (3.65)
rs
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Kq = :%g R, (pr/qs) (3.66)
. . 1
and (pq/rs) i[ykbk(l>¢sﬂ(2) ;IE’¢q(1)¢r(2)dT(l)dr(2) (3.67)

Note that equation 3.64 1s exactly analogous to equation 3.60 with

f =14, a=1andb =2 (21).

The following matrices may now be defined:-

R = 2Ry + Ry (3.68)
P = IRy (3.69)
G = J[R] - LK[R] (3.70)
7 = K[P] (3.71)

It is now convenient to make the following definition of a Fock operator

Hy =F + G+ CiZ (3.72)

where the values of Cp of interest are given in the following table:

Cn

0
-1
+1
+2
-2

[ O =]

The energy expression may now be written in a form convenient

for computational purposes as:-—
E = ltrR(F + H1) - trPZ (3.73)

In order to examine the conditions for a stationary energy,
physically significant variations in the molecular orbitals can be

considered as:
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(a) mixing of DOMOs with VMOs
(b) mixing of SOMOs with VMOs
(¢) mixing of DOMOs and SOMOs.

Small variations of these types, while preserving the

orthonormality of the DOMOs to first order, may be written:—

(a) Lpll = (Y1 : ¥3) E}] (3.74)
A
(b) ol = (Ug : ¥3) FE:] (3.75)
B
1 Ip o=t
(e) by =)™ = (g = )| 2 T (3.76)
C v I

where I, and I, are identitv matrices of order Ml and M2 respectively
and A, B and C are matrices of mixing coefficlents of order M3 x M1,
M3 x M2 and M2 x Ml respectively. Equations 3.74, 3.75 and3.76 can

be combined to give:

I -cT .
Wy = vl = (w2 wg s wa (3.77)
C ! 12

It should be noted that the density matrices Ry and Ry, and hence
the energy, are invariant under unitary transformations which mix MOs
within the same category (i.e. DOMO or SOMO). Thus a unique
specification of the self-consistent DOMOs and SOMOs requires extra sets
of IMI(M1 - 1) and IM2(M2 - 1) conditions respectively. These extra

conditions may be supplied by requiring that:
T =
Qp 720 = A (3.78)

where Z is an arbitrary M x M hermitian matrix. A is a diagonal matrix
and L denotes a particular category of molecular orbital. The perturbed
molecular orbitals are orthonormal only to first order. The expansion

of the energy, correct to first order in the elements of the matrices
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A, B and C is given by (21, 23):
M1 M3 M2

M3
E=E, + 400 24 A H1Ri+zZZ By H2p
ki N ko]

M1 M2

1 J

where the summation variables i, j and k refer to DOMOs, SOMOs and
VMOs respectively, and Hppq is the matrix element of the pth MO with
the gth MO over the operator H,. The conditions for a stationary
state are satisfied when all the matrix elements HI, ., H2y 5 and H3j4

in equation 3.79 are zero. Thus:

E

gA : = AUl (3.80)
k1) Api-o

a‘

- = 2H2 (3.81)
k] Bkj:O

oE

EYe = 2H334 (3.82)
It/ C5i=0

The first order analysis will be valid if the elements of A, B
and C are small (i.e. the "higher terms" of equatiomn 3.79 will be
negligible). The general philosophy of the minimisation procedure 1is
as follows: A suitable Fock operator is defined in the basis of the
trial molecular orbitals (rather than in the atomic basis function
representation) and this Fock operator is diagonalised. The resulting
eigenvectors, after suitable ordering, define iterated molecular

orbitals as linear combinations of the trial molecular orbitals.

If Q(k) denotes the eigenvector array defining trial molecular
orbitals as a linear combination of basis functions for the k'th
iterative cycle and T(k) denotes the eigenvectors resulting from the
diagonalisation of the Fock operator in the trial molecular orbital
basis, then iterated molecular orbitals are defined as linear

combinations of the trial molecular orbitals. Then,

Qk+D) o ()7 (k) (3.83)
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where Q(k+1) is to be used as the input for the (K+1)th cyele. The

general form of the Fock operator is:

| {
(HD) 94 v Mds (H3) g . ravHD gy
_______ e
Aas(H3)gq (HS)gs + aly, | Agy(H2)gy
——————— e T eI (3.84)
Age D yg | rey(H2)ys L (HV) gy + (o + 8)I3

where (HD) 44, (HS)SS and (HV), each denote a block of one of the
operators Hl to H3 in the basis of the DOMOs, SOMOs and VMOs respectively.

Mds, Mdy and Agy are the DOMO-SOMO, DOMO-VMO and SOMO-VMO
"damp factors' respectively and are often set to unity. These "damp
factors'" have the effect of preventing any wild oscillations between
neighbouring states of the same symmetry. (H3)4s denotes a block of
H3 comnecting all DOMOs with all SOMOs. (H3)g4 is the transpose of
(H3) 3¢ and (HD) 4y 5 (H1) 4> (H2)gy and (H2)yg are defined in a similar
way. Lastly, o and 8 denote the DOMO-SOMO and SOMO-VMO level shifters
respectively. Level shifters have the effect of separating the DOMOs,
SO0MOs and VMOs thus ensuring that the stationary state obtained in the
calculation is the one actually required. Also, any interactions
between VMOs and DOMOs, which may affect the overall result, are

avoided.

It can be seen that if the above Fock operator is diagonal, the
conditions for a stationary energy will be satisfied (equations 3.79
to 3.82) so that the total wavefunction will be self-consistent. The
use of first order perturbation theory to monitor the diagonalisation

of the Fock operator (21) yields the results:

Ap; = AgyHlyi/(HD{; - HVyy — o — B) (3.85)
Byj = XSVH2kj/(HSjj - "V - B (3.86)
Cji = Agsh3ji/(HDjj - HS5; = o) (3.87)

Assuming that the damp factors Agy, Agy and Agg are set to unity

and if o and B are chosen to be positive and with a sufficiently large

magnitude then:
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(a) the first order analysis will be yalid irrespective
of the magnitude of the elements of the Fock operator;

(b) the trial MO's can be forced to obey the "aufbau'
principle so that large scale inter-shell swapping of
molecular orbitals is inhibited. Such large scale
swapping would correspond to large perturbations in
the wavefunction;

(c) the matrix elements of A, B and C can be made
arbitrarily small and of opposite sign to the
elements Hly;, Hij and H3ji (equations 3.79 to
3.82).

Thus, for a suitable choice of level shifters, the iterated
total energy will be lower than the starting total energy value given
any trial set of molecular orbitals and iteration will alwavs proceed

down the energy surface.

The level shifted eigenvalues of the Fock operator are corrected
by (o + 8) and o for the VMOs and SOMOs respectively, to give the non-
level shifted eigenvalues which can then be used for further calculation
(see section on CI calculations). Thus, generally speaking, convergence
to a given state can nearly always be achieved by choosing a sufficiently

high value of the level shifters.

The ATMOL method is noted for its 1lack of complication, ease of
use and flexibility in forcing convergence to most states of molecules
or ions, though problems are sometimes encountered when a highly
excited state or a state with a near degenerate neighbour of the same
symmetry are being considered. Also, sometimes the need to use
excessively large level shifters in forcing convergence can be wasteful
of computer time since the rate of convergence can be drastically
reduced. The ATMOL method has been used widely throughout this thesis
for computing wavefunctions of molecules and ions and the prediction of
vertical ionisation potentials. The results of these calculations are
given in Chapters 6 (TiO, VO and Cr0) and 7 (AlF and AlF4). [It should
be noted that the vector coupling coefficients required for calculations
on systems with more than one open shell are given in an appendix at

the end of this Chapter].
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Configuration Interaction (CI)

The method of configuration interaction involves a straightforward
variational solution (24) of the Ritz linear expansion of electronic
wavefunctions. The method uses a linear expansion of the trial functions,

expressed as:

j=}

v o= Cs s (3.88)

where the ¢, are predetermined expansion functions and the linear
expansion coefficients Cg are the parameters which are varied to make
E(¥Y) stationary. The obvious difference between this method and the SCF
method lies in the fact that the latter relies on a single Slater
determinant while the CI method relies on several determinants depending
on the number of configuration functions (®g) generated. As before,
application of the Variation Theorem leads to the generalised matrix

eigenvalue equation.
He = ES ¢ (3.89)

where H and S are Hermitian matrices defined by

Hgr <®3Jﬁl@k> (3.90)

Il

Sst <bg| o> (3.91)

and the column vector, c has the desired coefficients, Cg, as comnonents.
The set of expansion functions, {&g}, is normally chosen to be orthonormal,
in which case S becomes a unit matrix and equation 3.89 reduces to
He = Ec (3.92
The eigenvalues, E;, will be numbered such that
O O I (3.93)

Fach eigenvalue, E,, of equation 3.89 is an upperbound to the corresnonding

p,



~

eigenvalue of H and, as additional terms are added to the expansion,

each eigenvalue, Ep(n+l> of the (M*1D)-term expansion satisfies the

inequalities

Eé?% < Ep(n+1) < Eén) (3.94)

and as the expansion set {&g} approaches completion, each eigenvalue
(n)
p A
of H from above.

E of equation 3.89 will approach the corresponding eigenvalue, Ep,

In general, a configuration interaction (Cl) calculation proceeds
through several steps which will be described in detail later. These

can be summarised as:

(a) Construction of configuration functions (CFg).
(b) Selection of configuration functions.

(c) Matrix element evaluation.

(d) CI Matrix eigenvalue evaluation.

(e) Wavefunction analysis,.

A configuration interaction calculation is a very effective method
of accounting for the correlation energy neglected by the Hartree-Fock
SCF method. The method is more likely to take account of all the electron
correlation in a particular molecular or ionic state if the preceding
SCF calculation is carried out at the Hartree-Fock limit and if all
configuration functions of the correct symmetry are included in the
final CI expansion. Unfortunately, the number of configuration functions,
which can number thousands for a molecule of the type studied in this
thesis, makes a CI calculation very expensive in terms of computer time.
This problem may be partially remedied by only including certain
configuration functions in the final CI expansion. The methods of

achieving this will be discussed in section b).

The various stages of a CI calculation will now be described in
detail with reference to the SPLICE CI program (25) used throughout this
thesis. This program was designed to be run in conjunction with the

ATMOL3 suite of programs (23).
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(a) Construction of Configuration Functions (CFg)

Configuration functions are constructed from products of one-
electron functions (spin-orbitals) such that each ¢, satisfies the same
symmetry conditions that ¢ is required to satisfy. The main symmetry
condition is that the CFs should be antisymmetric with respect to
interchange of two electrons and this can be easily satisfied by
collecting the products of spin-orbitals in &g into Slater determinants.
A linear combination of Slater determinants is still required in the
general case to satisfy spin and space symmetry conditions. This can
be done by choosing CFs which are eigen functions of the spin operators,

s2 and S7, since the Hamiltonian is spin-free.

A bonded function for a n-electron system corresponding to p spin-

coupled pairs and n-2p unpaired orbitals is defined as follows:

¢ (3.95)

where the spin coupled pairs are defined as:

(01951 = 01 (1) $5G) 5 {a(i) 8- a ()} if o1 § o5

/2 45 (1) ¢5(3) a(i) B(D) (3.96)

and the unpaired orbitals are defined as:
[6; = ¢3(1) a(i)] (3.97)

The symbol A denoctes an antisyvmmetrising operator which produces a
normalised, completely antisymmetric wavefunction. Configuration
function generation proceeds by two simple rules which correspond to the

Rumer bonded function scheme (26).

(1) In each bonded function identical orbitals must be
bracketed together i.e. any repeated spatial orbital

must occur once with o spin and once with B spin.



(ii) From the remaining orbitals, all bracket patterns
are constructed which preserve an excess, if any,
of left brackets. The SPLICE program will generate
a complete set of CFs, which satisfy the spin and
symmetry constraints, from a given set of reference
configurations. All possible single and double
excitations from the reference configurations are
considered but may often give rise to a large
number of CFs. 1In cases like this, it 1s necessary
to introduce some form of configuration function

selection.

(b) Selection of Configuration Functions

Two methods of selection are available. Firstly, since a given set
of reference configurations may give rise to a very large number of
configuration functions, most of which will have a negligible effect on
the final CI expansion, it is prudent to use a 'preselection’ method.
This is carried out by restricting the number of virtual orbitals to
which electrons may be excited and by "freezing'" some of the deeper
orbitals or "core'" orbitals. 'Freezing" the core orbitals will completely
neglect correlation effects in the inner shell, but this is an acceptable
approximation since the purpose of this work is to calculate total energies
of molecules and their valence ionic states and hence determine vertical
ionisation potentials for valence electron ionization. Subtraction of
the total energies of an ion in a particular state from the neutral
molecule will cancel this error since the inner shell will be essentially
identical for both molecule and ion. For a CI calculation to be
effective, all the CFs likely to make an appreciable contribution to the
CI energy must be included. In general terms, the most important CFs are
likely to be those which involve excitation of electrons from the upper-—
most occupied orbitals to the lowermost virtual orbitals. Excitations
from the "frozen" (or core orbitals) to "frozen'" virtual orbitals are
unlikely to generate states which make large contributions to the energy
lowering because of the large energy differences between the orbitals
involved. Examples of the use of this method are given in Chapter 4

(Ti0, VO and Cr0).



Secondly, individual configuration selection may be carried out.
This is a way of either estimating the contribution to the lowering of
the total energy for each CF or by estimating the CI coefficient of an
individual CF in the final CI wavefunction. To achieve this, first

order perturbation theory is applied to give

Cs = <t [Blog> (3.98
ST <oolfle0> - <os|flog> +98)

s 15 le 517
and AE; = | <ts il 007 (3.99)

S Al > = <o lfilog>

where ¢, is a zero-order wavefunction (or reference configuration). Cg

is the CI coefficient and AEg is the energy contribution of a CF, ¢g, to
the CI total energy. These formulae are quite adequate for configuration
selection provided that by is a good zero order wavefunction. Where this
is not the case 1t is necessary to use a set of configuration functions
known as root functions, which are a linear combination of determinants

as an estimate for yo. This makes the situation a little more comnlicated
since the modified method has to take account of interactions between the
root functions themselves as well as with the CFs. This can lead to
problems when using a selection procedure to reduce the number of CFs to
be included in the final CI expansion. To choose a set of root
configurations, a full CI calculation is performed (with the required

core and virtual orbitals frozen) and all configuration functions
(generated by single and double excitation) with a coefficient of greater
than 0.2 in the CI total energy are then used as root configurations in
the final CI. However, in practice, it is unusual to find anv configuration
functions with a coefficient large enough to be added to the set of root

configurations.

The selection of the configurations themselves proceeds by two
methods: cumulative or threshold selection. Cumulative selection is
achieved by specifying the number of configurations to be retained in the
final CI and discarding the remainder of lower emergy. Threshold selection
is accomplished by specifying an energy threshold and any configurations
with energy contribution below that threshold are discarded. Using either
of these two methods, the computation time required can be reduced sub-

stantially with little loss of accuracy (27).
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Unfortunately, in the SPLICE program, perturbation selection is
only applicable to calculations involving non-degenerate states. The
selection procedure will break down for a state with degeneracy and
this is due to the assumptions made in perturbation theory. This can

be outlined as follows:-

The Schrodinger equation is first assumed,

HeO 150 = Eg® 4,0 (3.100)
where Ho®, 0o and E,° are the zero order Hamiltonian,wavefunction and
energy respectively, The Hamiltonian used in the full CI calculation
is assumed to be only slightly different and can be written:

Hep = He + D to first order (3.101)
The equation which now has to be solved becomes

(He + AHEWypy = Eq v (3.102)

Since ¥, and E, will be functions of A, they can be expanded in the form

of a power series and written down as

Ve = weO +Awe<1) + 22 we<2) T oo e (3.103)

Be = Eo® +AEc(D) + 22 5, (2) + [ ... (3.104)
Substituting equations 3.103 and 3.104 into equation 3,102 gives
(g + M)y (0 + ape (D) + 22 3, (D 4 L, )

= (Bg + ABgD + 22 5, D+ Ll Y+ w, ) a2y (2,

The next stage is to expand this out and equate coefficients on both sides

of the equation, thus
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He e + A(Hg we(l) + v 1‘;’eo) +»k2(He we(2> + H(l) We(l)) UEEEEE
- Eeo weo + }\(Eeo 7‘7';18(1) + Ee(l) weO) + >“2(Eeo we(2> EX Ee(l) d)e(l)
+ Eg(2) o) + ...,

Equating powers of A on both sides of the equation, gives,

He ¥e° = Eg% v,° (3.105)

(He = Ee®pe (1) = 5, (1) y,0 - w(D) y o (3.106)

(He = £ 02 = £, (D) yoo v g, (D (D - w1y () (3.107)

Equation 3.105, by assumption, has already been solved. Solutions of
equations 3,106 and 3.107 will give we(1> and Ee(l) and @e(2> and Ee(2)
and so on. For a first order perturbation, it is the solution of
equation 3.106 that is required. To obtain the solution, it is assumed

that the function, we(l), can be expanded in terms of the normalised and

orthogonal set of functicns wlo, wzo ....... Un

U (1) = Ay 410 + Ay 190 +eu.nls + A Un® e, (3.108)

where the Ap's are to be determined. The function H(L) 1 can also be

expanded into the series

(1)

B 30 = 1 1) 910 + B (D) go® waee. i (1) g0 vl (3.109)

where

N =_}/;ﬁ* gD 0 4p (3.110)

Equation 3,108 and 3.109 are now substituted into equation 3.106 to give

(Mg = Ee®) (A1 91° + Ay 0 +....) = 5, (D) ¢ © - my (D) ,°

- Hzél) Po°- ..., (3.111)
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which can be reduced by means of equation 3.105 to
(E1° = Eg® A7 1% + (Ep0 = E0)Ay 150 + ...

= 5,1 o = 1 (D g0 - my (D g0 (3.112)
The coefficient of each weo must be equal on both sides of the
equation, so that

g, (D - Heél) - 0 (3.113)

The first order perturbation energy has thus been determined to be

-

(1)~ (D) - /weo* H(D yo ar (3.114)

By equating the coefficients of ¢ ° (m%e), the following equation is

obtained.

(Ep® - Eeo)Am =~ Hmél)
Hmé1>

i.e. Ap = B0 = O (3.115)

It is this term which, unfortunately, causes the problems in a CI
calculation involving degenerate states and the reasons are outlined
below using a 2l state as an example. The 21 state can be represented

in two alternative ways i.e.

as
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The two root configurations for this state will be

{(aa) (bb) (¢ and (aa) (bb) (d
Consider a single electron excitation c>d in (A) where EAO = EBO.
Am will tend to infinity as EAO and EBO approach in energy. When they
are equal, Ap will equal infinity and the equation for we(1> will be
meaningless. The SPLICE program will thus terminate with an error and
proceed no further. For this reason, all the CI calculations outlined

in Chapter 4 used a preselection method rather than perturbation

selection.
(c) Matrix Element Evaluation

The next step in a CI calculation involves evaluating matrix
elements of the CI Hamiltonian between the bonded functions. In general,
these matrix elements can be written as sums of integrals between
determinants of the two bonded functions. The matrix elements can in
turn be written in terms of one— and two-electromn integrals over the

space orbitals, ¢.. The general expression is therefore:-

<®siﬁi©t>:z aijt <¢>iiﬁl¢>j>+z bfjtk1<¢i¢jfé%¢k¢1>
1] ijk1
where ¢g and 4t are determinants, ®i....%] are space orbitals, the
coefficients aig and bi;kl are called Projective Reduction coeificients
(28,29), and h and & are one-electron and two-electron operators
respectively. Once the CI Hamiltonian matrix has been constructed, the

next step is to calculate the eigenvalues and eigenvectors of the matrix.

(d) CI matrix eigenvalue evaluation

This proceeds via a method developed by Shavitt (30) known as the
method of optimal relaxations. This method is capable of evaluating a
series of roots which are solutions to the CI secular equations. Problems
sometimes occur when evaluating higher roots since the computational effort
required is increased. 1In the case where near—degenerate eigenvalues are
present, difficulties in obtaining convergence may be experienced because
of swapping between states. For these reasons, the SPLICE method can

only realistically evaluate the first four or five rocots for any given



symmetry type. Having evaluated the roots (i.e. the eigenvectors of

the CI matrix), the wavefunction can be analysed in terms of natural

orbitals,
(e) Wavefunction Analysis

The analysis proceeds with the calculation of the one- and two-
particle spin and spin-free density matrices in the MO and AO basis
representations. The natural orbitals, in either representation, are
obtained as eigenvectors of the respective density matrices with the
eigenvalues being occupation numbers. Both sets of natural orbitals
may be stored for later analysis by the ATMOL3 suite of programs (23).
In the case of the work described in this thesis, the natural orbitals
of the molecules and their respective ionic states were used in a
Mulliken Analysis program (23) to give an indication of the changes in

electron density which occur on ionisation.

In summary, the CI method provides a verv effective wav of
accounting for most of the correlation energy in a state of interest
but can suffer from the approximations imposed by lack of computer time
or space 1.e. this necessitates restricting the virtual orbital space or

"freezing'" core orbitals.

It is also worth mentioning that, although a CI calculation takes
account of much of the correlation energy, the initial choice of basis
set in an ab initio SCF calculation may lead to a poor description of
the molecular wavefunction, 1i.e. the calculation is not close to the
Hartree—-Fock limit . 1In this case the CI calculation will be unable
to give an accurate result. To circumvent this problem, it would be
much better to combine the main attributes of both the SCF and the CI
methods such that electron correlation is taken into account throughout

a calculation. Such a method is described below.

The Multiconfiguration Self-Consistent Field Method (31)

It is intended to give an outline of the Multiconfiguration
Self-Consistent Field (MCSCF) method rather than present a rigorous
proof as given for the SCF method. In the MCSCF method, it is assumed

that the total wavefunction is a linear combination of configurations
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given by
%,(n) :Z Aa(n) o, (3.116)
a

when the superscript (n) corresponds to the nth root of the secular

equation
|Eap — E§abl = 0 (3.117)

Equation 3.116 is already familiar as that used in the CI expansion
(equation 3.88). The configurations |®,| are assumed to be orthonormal

and Eap is the matrix element of the Hamiltonian, H
. _ [ 5
i.e. Egp = <04|H|op>.

In the SCF method, only one configuration, ¢,, was defined. 1In

the MCSCF method, ¢, is written formally as:

b, = E ; Uat 0t (3.118)

where the &4 are Slater determinants il.e. &, is expressed as a linear

combination of Slater determinants. The &y are written as:
o = |npt, mot, Lo, mpte (3.119)

the nit being occupation numbers {either O or 1) of the snin~orbitals 1,
and the Uyt are coupling coefficients defined by the symmetry of the
state represented by w(n),

The MCSCF procedure proceeds by a process similar to that used in

the SCF and CI methods and this is summarised briefly below (32):
(1) Select initial molecular orbitals from an atomic basis
and configuration types via a single-determinantal SCI

calculation;

(ii) set up and solve the CI problem for the required state;



(1ii) wusing the results of (ii), set up a multi-
determinantal SCF calculation;

(iv) solve the multidetermantal SCF equations.

Steps (ii) to (iv) are iterated to convergence. The method is
applicable to several roots of a given symmetry with the required root
being specified in (ii). Unfortunately, difficulty is sometimes encountered
in obtaining convergence for the higher roots, as in the CI method, but
this is not normally a problem since only the lowest roots are

required for any state.

The advantages of the method are two-fold. Firstly, a more
accurate description of the molecular electronic wavefunction of the
molecule is obtained compared to the "single determinant" SCF method and,
secondly, correlation energv is accounted for throughout the calculation.
The method is superior to the SCF followed by CI approach since both SCF
and CI stages are iterated to convergence. Even better results may be
obtained by following up the MCSCF calculation with a further CI to
include some of the less important configurations previously omitted.

In practice, however, the MCSCF method is still little used because of
the large computational effort required. An example of the use of this
method can be found in Chapter 7 where its application to the inter—
pretation of the photoelectron spectrum of AlF is described. These

calculations were performed by Drs. Rosmus and Klein in Frankfurt.

The Pseudonatural orbital CI (PNO-CI) method (33)

The two preceding sections on the CI and MCSCF methods have
generally considered only the effects of single and double excitations
on the total energy of the state of interest. Inclusion of anv higher
excitations is prohibitive due to the enormous amount of computer time
that would be required. The PNO-CT method can make some allowance for
higher excitations by, firstly, reducing the number of configurations
generated by single and double excitations and, secondly, making
allowance for higher order excitations through the Coupled Electron
Pair approximation (CEPA). The whole method is sometimes known as the

PNO-CEPA method and is referred to as such in the work on AlF (see Chapter 7).



It is intended, here, to give only a brief overview of the
PNO~CEPA method. (For full details, ref. (33) should be consulted).
The method itself is intended as an alternative to the CI method

described above, The initial wavefunction is described in the usual

way as

Yo = E: Cs g ;, (3.120)

as in equation 3.88. 0, will be referred to as the reference wavefunction
and is obtained using either the SCF or MCSCF methods described earlier
in this thesis. g is usually chosen to have all the symmetry properties
of the electronic state. Following the terminology of Silverstone and
Sinanoglu (34), the occupied orbitals in ¥, which play a part in the

b

overall CI calculation will be termed "internal orbitals". &g in equation

(3.120) is a single determinant.

Using the reference wavefunction, other configurations must be
constructed by considering one, two and higher order excitations. Since
the "configuration expansion' will be dominated by those configurations
contained in the reference wavefunction, VYo, it is useful to classify
the configurations according to the number of electrons that are outside
the internal space 1.e. the number of internal orbitals being
substituted by virtual or "external' orbitals. Since the Hamiltonian
is built from one-electron and two-electron operators, configurations with
more than two external orbitals have vanishing matrix elements with the
reference function. Therefore, the double substitutions play the crucial
role in completing the configuration expansion. The wavefunction

involving single and double substitutions can be written as:

v = ®O+ZZ 2 o . 21 2u c"iﬂj’ 227 (3.121)
1 a

o 1]
ig¢j asghb
L. . ab . .
where ¢, 1s the reference determinant and @ij denotes a configuration
obtained from ¢, by replacing the internal spin-orbitals i; and by by

external spin-orbitals ¥, and Y.

The smallness of the coefficients in equation 3.121 makes it

sensible to use perturbation methods to calculate the PNO-CI total energy.



_67...

The wavefunction given to first-order accuracy may be written down as

follows:

y(1) = oy - . ®§b<®ab

A ab
053035 [fi] 05> /E; 5 (3.122)
asb 1<] J

where the energy denominators may be obtained from the eigenvalues of the

Fock operator. From ¥<1), the energy is calculated to second order as

g (2) _ <o, 1w (1)> (3.123)

and to third order as

EG) = <og| ] og>+<v (1 [ | 1] 20> [ ¥ (1) (3.124)

The accuracy of the correlation energy to second order is generally no
better than 107 (35) and is therefore insufficient for many purposes.

The third-order energy requires calculating the Hamiltonian matrix
elements between all configurations of v(1) and is computationally time
consuming. To circumvent this problem, equation 3.121 can be expressed

in a more compact form before calculating the energy and other expectation
values. This is done using the fact that a sum over determinants that
differ in one particular column only may be expressed as a single

determinant containing the sum of the differing columns:

i.e. %—_’\ Col Y atge ¥yl =¥ (22 CF 0) ety (3.125)
a

This means that one sum of the two—electron clusters of equation

3.121 can be absorbed by defining new orbitals. For example,

a

b a
Yagij) = 23 b Cij/Ci (-126)
can be rewritten as:

ab ..
> .. ab - > C?. p281] (3,127)

ab 1] ‘iJ a J 1]
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This has the effect of reducing the number of configurations per
pair (ij) from L2 to L (L being the dimension of the external orbital
space) at the cost of having one orbital in each configuration that is
not orthogonal to all the others, Because of this approximation, the
natural orbitals have been termed "Pseudo-natural orbitals" and the
above description illustrates the basic idea of the PNO-CI approach,
Having got to this stage, it is now possible to take account of the
effects of higher order excitations on the total energy of the state of
interest through the coupled Electron Pair approximation (CEPA). This

is outlined below:-

The configuration space is extended to all multiple substituted
¢y possible within the given orbital set. The Schrodinger equation then

has the following matrix form:-—
i .
E - 23 21 <o) |fifogrc) = 2a B, (3.128)

where P represents a double hole state irreducible with respect to
certain symmetry operations, Sl, which may be obtained by annihilating
the spin orbitals y, and ¢}, in determinant &g (equation 3.120). @éj
denotes that configuration of the required symmetry which is obtained by
coupling two electrons in the spin-orbitals y; and wj with the double

hole state defined by P. Assuming C, = 1 and E5 = O,

13,8 13, ] EARE kla).ij. k1
[E - <<1>pJle<z>éJ>]cpJ = <¢p” |H]op> ‘”@E@P [fi|osI>c,
v 23 S costffeldschl + ST <oylfioldsey (3.129)

p' k1

This rather unwieldy expression may be simplified using the approximation

A . . i'
2 <oylH|et >0y v Cp? EE;PEPv (3.130)

which is essentially the result of assuming that unlinked clusters are

the dominant multiple substitutions. Equation 3.129 may now be rewritten

as follows:
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PR A k1.~ 135 k1
+ <®k1{Hl®lJ>Ckl-+:E: :EZ <o lHlar>c, (3.131)
P P P : P

Equations 3,128 through to 3.132 are known as the Coupled Electron
Pair Approximation (CEPA) (33). The modified eigenvalue equations 3.128,
3.131 and 3.132 are most easily solved by applying an iterative procedure
(36). In every step, a set of pair emergies, Ep is obtained from equation

J, and used in equation

. . P 1
3.128, together with approximate coefficients, Cp
3.131 and 3.132 for the next step. Using such an iterative procedure,
cluster corrections are taken into account to all orders. Tt is the sum

of pair energies in equation 3.132.

As mentioned earlier, the whole method is known as the PNO-CEPA
method and offers a very effective way of accounting for almost 1007 of
the correlation energy for a particular molecular or ionic state through
the use, firstly, of the PNO-CI approach to reduce the number of single
and double substitutions constructed from the reference wavefunction and,
secondly, by taking account of higher order substitutions which are
omitted in a standard CI calculation. Examples of the use of this method

will be found in Chapter 7.

The Hartree-Fock-Slater Method (37-39)

The Hartree-Fock-Roothaan method outlined earlier in this Chapter
has been used successfully on several molecules described in this thesis,
Its use is confined mainly to small molecules and the reason for this is
clear when the calculation of integrals involving the exchange operator
are considered. The exchange operator is different for each orbital or
spin orbital and, in fact, the number of exchange terms which must be
calculated rises approximately as n%, where n is the number of atomic
basis functions. It is therefore apparent that calculations on molecules
involving heavy atoms are not feasible due to the necessarily large basis
set. The vast amount of computer time required for large molecules makes

a calculation at the Hartree-Fock—Roothaan level impractical. The



simplification originally proposed by Slater (40) involves averaging

the exchange operator over all spin orbitals. From studies on a
homogeneous electron gas, Slater found that the exchange terms could

be further approximated to a function of the charge density, P, in the
system, The functional dependence is fairly simple, the exchange term
being proportional to P1/3. Replacing each exchange term bv the Pl/3 term
is known as Slater's exchange or Xo approximation and this is a central
approximation in the Hartree~Fock-Slater (HFS) method. Having made the
approximation, the HFS equatiors can be set up and a method of solving

them needs to be found. A numerical integration scheme is the method
chosen. Two ways of calculating vertical ionisation potentials by the

HFS method are commonly used - a transition state method described by
Beebe (41) or a ASCF calculation of the type described earlier. Both
these methods include orbital relaxation on ionisation and have been

shown to give numerically equivalent results. Comparison of vertical
ionisation potentials calculated by both the HFS and ATMOL3 ASCF methods
has shown that the former are closest to the experimental values indicating
that some allowance for correlation energy is present in the HFS predicted
values. This is, perhaps, fortuitous and is due to cancellation of the

errors introduced into the calculation by the Slater exchange approximation
(40).

In summary, the main advantage of the HFS method lies in the fact
that calculations on species involving heavy atoms become feasible. The
approximations in the method also mean that larger basis sets may be used,
leading to a more realistic description of the system under study and also
to a reduction in the amount of computer time required by a calculation.
It is hoped to perform HFS calculations on heavy molecules such as those
invelving the lanthanide and actinide metals in the near future in the
Southampton PES group as part of the group's effort to investigate high
temperature vaporisation processes associated with a nuclear environment.

Such calculations will be an invaluable aid to the assignment of experimental

spectra.



Choice of Atomic Basis Set in Molecular Orbital Calculations

The accuracy of an ab initio SCF calculation is determined
primarily by its proximity to the Hartree-Fock limit. This desirable
state of affairs is obtained when no further lowering in the total energy
can be gained by increasing the size of the basis set. Two types of

basis set are commonly used in molecular orbital calculations:

(1) Slater—type Orbitals (STOs)

These have the general form:

Xn,1,m = N ol exp (=E1) Y1, (0, ¢)

where N is a normalisation factor and Yl,m(0,¢) is a spherical harmonic.
The exponent, &, may be optimised by minimising the total energy for the
element in question (42) and it is then possible to renresent the "true'
AQO quite well with one STO. This is particularly so in the core orbitals.
It is unfortunate that integrals involving STOs have to be evaluated
numerically which is computationally very time—consuming. In order to
increase the number of variarional parameters (the coefficients in the
linear combination of atomic orbitals) further Slater functions can be
added to provide a superior description of the atom or molecule in a
particular electronic state. In particular, for molecular calculations
it 1s generally necessary to include extra functions to describe the
valence m.o0.s. as these orbitals are more important when ccnsidering
atomic interactions. A basis set which includes two STOs for every

formally occupied atomic orbital is called a double zeta basis set (see

for example ref. (42)).
(i1) Gaussian—-type Orbitals (GTOs)

These have the general form:

v o= N e exp (=51 2) Y1 (0, 8)
where N! is, again, a normalisation constant. GCTOs were first suggested
by Boys (43) in 1950 but are less appropriate for expanding the electronic

wavefunctions of atoms and molecules than STOs. This necessitates the use



of a larger set of functions to obtain equivalent results,

The advantage of GTOs however, is that one— and two-electron
integrals over AO's, needed in the Hartree-Fock method, can be
evaluated analytically. This procedure is simpler than the numerical

integration required for STOs and is more economical in terms of computer
time.

Both types of basis set have been used in the work described in
this thesis. STOs have been used for calculations on AlF, AlF3, CS and
SiS (see Chapters 4 and 7). It is possible to represent each A0 in an
atom by a single STO, giving rise to the so-called minimal basis set
but use of a linear combination of STOs has been found to give improved
results. The double-zeta basis set of Roetti and Clementi (42),
consisting of a linear combination of two STOs for each AQ, has been
used to perform calculations on the four molecules listed above. To
further improve the efficiency of the calculations two other refinements
were introduced. Firstly, to combine the accuracy of STOs with the ease
of use of GI0s, each STO was expanded as a linear combination of 3GTOs.
Secondly, polarisation functiomns were also included in the basis set
giving rise to an improved description of the outer "bonding" orbitals.
Basis sets involving polarisation functions have been used in the

calculations described in Chapters 4 and 7.

For the transition metal oxides described in this thesis (see
Chapters 4 and 6), GTOs were used. Three basis sets are available in the
literature for the first-transition series (44-46). The basis sets of
Basch ebal (44) and Wachters et al (45) are large being (15s, 8p, 5d) and
(14s,9p, 5d) respectively. Both basis sets will lead to very accurate
wavefunctions but, unfortunately, their size tends to be rather
prohibitive for use in molecular calculations. For this reason, the
(12s, 6p, 4d) basis set of Roos et al (46) was chosen for the calculations
on transition metal ‘oxides to be described in this thesis. When the basis
set for oxygen (7s, 3p) (47) 1s added, it becomes clear that the basis set
will still be rather large and could still be prohibitive in terms of
computer time. To circumvent this problem, a technique known as "contraction"

was used. In this technique, a number of functions can be grouped together



and treated as one function. The resulting functions are known as
contracted GTOs (CGTOs) and are limear combinations of GTOs, Since this
thesis is concerned mainly with the study of the valence orbitals of
atoms and molecules, the most appropriate contraction scheme would be
one where the imnermost (large exponent) GTOs are contracted leaving

the outermost (small exponent) GTOs uncontracted. The contraction
scheme actually used was that of Raffenetti (48), the basis set having

been supplemented by metal d exponents specified by Hay (49).

In the case of Cr0O, both STO and CGTO basis sets were used., It
was found that both basis sets gave similar results in terms of total
energy for the molecule and its ionic states with the CGTO basis set
being the most economical in terms of computer time(for a given state of
the ion or molecule, the total energy with the CGTO basis set was in
fact lower than with a STO basis set)., For these reasons, it was decided

to use a CGTO basis set in subsequent calculations on TiO and VO,

3.4, Information to be obtained from Photoelectron Bands

The most obvious information to be derived from photoelectron spectra
are the ionisation potentials (IPg). This is summarised by the following

equation,
KE = hv - IP; (3.133)

which holds for atoms. KE is the kinetic energy of the ejected electron,
hv is the energy of the ionising radiation and IP; is the ith ionisation
potential. Thus, if KE and hv are known, IP; can be very easily
determined. Intensity data can be determined by measuring the relative
intensities of each band in a spectrum and, after taking instrumentation
factors into account, this yields a quantity known as the Relative
Photoionisation Cross-Section which can be regarded as being a measure of
the relative probability of ionisation to different ionic states (this

quantity will be discussed again in Chapters 5 and 6).

In the case of molecules, equation (3.133) must be modified to

take the vibrational change on ionisation (AE,) into account



i.e. KE = hv - IP{ - AE, (3,134)

where the quantities KE, hv and TIP; are as before. The vibrational energy
levels in a molecular ion can be written approximately in terms of the
anharmonic energy expression as

vib = Ve (v + 1) = wx (v + 1?2 (3.135)

E
where §é is the'vibrational frequency, Vv is the vibrational quantum number
and x_ is the anharmonicity constant. For the diatomic molecules studied
in this thesis, long vibrational series are often observed (e.g. the first
band of Cr0, discussed in Chapter 6). TIf all the observed components
arise from ionisation from the v" = 0 level in the ground state of the
neutral molecule, values for w,' and wgx,' may be obtained by simple
measurement of the vibrational separation in a band. From equation (3.135)

it can be shown that

AE = Eop1 ~ EV = we' - ZEEXQ'(V + 1) (3.136)

where &é' and Géxe' are spectroscopic parameters in the ion. Thus a plot
of AE versus (v + 1) will give a straight line with slope —2§exe' and

intercept ;e' with respect to the ion.

It is useful, at this point, to define two other quantities which
can be measured from a vibrational series. The ntl vertical ionisation
potential (VIP) is defined as the energy difference between the molecule
in its ground electronic state and the ion in its nth electronic state
but with the nuclei in the ion having the same positions as they had in
the molecule. Experimentally, the VIP is measured as the point of
maximum intensity in a photoelectron band. The nth adiabatic ionisation
potential (AIP) is defined as the difference between the molecule in
it's electronic and vibrational ground state and the ion in its nth
electronic state and its lowest vibrational level in that electronic state
i.e. it corresponds to the v' = 0«v" = 0 ionisation (v' indicates iomnic
state while v" indicates neutral state). Experimentally, the AIP

corresponds to the first vibrational component in a photoelectron band.



A relatively unused piece of information to be derived from
photoelectron spectra of molecules is the relative photoionisation cross-—
section for different ionic states. At present, experimental intensities
are just measured and tabulated. However, it i1s now possible to predict

these quantities theoretically,

Photoelectron spectroscopy may also be used to derive estimates
of dissociation energies of molecular ions. Consider the case of a

diatomic ion ABT which undergoes an ionic dissociation process:
ABT > A + B

Figure 3.1 shows the potential energy curves for the molecule AB

and its ion ABY. From the Figure it is apparent that
AIPsp + D, (AB*) = D, (AB) + IPp
Hence D, (AB*) = Dy(AB) + IPp - AIPpp

AIP,p 1s measured experimentally by p.e.s. and IPp and D,(AB) may
normally be found from published tables (50) and elsewhere in the
literature., Thus, knowing these values, it is a simple matter to
calculate a value for Dy(ABT). 1t is assumed that the ion AB' dissociates
to give AT and B in their respective ground states. On dissociation, a
molecule in a particular electronic state must obey the Wigner-Witmer
correlation rules (51) which state that total spin and angular momentum
must be conserved. Thus the sums of the components of the total orbital
angular momenta of the two atoms and of the components of the total spin
angular momenta must equal the total orbital angular momentum and the
total spin angular momentum in the molecule respectively. By way of
illustration, consider the dissociation of the TiO(X3A) state. It 1is
expected that the dissociation products will be formed in their
respective ground states, Ti(5F) and 0(3P). The components of total

orbital angular momentum about the internuclear dieckien in the molecule
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are given by:

where MLl and ML2 are components of the total orbital angular momenta of
the two atoms. All the possible values of M, are obtained by combining

all possible values of MLl and My Possible values of the total spin

5
angular momentum of the molecule are given by

S = (S1 + 8S9), (S1 + Sp ~ 1)....!81 ~ So |

where S7 and S9 are the total spin angular momenta of the two atoms. Thus

for Ti(3F) and 0(3p)

Ti(3P); My = 3,2,1,0,-1,-2,-3; S = 1
L

0(P); M, = 1,0,-1; S =1

It can now be easily shown by combining values of M; for Ti(3F) and O(BP)
that possible states of the TiO molecule are ', ¢, 4, T and I. Also,

by combining values of S for both atoms, S can have values of 2,1 and O

in the molecule giving rise to quintet, triplet and singlet states. Since
the A state of TiO is an allowed state of the Ti (3F) + 0(3p) reaction,

it is also true to say that the dissociation process
Tio(3a) » Ti(3F) + 0(3P)

is in accordance with the Wigner-Witmer correlation rules (51).

A further piece of information can be derived by using the Franck-
Condon Principle with the experimental vibrational band envelore to
estimate the equilibrium bond length for a particular molecular ionic
state. The Franck-Condon Principle states that ionisation of a molecule
takes place on a time-scale very much shorter than that in which a
molecular vibration can occur. This means that, for the most probable
vibrational transition in a photoelectron band, the geometry of a molecule

is the same immediately after ionisation as it was before. The



probability and hence intensity of a transition occuring between the

v'" level of the ground state molecule and the v' level of the ion is

given by:

Loty = !Re(QO)IZ;} W;v*(R) Wzn(R)dREZ (3.136)

This is similar to equation (3.5) and is derived using the Born-
Oppenheimer approximation (2). The second term on the right—handside
of equation {(3.136) is known as the Franck-Condon factor. The factor
Re(Qg) is the electric dipole transition moment about the equilibrium
nuclear position, Q,, and is assumed to be constant over a vibrational
series. Vibrational transitions are assumed to occur from the lowest
vibrational level, v'"=0, of the ground state molecule. This is a quite
reasonable assumption provided ae">>kT. To obtain an estimate of the
equilibrium bond length of a molecular ion in a particular state
experimental intensities measured from a vibrational series are compared
with calculated Franck—-Condon factors using a least squares procedure
(52). Morse potentials are assumed for both the ground and ionic states,

the expression for a Morse potential being given below:
E = De[l - exp(a(re - r))]2 (3.137)

The constants D, and a are related to Eé and x, by the following

expressions:
— 20
a = [IC We ‘ﬁ;- (3138)
Dy = e (3.139)
bxq
Qé”, Eé”xe and r." for the neutral molecule are normally taken from

optical spectroscopy and Qé' and ;éxe are measured directly from the
photoelectron spectrum. The vibrational wavefunctions W;, (R) and Wyn(R)
can be calculated as numerical solutions of the radial Schrodinger
equation using Morse potentials for both molecule and ion. The Franck-
Condon factors are then calculated for a range of values of re', the

equilibrium bond length in the ion, and theoretical and experimental



vibrational envelopes compared by a least-squares procedure to give the
optimum value of r,'. The method is generally held to be accurate to
within 0,018, Any errors arise from the fact that the electronic
transition moment is assumed constant across a band and from uncertainties
in measuring the component intensities of the experimental spectra. This
method is obviously only applicable to those spectra where clear
vibrational series may be observed. Problems may be encountered when a
molecule predissociates. In this case, some fine structure may be
observed which will eventually merge into a continuum. Similar spectra
may also be obtained when the dissociation limit of the ion 1s reached.
Qualitatively, some information of the type of orbital from which
ionisation takes place may be gained by considering the change in Eé'
and r,' in the ion relative to the neutral molecule. In general, if

e

we' and r,' are similar to we” and re”, ionisation will have occurred from

a non-bonding orbital. A decrease in w,' relative to wp'" shows that the
bond in the ion has been weakened, with a corresponding increase in r.'
relative to r,", and this indicates that ionisation has occurred from a
bonding orbital. Conversely, an increase in ﬁé' and decrease in 1.’
relative to the parameters in the neutral molecule indicates ionisation
from an antibonding orbital and consequent strengthening of the bond in
the ion. It should be noted that this approach is approximate, makes

no allowance for reorganisation and can sometimes break down e.g. in the

3rd pe band of CO and the 1st pe band of AlF.

Further evidence which may be derived from a photoelectron band
involves the measurement of molecular spin—orbit coupling constants. This
can be an invaluable aid to spectral assignment since spin-orbit coupling
constants predicted theoretically may be fairly easily obtained using an
approximate wavefunction. Spin-orbit coupling is caused by an interaction
between the spin and orbital angular momentum in a molecule or ion in a
particular state. It is probably useful, at this stage, to explain the

origin of the interaction. For a diatomic molecule obeying Hund's case

a) shown below;
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a particular electronic state is labelled 25*1j A refers to the

g,u”t
total orbital angular momentum along the molecular axis and (2S+1) is the

spin multiplicity. The subscripts g and u indicate the overall symmetry
of the state with respect to inversion in the molecular centre of

symmetry. Spin—orbit components are given by:
Q=A+7 (3.140)

where % takes on values S, S-1,...,—S and is the component of S along the

‘ . 2
molecular axis. As an example, consider the aﬂu and <l | states of the 0,F

ion. The 4HU state,

has A = 1 and & = 3/2. Four spin-orbit components are expected with
Q= 5/2, 3/2, ! and -}, Similarly, the ZHU state has A = 1 and & = |
giving two components with O = 3/2, 1. Each value of 9 will have a
marginally different energy and the splitting can be observed providing
the resolution of the photoelectron spectrometer is sufficiently good.
The energies of spin orbit components are given by E = E  + GAL, where
E, is the energy in the absence of spin-orbit coupling and G is the

spin-orbit coupling coefficient. The observance of spin-orbit splitting

shows that an observed state has a spin multiplicity greater than one and
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non-zero orbital angular momentum since, for splitting to be observed,
Q must have more than one value. Furthermore, a spin—orbit coupling
model may be invaluable in assigning experimental pe spectra, The
magnitude of the splitting in a particular electronic state may be

predicted theoretically and then compared with experiment (53,54).

Examples of the information to be derived from photcelectron
spectra of atoms and molecules will be given in Chapters 5, 6 and 7. 1In
particular, vibrational structure is observed in the experimental work on
TiO, VO, CrC and AlF allowing Franck—Condon calculations to be performed

and ionic equilibrium bond lengths to be estimated.
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Vector coupling coefficients for ATMOL3 openshell method (GRHF)

It is the purpose of this section to illustrate how the vector
coupling coefficients to be used in an ATMOL3 openshell calculation on
a linear molecule may be derived (55). TFirst it is necessary to define

several quantities:-—

Fom = the expectation value of the m'th molecular orbital over the

unscreened one-particle Hamiltonian operator for the system.

M = EE Fom = the sum of the one-particle expectation values for
me

all molecular orbitals in shell M.

Jon = (mm/nn) = the coulomb integral between molecular orbitals m and n.
Ty = 2a 2 J
MN meM nelN .
Kpn = (mn/mn) = the exchange integral between molecular orbitals m and n.
Ky = :E: :E; Kinn

meM  nelN

Having defined these quantities it is now possible to define the
type of energy expression which can be handled by the GRHF module (35)
of the ATMOL3 package as follows:

NSHELL NSHELL NSHELL NSHELL NSHELL
E = 2: WMFM + z: E: Xpdmy + §’ E: YK e - - (A)
M M N M N

where WM are the one-electron energy expression parameters (which are
simply equal to the number of electrons in a particular shell), Xyy are
the coulomb energy expression parameters, Yyuy are the exchange energy
expression parameters and NSHELL is the total number of shells in the
system. It is the values of XMy and Ypy (the so-called "vector coupling
coefficients") which need to be calculated and which are the subject of

this Appendix.

The derivation proceeds via the method of Rose and McKoy (56),
using real molecular orbital functions, and the coefficients thus obtained
are then converted to ATMOL standards. This method is thought to be
simpler than deriving the ATMOL coefficients directly since the use of

complex functions is avoided (as used in refs. (58) and (59)).
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Rose and McKoy (56) define the expression for the total energy of

an open-shell system as:

Q o Q
Po22ifg 2ih v 2L20 605, 21T (2 ag, 55 - b K.l ()

q=1 ¢ielog) q=1 p=1 dieldgtoieles?

The occupied spatial orbitals are divided into Q shells, each
containing the set of orbitals {¢,}. Here fq is the fractional
occupation of shell q, agp and bqp are the elements of a symmetric matrix

specifying the interactions between shells g and p and hj, Jij and Kij

are defined as follows:

hi = <o;|h]o;>,

Jl_‘] = <$i(1) ¢J (2)]1/":1?[@1(1) q)J (2)>,

1(..

ij = <011 05(D[1ryple5(1) ¢5(2)>.

The expressions for Jij and Kij are identical to those for J,, and
Kpn 1in equation (A).
The first step in the calculation is to write down the energy

expression in terms of the J and K interactions between the constituent

shells. For example, consider a ¢l 72 configuration:

For the %57 state, the energy expression may be written as

E = (gx * Joy = Kox ~ Koydor + Uy = Kigd oy
Expressionssuch as this are simple to derive. For every pair of

electrons of the same spin there is one J term and one K term i.e.
E=(J - K). In the case of two electrons of opposite spin, there will

again be a J term but no K term since exchange integrals only exist
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between electrons of like spin. Thus for the imaginary configuration

al bl there are two possible energies:

The two configurations are separated by an energy, K, which should
be apparent from the above expressions. Using these simple rules, it is
a trivial matter to write down an expression for any state in any

electronic configuration provided that the electrons are properly counted.

As another example consider the ol ﬂZ, 2) state:

— S
X v

Ez(ZJOX—KGX)OTT + (Jxx) o

Comparison of this expression with that written down previously
for the 4r~ state shows that there are still three J terms but only one
K term since one electron now has opposite spin. To show how the vector
coupling coefficients are derived from the Rose and McKoy energy

expression (56) and then converted to ATMOL standards, a simple example

will be considered.

Consider the JA state arising from the ﬂil le configuration. From
Raftery et al (58), the correctly formulated wavefunction which is an

eigen function of $2, Sy, and A 1is

The corresponding energy is E = (J5 — K) Ty

Nt s F)g;i}{‘i C)&?L of Sﬁi}bﬁ“‘(ﬁ,
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Then E = (Jg - Ko)ﬂiﬂj

1
EJXY - KXX* + ny*

1 1
- 4{§Jxx7'< + E‘JXY -

3

- L
Kxx?: 4 ny = }

s

These vector coupling coefficients agree with those given in the

ATMOL manual.

i.e. coulomb xx* =

}{y P

0] k= 0|

B

exchange xx* =

The method outlined above becomes very complicated and time-
consuming when considering more intricate configuration types. Three
worked examples will be discussed to illustrate how the vector coupling
coefficients may be derived in a simpler wayv.

Example One - oln3

31 state

0—0 terms

E = 0(= Jgg5 = Kyg) since Jy5 = Kyp by definition. By default the
ATMOL method takes values of i and -i for the J and K coefficients

respectively,

Note : page oub of <apere .
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= ZJUy + JUX - Kgy - KOX

Both expressions on the RHS of the above will be equal since the

31 state has two possible configurations: oxxy and oyyx.

Any derivation of the vector coupling coefficients will, of course,

take both configurations into account:

Thus: E = Jox Koy
3 Joy 1 KOY

) Iy : Ky

JIxg xo

The coupling coefficients for use in the ATMOL method may now be

simply read off since further conversion is not required.

I
s

coulomb term

N

exchange term

(=]~ ]

¥yX

= l[jxx]
3
Jyy

Since the ATMOL method uses coefficients for terms such as Kyyx and

Kyy mot given above, allowance must be made for this. Since Jxx = Ky

and Jyy = Kyy by definition, 3 jxx may be added to the first matrix on
vy
the right handside of the above equation while %[KXX] may be subtracted
Yy

from the third matrix.
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Thus: E = Jyx K

xy
Jyy C | Fx
T | Ky
Jyx Koy

The ATMOL coupling coefficients may again simply be read off:

|
—

coulomb term =

]

[

exchange term

Coupling coefficients for the oln3, lm state may be similarly

derived and are given in the table at the end of this Appendix.

3
Example Two — 7, HQB

3A state

i y 1

Ty terms

Note that the results for Tg T Tg will be identical.

E = 20py + Jyy = Kyy
= Jxx Kyy
3 K by analogy with the 7-7 terms
Y- o4 yx of the oln3 (31) configuration.
JIxy Kyy
Jyx Kxx
coulomb term = 1

exchange term = —}
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ﬂu“ﬂg terms
E = 4Jxx‘k + ZJXy* + ZJYX;'; + Jyy* -
9 9
= -Q—Jxxy': + '-'Z-Jxky - 3KXX7'; ny*
_ 9, 9
A oea [ Ixxx| T 3.
ny*
Jxky
Jyy;'\
. 9
coulomb terms: XX¥* o= 5
exchange terms: xx* = =2

2

Example Three - olnls

This configuration is one used

state

x' y
X y

r .

2K 2

KR

in a calculation on the CrO(X2N)

Three types of terms are involved, namely the o-w, 0= and 7-8.

The first two may be deduced by analogy with the olrl and oln2

configurations tabulated in the ATMOL manual.

to be calculated and this is done below:

E = Tl * Tyl = Kl = Kyl
Jxx1 Jxx1 Kyx1

Txyl Txyl Ky |

3 Jyx1 i Jyxl - Kyx1
Jyyl Jyy 1, Kyyl

-

Only the

Kxxl
ny
Kyx1

Kyy

=8 terms need



_ gn - Note: Hois g@ﬁ%ﬁu&ﬁﬁjﬁgﬁﬂykgg

The ATMOL package, however, uses real functions. 7 , 7; etc

can be converted to real functions as follows:—

ot ot 1 o L
5 %A ..._.wyl‘ ’]‘fj+ = ‘/5 (Xl\ + lyz\)

1 .
- = - x*
] 7 (x 1y*)

1 .
2 —y " = 5 (x+iy)

5
|

1 .
i = 5 - iy)

Expressions for J5 and Ky in terms of real functions must now be

found. 1.e.

[
Il

((Tri’*')* Tri+! (ﬂj+):‘: ﬂj+>

. . . +
Substituting in for 7; etc.

Jo = #1(x = iy) G + dy) | (x% = dy%) (xx + iy¥)}

expanding out

JO = 2{-{ (XX + yy!x?’tx?’( -+ y?’:y:’:) - (yx — Xy‘y:’:x;’;‘ - X?'(y)’:)

_i (yx -~ Xy!x}'(x?': -+ y:'ty?':)—i (XX + yyly*x?‘: - X?\‘y:':)}

= H20 0 = 20yy)

Ko = (Grgi™sn st [y my®)
= (Wi—ﬁj+]wj*ﬂi+)

= M (x - 1y) (ex + iy%) [ (x* = 1y%) (x + iy)}

expanding out

Ry = HGoxr|xrx) + (xxx|y*y) + (yy*|xix)

y;‘:X)

+ (yyx|yry) = (yxE[yEx) 4+ (xy*

+ (yx?’!

X:‘cy) - (xy* ‘ X:’:y) }
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coulomb terms: xx* = 1}, xy* = |
exhange terms: =xx* = -}, xy* = -1,
Conversion from Rose and McKoy to ATMOL standards

It would be useful at this stage to show how the values tabulated
by Rose and McKoy (56) can be converted to ATMOL standards. The
tabulated values (56) are those of aqp and bqp given in equation (B) of
this Appendix. Comparison of equations (A) and (B) will show that the
coupling coefficients to be used by the ATMOL method may be obtained

by a simple multiplication, i.e.

11

XMN fq fp 2 aqp

YMy = "fq fp bqp

where fq and fp are the fractional occupancies. Take the ﬂu3wg

configuration (BA) state as an example.

T4~y terms

. 3 3 9
Coulomb term: Xx* = 3 Z 2.1 = 3
9

-~ 3 3 —
Xy« = 3 A 2.1 = §
KA 3 3 4 — 3
Exchange term: XX* = =3 e
% = 3 3 .é. = —l
Xy 3 ‘.3 3

These values agree with those calculated in this Appendix from
first principles,

The paper by Rose and McKoy tabulates values for all the states
arising from the ﬂu3ﬂg3 and Wu3ﬂg1 configurations allowing coupling

coefficients for these configurations to be very simply calculated.
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Coupling Coefficients derived from olmD configurations

Configuration State Coulomb Exchange
oo ow T ofo; om ™
olrl R : ! 0 -1 : 0
31 : ! o - -1 0
oln? S T R T B R
-l I S S N
A 2 ; S S 0
i I S S S A
oln3 In ! : 1 -1 0 -1
3 T
Identical parameters are obtained for the corresponding glsm
configurations and their constituent states.
Coupling Coefficients derived from 70T configurations
Configuration State Coulomb Exchange
T ufs &8 T 5s) &4
rls2 41 0 ) 1 o ! -1
1352 n N
m361 3¢ 1 -;- 0o - -1 0

Only the lowest energy state is given here (58, 59).

Coupling coefficients for other configurations have been listed

in the ATMOL manual (55).
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CHAPTER FOUR

The Use of Configuration Interaction Calculations to Interpret the
Photoelectron Spectra of AlF, CS and SiS
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4.1. Introduction

In recent years, the use of configuration interaction (CI)
calculations in the study of the electronic structure of molecules has
increased quite considerably. The advent of faster and more efficient
computers has made it possible to study systems previously considered too
large to handle. CI calculations have been used on several occasions to
assign experimental spectra recorded during the course of this work,
notably in assigning the photoelectron spectra of titanium monoxide,
vanadium monoxide and chromium monoxide (Chapter 6) and aluminium

monofluoride {(Chapter 7).

The aim of the work described in this chapter was to study, via
configuration interaction calculations, the molecules AlF, CS and SiS.
The work on AlF described here is discussed with reference to experimental
work performed at Southampton and described in Chapter 7 of this thesis.
Experimental work on CS performed previously (1-5) and recent calculations on
SiS (6) are used for purposes of comparison. (S was one of the first short-
lived molecules to be studied in the gas-phase with u.v. pes and it is
notable in that Koopmans' theorem fails to predict the correct number of
bands in the Hel photoelectron spectrum. It is also worth mentioning
that a preliminary experimental study on Si$ has been performed at
Southampton (7) and it is intended that the present configuration -
interaction calculations will be used in the eventual assignment of the
spectrum when a better experimental spectrum is obtained. Before the
present calculations were commenced and while the experimental work on
AlF was in progress, it was thought that the isoelectronic molecules AlIF
and CS would have very similar experimental spectra while the spectrum of

the valence isocelectronic molecule SiS would also bear some similarities

to those of AlF and CS.

The method of configuration interaction has been outlined in
Chapter 3 of this thesis and this should be consulted for further details
of the method. 1In Chapter 3 only single and double excitations from the
reference configuration or configurations are allowed with some constraint
over which occupied orbitals are deemed "frozen'" and which virtual orbitals
are open to substitution. It should be noted that this is an approximation

which means that only a part of the total correlation energy can be taken



._95_..

into account for a given state of a molecule or ion. Higher excitations
(triple and quadruple) also will improve the accuracy of the CI calculations
although this is not possible when using the present method at Southampton
because of restrictions on the use of computing time and storage space.
Sinanoglu (8) has explained that the effect of triple excitations from

the reference configuration on both closed and open shell systems 1s
generally negligible while the effect of quadruple excitations can be

quite important because of simultaneous electron pair correlations.
Davidson (9) has described an approximate method to allow for the effect

of quadruple excitations on the total correlation energy. The fraction

of the correlation energy which comes from quadruple excitations was

found to be roughly 1-Co? where Co is the coefficient of the reference
configuration in the total CI expansion when only single and double
excitations are considered. For a molecule such as N, this was found to

be approximately 77 of the total correlation energy. It was decided,
however, not to correct for the effect of quadruple excitations in the
present calculations by this method because of its lack of theoretical
justification plus the fact that the calculations performed at Southampton
involve subtraction of the total energy of the molecule and ion, after
allowance for some correlation energy in each state and hence there will

be some cancellation of the small contributions arising from quadruple
excitations. A more accurate estimation of the correlation energy in a
given state could be obtained by increasing the number of single and

double excitations allowed in the CI expansion or by performing calculations
using the PNO-CEPA method which takes the effect of higher excitations into

account (10,11).

To sum up, the calculations described in this chapter proceed
with the determination of the SCF total energy for both molecule and ion
both at the molecular equilibrium geometry and then correlation energy in
each state is allowed for by a separate CI calculation on both molecule
and ion. Subtraction of the corrected total energy of the ion from that
of the molecule gives an estimate of the correlation corrected vertical
ionisation potential. This process is carried out for all allowed bands
with several excited states of each molecular or ionic state being
generated. The coefficients of allowed contributions to formally

forbidden bands may then simply be read off from the computer output for

these excited states.
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4.2. Computational Details

In this chapter, ab initio SCF calculations were performed on
the three molecules AlF, CS and SiS using the ATMOL 3 suite of programs
(12). The respective ground state configurations of the three molecules

may be written as:

AP (XYY e (50)2(60)2(2m)% (70) 2
cS(xls*y e (50)2(60)2(2m) % (70)2
SiS(X1s+) cmm (76)2(86)2(3m)%4(90) 2

Ionisations from the three outermost molecular orbitals of the
three molecules were to be studied corresponding to two L% states and

one ZH state 1n the ion.

The basis set used for all SCF calculations was a double-zeta
STO basis set taken from those of Roetti and Clementi (13) with added

STO polarisation functions.

(i) For ALF the polarisation function exponents
used were Al 4s (1.00), 4p (1.00), 34 (1.35)
and F3d (2.01). All of the SCI calculations
on AlF were performed at the experimental
equilibrium bond length of AL1F Xlo* of
1.65448 (14-17).

(1ii) For CS the polarisation function exponents

used were C 3d (2.27) and S 4s (1.00),
4p (1.00) and 3d (1.40). All of the SCF
calculations on CS were performed at the
experimental equilibrium bond length of
cs xls* of 1.53498 (18), and

(iii) Finally for SiS the polarisation function
exponents used were Si 4s (1.00), 4p (1.00)
and 3d (1.35) and S 4s (1.00), 4p (1.00) and
3d (1.40). All of the SCF calculations on
SiS were performed at the experimental

equilibrium bond length of SiS X1+ of 1.92932
(18).
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The above calculations have been supplemented by configuration
interaction calculations on the neutral molecules and a number of ionic
states. These calculations were performed using the SPLICE suite of
programs (19). The calculations applied the same criteria to each
molecule i.e. in each case the same number of occupied orbitals and
valence orbitals were open to substitution. In the case of CS and AlF
only the orbitals 50 to 13¢ and 27 to 67 were open to substitution. The
frozen orbitals for CS corresponded to contributions from the 1s, 2s and
2p orbitals of S and from the 1ls orbital of C. Similarly the frozen
orbitals for AlF corresponded to contributions from the 1s, 2s and 2p
orbitals of Al and the 1s orbital of F. 1In both cases the energy of the
lowermost active orbital was —1.6au while that of the uppermost active
orbital was +1l.6au. In the case of SiS, the corresponding orbitals open
to substitution were 70 to 150 and 3w to 7m. The frozen orbitals
corresponded to contributions from the 1ls, 2s and 2p orbitals of both
S and Si. The energy of the lowermost active orbital for SiS was =-0.9au
while that of the uppermost active orbital was +0.92au. It can be seen
that, for each of the three molecules, there are 9 active ¢ orbitals and
5 active 7 orbitals. The CI calculations proceeded by entering a single
reference configuration for states generated from a(s)~l configuration
and considered all single and double excitations from that reference
configuration subject to the constraints outlined above. In the case of
states generated from a (n)”1l ionisation, two degenerate reference
configurations were used and single and double excitation were generated
from both these configurations, again subject to the constraints outlined
above. TFor the neutral molecules, one reference configuration was used,
corresponding to the ground state configuration of each molecule
(XIZ+ state). The results of the SCF calculations and these CI calculations
are given in table 4.1. 1In all cases CI in the initial X% ground state
was negligible with the major contribution coming from the ground state
configuration.

The figures in brackets in the fourth column of table 4.1. are
the sum of coefficients of formally allowed contributions to the final
CI wavefunction in the ion. Some explanation of the theoretical basis of

this 1s required. The intensity of a photoelectron band is given by IQfZ
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where

" > f
Q = f L) Z eR; ¥, (W) dt
1

where Wé (N) and W% (N) are initial and final determinantal wavefunctions.
Considering CI in the final wavefunction (CT is negligible in the initial

state), then
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where Ye (N)' are final determinantal wavefunctions which differ from,@é )
by only one spin orbital and V¢ (M)" differ from Wé (N) by more than

one spin orbital (mote that i = 1lj+kp). If there is no reorganisation in
the final state i.e. the same space orbitals can be used to construct ?é (M)

and Wg (N), then terms in the second summation go to zero.
f viv) P T D vl o rae
i i
V2 :)
Z €1, (V2 Mph, i

11

where mph’iz-/P $s* (1) eR(1) ¢ph(1) de (1)

H
o
QO

It

In this case, the initial and final determinants in (A) differ by the space

function ¢; in Wi (N) and ¢ph: the free electron wave function in Wg ',



The intensity of a band is determined by !le, hence

2
lal? =Z Ci (V2 myp )7+ 422 ey 19 Mphy,i°Mphy, j

In the treatment presented in this thesis, the term in brackets is set to

unity and the double summation is neglected. i.e. band intensities are

estimated purely on the basis of the terms§: C%l and terms involving the
1

free electron wavefunction are ignored. This treatment obviously also

neglects reorganisation in the final state which will always occur.

Hence the square of coefficients C%l corresponds to the quantity quoted in

table 4.1. To determine this, it is simply a matter of reading off the

coefficients of the individual formally allowed configurations from the

CI computer output and squaring them.

Manson (21) has identified three mechanisms which describe the

breakdown of the one-electron picture in photoelectron spectroscopy. These

are:
(i) initial~state configuration interaction (ISCI)

(11) final ionic state configuration interaction (FISCI) and
(iii) interchannel coupling.

The CI calculations performed in this work can only take ISCI

and FISCI into account. However, in the ground states of the neutral

molecules CS, AlF and SiS the calculations indicate that one determinant
is the main contributor to the CI expansion i.e. essentially FISCI

calculations are being performed here.

4.3, Results and Discussion

The results of the SCF and CI calculations together with a table
of computed electron density changes on ionisation for the three molecules
under study are shown in tables 4.1 and 4,2. Table 4.1 shows that the
calculations on all three molecules give very similar results with two (o)1
ionisations giving rise to the X2I* and B2I* states in the ion and one (w)~1
ionisation giving rise to the A2l state in the ion. In addition in all three

cases a fourth band, due to configuration interaction, is calculated to be

approximately 3eV higher in ionisation energy than the p2y+ state.
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The experimental Hel photoelectron spectrum recorded for AlF
may be seen in figure 7.1 of chapter 7 of this thesis. It shows three
bands as well as a broad weak feature centred at 16.10eV. This broad
weak feature was subsequently assigned on experimental evidence to
ionisation of aluminium trifluoride, AlF,, present in the vapour over
Al/A1F3 mixtures. The first band of AlF, experimental v.i.p. 9.73%0.01eV
can be assigned to the ALFt x25* state, derived from ionisation of the
70 orbital, by comparison with the ASCF and ASCF plus CI calculated ips.
The sum of the coefficients of formally allowed contributions totals to
0.96 which shows that there are practically no contributions to the CI

wavefunction from other, formally forbidden, configurations.

The second band of AlF is more complicated. Experimentally it
appears as a broad feature with band onset of 13.65eV and band maxima of
14.75eV. Both ASCF and ASCF plus CI calculations indicate that this band
is made up of contributions from both (27T)"1 and (60)—1 ionisations i.e.
both ALF* A21 and B2:* states. In the case of the A1FT A2I state, the
sum of coefficients of allowed contributions totals to 0.92. However, the
CI calculation on the AlF'T B2+t state points to the existence of a
configuration interaction band at 18.34eV with sum of coefficients of 0.09.
This is sufficiently large for the band to be observed experimentally and
is thus assigned to the experimental band at 15.33e¢V. This assignment is
also supported by the PNO-CEPA calculations in chapter 7. The AIF* B2p*
state CI calculations showed that the CI band is due to the (2ﬂ)‘1(76)“1(3w)+1
configuration. This configuration gains intensity by interaction with the
root configuration of the AIF™ B2:* state i.e. a configuration derived by
one-electron ionisation from the neutral molecule. The relative intensity
of the CI band and the band due to the ALF* B2r* state may be estimated
from squares of coefficients of formally allowed contributions to the CI
wavefunction as 0.09:0.87 or 1:9.67. This relative intensity will be

discussed further with reference to the calculations on CS and SiS.

The experimental spectrum of CS(1-5) is very similar to that of
AlF in that it contains four bands, three due to one-electron ionisation

from the neutral molecule and one due to configuration interaction.
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The first band of CS has an experimentally measured v.i.p. of
11.33eV. The ASCF plus CI calculated value is 11.00eV with a sum of
coefficients of 0.87 slightly reduced from the 0.96 of the AlFY x25+
state. Ten higher roots of the CI wavefunction, starting with the
determinant derived from the (7¢)71 ionisation as root function, were
calculated but no roots corresponding to possible allowed bands were seen.
Similarly, the second band of CS corresponding to the (2m)"! ionisation
with an experimental v.i.p. of 12.90eV showed good agreement with a ASCF
plus CI i.p. of 12.55eV. The sum of coefficients of allowed contributions
in this case was 0.90 compared with the corresponding value of 0.92 in the
case of AlF. The changes in electron density on ionisation for AlF and
CS are shown in tables 4.2(a) and 4.2(b). Considering the first band of
AIF and CS, the X2t* <« xlz* ionisation, it can be seen that, for AlF,
the main change in electron density is in the Al(s) orbitals with small
contributions from Al{(p), F(p) and Al(d). The changes in electron density
for the first band of CS are quite different. The main changes are in the
C(s), S(s) and S(p) orbitals with small contributions from the C(p), C(d)
and S(d) orbitals. The sum of squares of allowed contributions are
0.96 and 0.87 for the first bands of AIF and CS respectively. For the
second bands of AIF and CS, the corresponding coefficients are 0.92 and
0.90 respectively. Tables 4.2(a) and 4.2(b) show that the main changes in
electron density on ionisation are in Al(p) and F(p) for AlF and C(p) and

S(p) for CS.

The third and fourth bands of CS bear some similarity with those
of ALF. The calculated ASCF plus CI i.p. of 17.05eV for the cS*BZz™ « csxlst
ionisation compares reasonably well with the experimentally measured value
of 16.06eV. Examination of the CI output for the CSTB2c* state showed the
existence of a band at a calculated value of 20.26eV, A band at 18.03eV
was in fact observed in the experimental spectrum. The calculation showed
that this configuration interaction band is due to the (2ﬁ)"1(70)"1(3ﬂ)+1
configuration which gains intensity by interaction with the root configuration

of the CS*B2:* state i.e. a configuration derived by one-electron

ionisation from the neutral molecule. This is the same configuration that

gives rise to the configuration—interaction band in the AIF spectrum. The

relative intensity of the CI band of CS and the band due to the CS*BZz+*
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state may be estimated from the squares of coefficients of formally
allowed contributions to the CI eigenvectors as 0.11:0,73 or 1:6.64,
a substantial change compared to that of AIF. Unfortunately, the

eigenvectors produced by the AIF CI calculations were nmot stored and

it was then not possible to calculate changes in electron density on

ionisation in this case.

Clearly, because AlF and CS have the same ground state electronic
configuration, both molecules might be expected to show similar
characteristics in their experimental photoelectron spectra. The present
calculations have proved this to be so although there is scope for
improvement in the calculated values. The present method only takes
single and double excitations into account in the CI expansion. As
mentioned earlier, triple and quadruple excitations can alsoc be quite
important and improved results could be obtained if these were included.
Some attempt has been made to do this in the case of AIF (see chapter 7
of this thesis) using the PNO-CEPA method. This proved especially useful
in the analysis of the second and third bands of AIF. Unfortunately, it
was not possible to calculate a vertical ionisation potential for the

fourth AlF band using the PNO-CEPA method.

In view of the fact that SiS is valence isocelectronic with CS
and AlF, it is to be expected that the experimental pe spectra of SiS
would be similar to that of CS and AlF. Unfortunately no experimental
data on the pe spectrum of SiS is yet available so for the purposes of
the present study comparison of calculated results must be discussed with
reference to previous calculations performed by Von Niessen et al using
a Green's Function method (6). As in the cases of CS and AlF, three one-
electron ionisations from neutral SiS were considered 1.e. (90)"1, (3Tr)~1
and (80)_1 ionisations to give the X22+, A2 and B2:* states in the ion
respectively. Previous calculations showed (6) that the 25% state was the
csround state of the ion., However, the present ASCF calculations show
(table 4.1(c)) that the SiS* 2II state would appear at lower i.p. than the
sist 25% state. Hence, on the evidence of the ASCF calculations the ground
state of SiS+ would be assigned as X27. This assumption would be made
without taking correlation energy changes on ionisation into account.

However, on performing CI calculations on both states, this assignment must
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be thrown into doubt. There is a negligible difference in computed
vertical i.p. for the two states of 0.01eV. If a fuller CI had been
performed for both states it would have been possible to assign the
ground state of SiS* with greater confidence. Both bands appear from

the CI calculations to be equally intense, as estimated as the sum of
coefficients of formally allowed contributions to the final CI wave-
functions, a situation essentially analogous to that of AlF and CS.
Experimentally these two bands should be easy to distinguish since the
(G)—l ionisation will be sharp while the (r)~! ionisation will be broad.
It is interesting to note that similar behaviour was observed for Si0(20).
ASCF calculations failed to predict the correct ordering of the first two
ionic states of Si0 but subsequent CI calculations showed that the 2¢7
state derived by (70)71 ionisation was, in fact, the ground state of the
ion.

The third band of SiS derived by (80)~1 ionisation to give the
plr* state in the ion shows good agreement with the previous calculated
result (6). Several roots were calculated for the S$isS* B25* state in the
CI calculation and these calculations pointed to the existence of a
configuration-interaction band at approximately 3eV higher in v.i.p. than
the main SiS* B2:* band. This CI band had an apparent intensity of 0.10
(table 4.1(c)) relative to an intensity of 0.71 for the main SiS* B2z+
ionisation as estimated from sums of squares of allowed contributions i.e.
a relative intensity of 1:7.10, very similar to the value found for the
same two bands in CS. The CI calculation showed that this configuration-
interaction band is due to the (3ﬂ)_1(90)*1(4ﬂ)+1 configuration which
gains intensity by interaction with the root configuration of the SiS* BZz*
state i.e. a configuration derived by one electron ionisation from the
neutral molecule. Table 4.2(b) shows that the electron density changes on
ionisation for the B2IZ* and CI bands for CS and SiS are very similar. For
the B2%* and CI bands the main changes in electron density in CS are in
the C(s) and S(p) orbitals. By direct analogy it would be expected that
similar changes in the Si(s) and S(p) orbitals would be observed. Reference
to table 4.2(c¢) shows that this is indeed the case. To confirm the present
calculations on SiS it would be useful to perform an experimental study on
this molecule. Such a study has already been started in Southampton (7)

and it is hoped that this work will stimulate further interest.
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In conclusion, several points should be made:

(1) The results of the SCF calculations could be improved by
using a larger basis set nearer to the Hartree—Fock limit.
It was mentioned in chapter 3 of this thesis that a CI
calculation can only be as good as its preceding SCF
calculations. TIf the SCF calculations are improved there
will be a consequent increase in accuracy in the CI results.

(ii) To take more account of correlation energy changes on
ionisation a fuller CI calculation for each molecule needs
to be performed. At present, the number of electron
excitations to be included in a CI calculation needs to be
severely curtailed due to limitations in computer time and
data storage facilities. The advent of faster and more
efficient computers should soon allow a more complete CI
to be performed by including every possible single and double
excitation.

(iii) The effect of triple and quadruple excitations may be quite
important (8). Inclusion of these in a CI calculation is,
at present, prohibitive. However, as in the case of AlF
(see chapter 7 of the thesis) the PNO-CEPA method can take
some account of triple and quadruple excitations. It has
been estimated that 1757 of correlation energy can be
accounted for by the PNO-CEPA method (see chapter 3 for

further details of this method).



Table 4.1.(a)

Computed Vertical Ionisation Potentials of AlF(X12+)(a)

ASCF plus CI Experimental No. of (¢)
Orbital Ionised Ionic State ASCF IP/eV IP/eV Value (d) Configurations
70 x25* 8.51 9.24 (0.96) (P) 9.73+0.01 2957
2 A27 12.99 13.44 (0.92) 13.6 =15.2 4826
60 B23+ 15.28 15.13 (0.87) 2957
- (C23+) - 18.34 (0.09) 15.33+0.01

(a)

(b)

(c)
(d)

All calculations were performed at the experimental equilibrium bond length of AIF(Xlf*) of

1.65448 (14-17).

Values in brackets are the sum of coefficients of formally allowed contributions to the final

CI wavefunctions.

The CI calculation on A1F(Xlgzt) produced 1567 configurations.

See chapter seven of this thesis.
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Table 4.1(b) Computed Vertical

Tonisation Potentials of CS(X12+)(9)

ASCF plus CIT Experimental No. of (h)
Orbital Ionised Tonic State ASCF IP/eV IP/eV Value (&) Configurations
7o X2+ 11.01 11.00 (0.87) (£ 11.33 2957
2T A2l 11.89 12.55 (0.90) 12.90 4826
60 BZy+ 18.12 17.05 (0.73) 16.06 2957
- (c2s™) ~ 20.26 (0.11) 18.03

(e)
(£)

(g)
(h)

All calculations were carried out at the equilibrium bond length of CS(XIZ+) of 1.5349R (18).

Values in brackets are the sum of coefficients of formally allowed contributions to the final

CI wavefunctions.

Experimental results taken from refs.

(1-5).

The CI calculation on CS(X12+) produced 1567 configurations.

- 901 -



Table 4.1.(c) Computed Vertical Tonisation Potentials of SiS(X12+)§E)

Previous No. of (1)
ASCEF plus CI calculated Configurations
Orbital Ionised Ionic State ASCEF TP/eV IP/ev Value (k)
9g X25+ 10.00 9.98 (0.89)(3) 9.79 2957
37 AZT 9.48 9.97 (0.90) 10.73 4826
8¢ B25* 14.92 13.93 (0.71) 13.28 2957
- (C25+) - 16.91 (0.10) 20.72

(1)

(1)

(k)
(1)

A1l calculations were performed at the experimental equilibrium bond length of sis(xls*) of

1.92938 (18).

Values in brackets are the sum of coefficients of formally allowed contributions to the final

Cl wavefunctions.
No experimetnal data available. Calculated values taken from ref. (6).

The CI calculation on SiS(X12+) produced 1567 configurations.
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Table 4.2.(a)

Changes in Electron Density on Tonisation Calculated from AlF Converged

SCF Wavefunctions

Atomic Orbital

State Al(s) F(s) Al(p) F(p) Al(d) F(d)
ATFT X2p+ 0.8687 -0.0021 0.0552 0.0745 0.0105 -0.0068
ATFY A27 -0.1252 ~0.0287 0.3750 0.6849 0.0913 -0.0027
A1TT B2yp+ 0.1467 ~0.0041 0.2813 0.5139 0.0572 -0.0051

Alrt 2t

- 301 -



Table 4.2.(b)

Changes in Electron Density on Ionisation Calculated from CS

Converged SCF Wavefunctions (8)

State

Atomic Orbital

C(s)

S(s) C(p) S(p) C(d) S(d)
cot w25+ 0.5997 ~0.1371 ~0.0694 0.6231 0.0695 0.0529
(0.5932) (-0.1267) (~0.0769) (0.5933) (=0.0776) (0.0948)
ost A2 0.1254 ~0.1646 0.1260 0.6973 ~0.1207 0.1366
! (0.1355) (=0.1387) (0.3286) (0.6658) (=0.1177) (0.1286)
oot B2t 0.2808 0.2373 0.0012 0.3030 0.0565 0.1213
(0.3141) (0.1654) (0.0734) (0.3052) (=0.0382) (0.1803)

+ PASE = - - - - - -

Cs™ (ca2™) (0.3203) (=0.0620) (0.1321) (0.5769) (=0.0344) (.

(a) Figures in brackets
Natural Orbitals.

are the electron density changes derived from analysis of the CI

0669)
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Table 4.2.(c)

Changes in Electron Density on lonisation Calculated from SiS

Converged SCF Wavefunctions (P)

State

Atomic Orbital

Si(s)

S(s)

Si(p) S(p) S1i(d) S(d)
A + 0.1738 ~0.1393 0.2706 0.4739 0.1081 0.1129
5is* x2x
(0.1631) (-0.1415) (0.2474) (0.4765) (0.1128) (0.1417)
sist a2p -0.0672 -0.1743 0.4801 0.5620 0.0551 0.1443
(-0.0327) (-0.1540) (0.5026) (0.5102) (0.0425) (0.1313)
gigt plpt 0.2765 0.2359 0.0018 0.2937 0.0580 0.1341
t (0.4828) (-0.0099) (-0.0046) (0.4268) (-0.0136) (0.1185)
sist (cZn™) - - - - - -
(0.2515) (-0.1217) (0.0129) (0.6639) (0.1400) (0.0534)

(b) Figures in brackets are the electron

natural orbitals.

density changes

derived from analysis of the CI

- OT1 -
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5.A. AN INVESTIGATION OF THE TRANSITION METALS TPON, COBALT AND NICKEL

5.A.1. Introduction

Although photoelectron spectroscopy (PES) has been used to
investigate the electronic structure of transition metals and oxides in
the solid state (1-5), very few studies of this type exist on these metals
and their oxides in the gas phase. Such experiments are nevertheless
important because they provide valuable reference data for the understanding
of the changes in electronic structure which take place upon formation of
polymeric species and solids from the isolated atoms or molecules. A
secondary but important consideration i1s that one possible way of producing
a transition metal oxide in the vapour phase is via gas~phase oxidation of
a transition metal. Hence a gas-phase PES investigation of a transition
metal will be an important precursor to the study of the corresponding

transitionmetal oxide in the vapour phase.

As discussed in earlier work (6), gas-phase metal photoelectron
spectra are also important because the relative photoionisation cross-—
section of the outermost ns and (n-1)d shells may be obtained from the
spectra at the photon energy used. Moreover, by observing bands which
derive their intensity from configuration interaction and by measuring
relative band intensities, PES provides a sensitive probe of correlation

and relativistic effects in the particular atom under study (7,8).

5.A.2. Experimental

Atomic vapours were obtained by vapourising the solids (>99.97%
purity) into flowing helium from a zirconia-lined molybdenum furnace of
similar design to that described in Chapter two of this thesis. Vapour
pressures of the metals under study (9-11) were high enough to allow
spectra to be recorded at furnace temperatures of (1980%£30)K for iron,
(1925+30)YK for cobalt and (2140+30)X for nickel. These temperatures were

measured by focusing a calibrated optical pyrometer onto the hottest part
of the furnace.

Details of the photoelectron spectrometer and of the furnace used
for the study of these three metals may be found in Chapter two of this

thesis. The Hel(21.21eV) photoelectron spectra of methyl iodide, water,
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carbon monoxide and nitrogen were used for calibration purposes. The
transmission function of the analyser has been calibrated by a standard
method (see Chapter 2) and found to be linear within +57 of the electron
kinetic energy for electron energies greater than 0.5eV. Observed metal
ionisation energies agreed well with those obtained from optical

spectroscopy (12) and are quoted to an estimated accuracy of *0.0leV.

5.A.3. Results and Discussion

The Hel photoelectron spectra of iron, cobalt and nickel are
shown in figures 5.A.1. to 5.A.7. 1In each case, evidence was obtained

for 1onisation from both the 4s and 3d shells.

The ground state of neutral iron is a 5D4 state arising from the
electronic configuration ....3d%4s2. At the temperatures used for
evaporation it is expected that other J components (J=3, 2, 1, 0) of
this °D state will be populated and it is expected that the spectra
obtained will contain contributions arising from population of the
excited J components. From optical spectroscopy (12), it is known that
there will be two formally allowed 4s one-electron ionisations corresponding
to the processes (3d645; 6D)Fe+ <« (3d6452; 5D)Fe and (3d64s; 4D) <~ (3d64§; 5D)Fe
as well as two formally allowed 3d one-electron ionisations corresponding to
(3d54s52; 65)Fe*t « (3d%4s?; S5D)Fe and (3d54s2; 4D)Fe” « (3aP4s2; SD)Fe. The
HeT photoelectron spectrum of iron (figure 5.A.1. (a)) showed clear
evidence for three of these bands but the band associated with the (3c1)_1
ionisation Fe® %D « Fe °D was not observed. The three observed bands are
shown more clearly in figure 5.A.1. (b). The two bands associated with the
(45)—1 ionisations showed no resolvable structure and this almost certainly
arises because they are made up of a complex pattern of ionisations from
the five J components in the initial 5D state to a number of J components in the
ionic state. TFor the first band, the Fe+(6D) state has five components
whereas for the second band, the Fe+(4D) state has four components. The
peak maxima of these bands were measured as 7.90eV and 8.89eV respectively
in good agreement with the expected energies for the 6D9/2 Fe++5D4Fe and

4D7/2Fe+<—5D4Fe ionisations (12), consistent with these ionisations being

the main contributions to the observed bands.
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The bands associated with the (3d)_1 ionisation consisted of one
sharp peak with two smaller features on the low ionisation energy side
(figure 5.A.2. (a)). The measured positions of these peaks were 10.79,
10.74 and 10.71eV respectively in agreement with ionisation energies
estimated from optical spectroscopy for ionisation from the 5Dé, 5D3 and
5D2(3d6482)Fe neutral states to the 655/2(3d5452)Fe+ ionic state. The
components arising from ionisation of the 5Dland 5DO neutral atom states
were not resolved experimentally. As the ilonic state associated with
this band has only one J component, it is convenient to use the observed
band envelope to estimate the temperature of the atomic beam when
photoionisation occurs. The method assumes that each component is
Gaussian in shape with a half width of 45meV, the estimated experimental
half width. Simulated spectra at Boltzmann temperatures for the initial
atomic 9D state at 300, 1400, 1500, 1600 and 1800K, as well as the
experimental envelope for the 68, Fet<5D, Fe(3d)~! ionisation are shown
in figure 5.A.2.(b). The agreement between experimental and computed
band envelopes 1s good for temperatures in the region 1400-1800K and,
when experimental errors in the measured band intensities are taken into
account, the effective temperature of electronically excited iron is
estimated as (1500£200)K. As observed in other cases (7,8), this
temperature is less than the furnace temperature at which spectra were
recorded and indicates that the excited atoms lose eclectronic excitation
energy, probably by collision with the helium carrier gas, before being

ionised.

The experimental intensity ratio of the three observed bands
associated with the 6D, 4D and 0S ionic states has been measured, after
correction for the analyser transmission function, as (1.420.2):1.00:(7.3+0.7).
The bands associated with the ©D and %D ionic states are, within
experimental error, in the expected ratio of 3:2 calculated on the basis of
the total number of components in the ionic state. Also, by dividing the
corrected experimental intensities by the number of components in the
corresponding ionic state, a value of (25.5%1.5) is obtained for the iron
034:044 relative Hel photoionisation cross section , measured at right

angles to the photon beam. The measurements made from the Hel photoelectron

spectrum of iron are summarised in table 5.A.1.
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One remaining problem exists with the iron spectrum. As
indicated earlier, one other allowed (3d)"! ionisation corresponding
to the process (3d5 452; 4D)Fe+<—(3d6482; 5D)Fe should be observed in the
Hel region with the most intense component corresponding to the
5D4+4D7/2 ionisation at 15.37eV. However, despite a careful search of
the 14.0-16.0eV ionisation energy region, no evidence of this band was
obtained. This probably arises because the 3d photoionisation cross-—
section curve as a function of free—electron kinetic energy is very low
at threshold and rises steeply to a maximum above threshold (13,14).
For the band associated with the (3d)_l lonisation at 15.37eV the electron
kinetic energy will be approximately half that for the (3d)~! band at
10.79eV ionisation energy and, from the calculated shape of the 3d
photoionisation cross—section curve (13,14) it is expected that the cross-
section for the band at 10.79eV will be much greater than the band at

15.37eV.

A recent study by Schmidt et al (24) has presented gas-phase
vacuum ultra-violet photoelectron spectra of the three transition metals
iron, cobalt and nickel. Synchrotron radiation of between 40eV and 80eV
energy was used with experimental resolution varying from 150meV at 40eV
photon energy to 500meV at 80eV photon energy. In the work on iron (24),
spectra were recorded at the position of the dominant
3p5(3d7 4F)482 5D+3p63d6432 5D resonance transition at 56.65eV. Bands
associated with ionisations from the 3d and 4s orbitals of the ground 5p
state were observed. Three bands with ionisation energies at 8.1+0.15eV,
9.0%0.1eV and 10.8eV were seen, which correspond to autoionisation from
the excited °D state to the Fe't 6D, 4D and 65 states observed in the
work on iron described in this Chapter. The assigmment of these bands
and their measured ionisation energies agree well with those derived in
the work described in this Chapter and quoted in table 5.A.1. Because of
the experimental resolution of the technique used by Schmidt et al (24);
it was not possible to observe any structure on the Fe® 63 band. The
poorer resolution also accounts for the higher error bounds on the
measured values of the positions of the bands in question. It 1is
interesting to note that, while the expected (3d6482 4D)Fe+<—(3d6432 5D)Fe

ionisation at 15.37eV (12) was not observed in the present work, evidence
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of a band at 15.3#0.2eV was seen in reference (24). This was assigned
by Schmidt et al (24) to the (3d6452 4D)Fe+<—(3d6482 5D)Fe ionisation.
The fact that this band was observed is probably due to the use of a
higher incident photon energy than that used in the present Hel
photoelectron spectroscopic study plus the fact that the Fe™ 4D state

is obtained via a one-electron excitation followed by one-electron

autoionisation.

The relative intensities of the Fet 6D(8.leV), Fe™ 4D(9.OeV),
Fet 65(10.8eV) and Fet 4D(15.3eV) states can be measured directly from
the work of Schmidt et al (24). After correction for the transmission
function of the analyser the measured values were 1.00(6D):1.88(4D):
2.83(68):13.86(4D). Although these values would be affected by auto-
ionisation effects these could not be quantitatively taken into account
for the purposes of this measurement. The relative intensity of the
6D(8.1eV) and 4D(9.0eV) bands, expected to be 1.5:1 on the basis of the
number of components in the ionic state, was measured as 1:1.88, a
discrepancy which must be due to autoionisation effects. However the
measured value of 1:4.90 for the relative intensity of the 65(10.8eV) and
4D(15.3eV) states was in qualitative agreement with the expected value of
1:3.33 calculated on the basis of the number of components in the ionic

state.

The measured intensities of all four bands may be used to calculate
a value for the 034:044 relative photoionisation cross—section at 54944
to the photon beam. Because of the discrepancy in the relative intensities
of the 6D(8.leV) and 4D(9.OeV) bands, the s ionisation intensity will be
taken to be a sum of these two bands. The 034'94¢ relative photoionisation
cross—section may now be calculated using either (d)~! ionisation to the
6S(1O.8eV) or 4D(15.3eV) states, Using the intensity of the 65 state will
give a value of approximately (8.2:1) while using the intensity of the 4n
state will give a value of approximately (12.0;1) for the 044:0,44 relative
photoionisation cross—section ratio. Because autoionisation effects play
a major part in the spectra recorded by Schmidt et al (24) the best estimate
for the 044:0,, relative photoionisation cross-section ratio would probably
be an average of the two calculated values i.e., (10.1:1) in qualitative

agreement with the value of (25.5:1) determined in the Hel study.
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The Hel photoelectron spectrum recorded for cobalt is shown in
figure 5.A.3. The ground electronic state of atomic cobalt is a %F
state arising formally from the 3d/4s? configuration and in the Hel
region, three bands associated with one—electron ionisation from this
state are expected from optical data (12). These consist of two (48)71
ionisations and ome (3d)”! ionisation corresponding to the processes
(3d745; 5F)Co*+(3d7482; 4F)Co, (3d74s; 3F)Co+<-(3d7452; 4F)Co and
(3d6452; 5D)Co++(3d7452; 4F)Co. These three bands were observed
experimentally (at peak maxima of 8.27, 9.08 and 12.91eV respectivelyv)
and, in addition, one other band was observed at 7.86eV which could be
identified with the formally forbidden ionisation (3d8; 3F)Co++(3d74sz; 4F)Co
(12) (figure 5.A.3). Detailed inspection of the ionisation energy
range 7.0-10.0eV showed that of the three bands assigned to ionisation of
atomic cobalt in this region the first and third bands showed resolvable
structure whereas the band assigned to the (3d74s; 5F)Co++(3d7452; 4F)Co
process showed no such structure (figure 5.A.3.(b) and 5.A.4.). As
discussed previously for iron, this probably arises because of overlapping
contributions arising from population of the four J levels in the initial
4F state and ionisation to the five J components in the ionic state.
However, the measured peak maximum of the observed band (8.27eV) was in
good agreement with that expected (12) for the ionisation 5F5Co++4F9/2Co,
the most intense contributor to the observed band. For the first band,
peak maxima could be identified at 7.86, 7.98, 8.06 and 7.76eV and these
could be assigned to the four ionisations Co+(a3F4, 3F3, 3F2)+Co(4F9/2)
and Co+(a3F4)+Co(4F7/2) respectively (figure 5.A.4.(a)). 1In the third
band, a component was resolved on the low ionisation energy side of the
main band and is attributed to the Co+(b3F4)+Co(4F7/2) transition, whereas
the remainder of the band arises from unresolved Co+(b3F4’3’2)+Co(a4F9/2)

and Co+(b3F3 2)<~Co(a4F7/2) contributions (figure 5.A.4.(b)).

The experimental intensities (corrected for analyser transmission
function) of the three bands associated with the (4s)”! ionisations
corresponding to ionisation to the a3F, a’F and b3F ionic states were
measured as (1.9+0.2):1.9%0.2):1.0 respectively (table 5.A.2.). Clearly,
the band associated with ionisation to the (3d8)a3FCot state has

appreciable intensity and it is worth considering the possible ways by
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which this formally forbidden band gains intensity. Three mechanisms
have been identified which describe the breakdown of the one~electron
picture in photoelectron spectroscopy (15); initial-state configuration
interaction (ISCI), final-ionic-state configuration interaction (FISCI)
and continuum~state configuration interaction (CSCI) or inter--channel
coupling. Because, in neutral cobalt, the ground state is a 4F state
formally arising from the 3d74s2 configuration and as there is another
4F state arising from the 3d84s configuration approximately 3500cm™ !
higher in energy, interaction between these states (i.e. ISCI) seems an
obvious possibility by which the band associated with the (3d8; a3T)co™
state could gain intensity. However, recent configuration interaction
calculations on neutral cobalt (16) have shown that the interaction
between the (3d7482)4F and (3d84s)4F cobalt states is very small and this
result indicates that ISCI can be ruled out in this case. Although
interaction between the (3d8)a3F and (3d745)b3F states in Cot* is also
possible (i.e. FISCIL) no calculations have been performed to quantify
the extent of this effect. However, as indicated in table 5.A.2., the
relative intensity of the two bands associated with the processes
(3d745; 5F, 3F)Co++(3d7452; 4F)CO is greater than the expected 5:3 ratio
(corrected experimental ratio (3.8%0.4):2) and this would be consistent
with the band associated with the (3d748)b3F Cot state losing intensity
while that associated with the (3d8)a3F Co* state gains intensity.
Obviously, however, interchannel coupling or even autoionisation cannot

be eliminated at this stage.

The band associated with the (3d)”! ionisation of cobalt is shown
in figure 5.A.3.(c). It shows components arising from the
Co+(5D4’3’2)+C0(4F9/2) and Co+(5D4)+Co(4F7/2) processes at 12.91, 12.98,
13.03 and 12.81eV respectively, in agreement with the expected ionisation
energies derived from optical spectroscopy (12). The intensity of this
band relative to the (4s)”! band at 8.27eV associated with the
5F, Co*«4F, Co ionisation has been measured experimentally as (6.430.6)
after correction for the analyser transmission function and this leads,
after allowance for the number of components in the upper state, to

a 3d:4s photoionisation cross section ratio of (9.0x1.0).
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Of the four bands assigned to ionisation of cobalt, three show
components arising from ilonisation of electronically excited cobalt.
However, unlike iron where oune band corresponds to ilonisation to an
ionic state with only one J component, in cobalt each band corresponds
to ionisation from the initial “F state with a maximum of four occupied
J components to an ionic state also with several J components. The
resulting heavily overlapped structure in each band makes it impossible
to use the observed enveloves to estimate the extent of electronic

excitation in cobalt due to photoionisation.

Five additional bands were observed in the 8.0-12.0eV ionisation
energy region with ionisation potentials of (8.64+0.03)eV, (9.68+0.02)eV,
(10.09+0.02)eV, (10.81+0.03)eV and (11.11+0.03)eV (these bands are marked
'X'" in figures 5.A.3.(a) and 5.A.3.(b)). These features were present
only when cobalt was evaporated but their intensities were not proportional
to the other bands assigned to ionisation of cobalt. Furthermore, they
could not be assigned to any known ionisation of atomic cobalt or to a
possible energy loss in atomic cobalt. It was thought, however, that
under the conditions of the experiment, energy-loss processes are unlikely
as the cobalt band at 12.91leV, corresponding to a (Bd)‘1 ionisation, showed
no evidence of any energy-loss features. Hence, although the bands marked
'X'" in figures 5.A.3.(a) and 5.A.3.(b) cannot be definitely assigned at
this stage, they are thought to be molecular in origin and will be

investigated in future experiments in the Southampton p.e.s. group.

Photoelectron spectra of cobalt have also been recorded by
Schmidt et al (24). The spectra were recorded at 63.0eV, this being the
position of the dominant 3p5(3d8 3F)4s? 4D<—3p63d7l$s2 by absorption. By
analogy with the present study by Hel photoelectron spectroscopy, it was
expected that both 3d and 4s ionisations would be observed. Unfortunately
the expected 4s ionisations at 8.3eV and 9.1eV, corresponding to the
Cot OF«Co 4F and Co* 3F«Co %F ionisations respectively, were buried in
the high background. However, the expected band at 12.9eV corresponding

to the Co* 5D«Co %F ionisation (removal of a 3d electron) was observed,

in agreement with the present work described in this thesis.
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The photoelectron spectrum of nickel is the most complex of the
three spectra recorded. This complexity arises because the electronic
ground state of nickel, the (3d84s2)3F state, is only 205cm™1 below the
(3d943)3D state and the J manifolds of each state are overlapped (12).
It is also expected that at the temperatures used for evaporation the
(3d945)3D state will be appreciably populated. Two allowed ionisations
should occur from the (3d84s?)3F state in the HeT region, corresponding
to the (45)“1 ionisation processes Ni+(3d845)4F, 2F+Ni (3d8432)3F. In
contrast, seven allowed bands are expected from the (3d94s)3D state.
These correspond to the (45)_1 ilonisation to the (3d9)2D NiT state and
the (Bd)_1 ionisations to the (3d845)4F, ZF, 2D, 4P, 2p and 2D NiT states.

Figure 5.A.5. shows the complete Hel photoelectron spectrum of
nickel. The first band, band A of figure 5.A.5. was relatively weak and
it was not possible to resolve any structure in this band. However, its
maximum (7.61leV) was in good agreement with that expected for the
(3d9)2D5/2 Ni++(3d945)3D3 Ni jonisation. An expanded version of the
§8.0-10.0eV ionisation energy region is shown in figure 5.A.6.(a). This
shows structure arising from ionisation from both the (3d948)3D and
(3d8452)3f Ni states to the (3d848)4F and 2F ionic states. The band
centred at 8.67eV corresponds to ionisation to the (3d845)4F Nit state
whereas the smaller band centred at 9.31eV is associated with ionisation
to the (3d845)2F NiT state. TFor the more intense band in figure 5.A.6.(a),
structure was observed at 8.67, 8.79, 8.89 and 8.96eV. On the basis of
optical data (12), this structure was assigned to the ionisations
4P,y Nite3F, Ni, Nit 4F; ,e3F, Ni, “F5 9 Nit<IF4 Ni oand 4Py NiteIP, Ni.
A small peak has also been observed at 8.56eV on the low IP side of the
main band and has been assigned to the Ni% 4Fg/zﬂ\'i BDP ionisation.
Similarly, a small component was ocbserved at 9.20eV on the low ionisation
energy side of the band at 9.31eV and this has been assigned to the process
2F7/2 Ni++3D2 Ni. Although the band at 9.31leV can be assigned to the
ionisation 2F7/2 Ni++3F4 Ni, no evidence was obtained for the ionisation
2F5/2 Ni++3F4 Ni expected at 9.49eV. The ratio of the experimental
intensity (corrected for analyser transmission function) of the bands
associated with the %F and 2F ionic states was measured as (5.9+0.5):1.0,
clearly much greater than the ratio of 2:1 expected on the basis of the

number of components in the upper state.
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An expanded version of the 10.0-11.0eV ionisation energy region
is shown in figure 5.A.6.(b). Two peak maxima were clearly observed (peaks
A and C in figure 5.A.6,(b)) at 10.47 and 10.71eV respectively
corresponding to the processes (3d845)2D5/2 Ni+e(3d94s)3D3 Ni and
(3d845)4P5/2, 32> Ni++(3d94s)3D3 Ni. Of the two spectra shown in figure
5.A.6.(b), spectrum ii) has been recorded at about 200K higher than the
temperature used to obtain sgpectrum 1). Peak B at 10.56eV can be
identified with the (3d843)2D3/2 N'++(3d948)3D3 Ni ionisation, whereas at
higher temperature a shoulder is seen on the low ilonisation energy side
of peak A which can be identified with the (3d843)2D5/2 Ni+é(3d943)3D2 Ni
process. Two other bands were also observed in the photoelectron spectrum
of nickel associated with the ionisations (3d845)26 Ni++(3d94s)3D Ni and
(3d845)2P Ni++(3d948)3D Ni. TIn figure 5.A.6.(c) no structure is resolved
in either of these bands although the 2G Ni*<3D Ni band was clearly
asymmetric to the low ionisation energy side. Since the splitting of
the 2G9/2 and 2G7/2 levels in Ni* is very small, this asymmetry corresponds
to unresolved structure arising from population of the J=3, 2, 1 levels of
the 3D initial state. A spectrum of this band recorded under improved
resolution is shown in figure 5.A.7.(a) and the results of simulation of
the observed band envelope using the method adopted previously for iron
with a Gaussian band half-width of 65meV are shown in figure 5.A.7.(b).
From these simulated spectra the temperature of the atomic beam was

estimated as (1600+200)K and, as in the iron case, this is clearly less

than the experimental furnace temperature.

The relative intensities of the bands labelled A to F in figure 5
have been measured and these are shown in table 5.A.3. As band D in
figure 5 contains overlapping contributions from ionisation to the %P and
2D(3d845)Ni+ states produced from the (3d94s)3D state of neutral nickel
and as bands B and C contain overlapping contributions from ionisation
from the (3d8452)3F and (3d%4s)3D states of neutral nickel to the
(3d8hs)4F and (3d845)2F states of the nickel cation, it 1s difficult to
use the intensities of these bands to estimate the 034:04g Hel photo-
ionisation cross-section ratio in neutral nickel. However, in figure

5.A.5. bands A and F correspond to the processes

(3d9)2D Ni*<(3d%4s)3D Ni and (3d84s)2G Ni*«(3d%4s)?D Ni and hence
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the corrected relative intensities of these bands can be used directly
to provide an estimate of the O3d:045 cross—section ratio in nickel.
The value obtained after allowing for the number of components in the

ilonic state is (3.120.3).

Schmidt et al (24) have recently recorded the ultraviolet photo-
electron spectrum of nickel at a photon energy of 68.55eV corresponding
to the (3p53d9452 3P,3D)Ni+(3p63d8452 3F)Ni resonance transition. As
in the Hel study reported here, an excited state of the neutral atom was
appreciably populated (the Ni(3d94s)3D state) at the elevated temperatures
used for the experiment. Ionisations from both the ground and excited
states of the atom would be expected to occur. This was in fact found
to be the case in the autoionisation spectra reported in ref. (24).
Three ionisations at 8.7e¢V, 10.6+0.1eV and 11.7:0.1leV ionisation energy
were observed which corresponded to bands B, D and E/F of the Hel study
described above. Evidence of bands A and C was not found by Schmidt
et al (24) because they were weak relative to the other observed bands
and were masked by the experimental background. Because of the complicated
nature of the spectra recorded by Schmidt et al (24), it 1s not possible
to calculate a value for the 04g:03g relative photoionisation cross-
section ratio. In the Hel study, it was possible to calculate a G,g:03g
value using the relative intensities of bands A and F, but this was not
possible from the spectra of Schmidt et al because Band A was obscured

by high experimental background.

For the work on the first-row transition metals described in
this chapter, the 3d photoionisation cross—section 1s greater than the
4s photoionisation cross-section at the Hel (21.21eV) photon energy, as
expected from theoretically computed partial 3d and 4s photoionisation
cross sections (13,17). It would obviously be of interest to extend
this investigation by measuring relative band intensities as a function
of photon enmergy. It appears from theoretically predicted cross-—
sections as a function of free kinetic energy that, in the first row
transition metals, the 3d photoionisation cross—section increases
smoothly above threshold to a maximum and then decreases slowly. This
is in contrast to the 4s photoionisation cross-section which varies

rapidly just above threshold. In fact, it is expected that the 4s cross-
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section is relatively large at threshold, where 0,4>033, and then

it decreases rapidly to a minimum just above threshold. This is
followed by a gradual increase to a maximum whose height is typically
one—tenth of the threshold value (17). These predictions are also
consistent with some recently recorded photoelectron spectra for a
series of first-row transition metal negative ions obtained with an
ArII (2.54eV) photon source (18-21), where the bands derived from the

(4s)~1 ionisation are consistently more intense than those associated

with the (3d)~1l ionisation.

A further application of the results described in this chapter
is in the assignment of the photoelectron spectra of transition-metal
compounds (22, 23). Such spectra are commonly recorded in the vapour
phase at the Hel photon energy. Hence the relative photecionisation
cross-section ratios recorded in this study and in earlier work (6)
(see also chapter 6 of this thesis) will probably be useful in inter-
preting relative experimental band intensities in the Hel photoelectron
spectra of transition-metal compounds. Examples of this can be found
in chapter 6 of this thesis in which experimental work on Ti0, VO and
Cr0 is described and assignment of the metal oxide spectra 1s assisted

by the known band intensities and assignments in the corresponding metal

spectra.
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Table 5.A.1. Measurements obtained from the Hel photoelectron spectrum

of iron

Orbital Ionisation process

Measured ionisation

Corrected experimental

Tonised Fet<Fe potential (eV) relative inteunsities
of band maximum
Ls 6p«5p 7.90 1.4+0.2
bs 4p«2p 8.89 1.0
3d 6s5<5p 10.79 7.3+0.7
Table 5.A.2. Measurements obtained from the Hel nhotoelectron spectrum
of cobalt

Orbital Ionisation process

Measured ionisation

Corrected experimental

Ionised Co*<Co potential (eV) relative intensities
of band maximum

4s

electron

tonised adr<by 7.86 1.940.2

plus a

4s-+3d

transition

hs adFtT 8.27 1.9+0.2

4s bIF<h 9.08 1.0

3d a DT 12.91 12.2+1.5
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Table 5A.3 Summary of the measurements obtained from the Hel

photoelectron spectrum of nickel

Band lettering Orbital Ionisation Measured Corrected
in figure 5 ionised process ionisation experimental
Nit+Ni potential relative
(eV) of intensities
band
maximum
A 4s a2<3D 7.61 0.50%0.05
(3d 4r<3p 8.67 5.90+0.5
(4s 4pe3F
C (3d ZEe3p 9.31 1.0
(4s 2537
D 3d b2D, a%pe3p  10.47 3.7+0.3
3d 2p3p 11.21 —
F 3d 263D 11.64 2.8+0.2

*Too weak for reliable intensity measurements to be made.
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CHAPTER 5.8B. RESULTS OBTAINED ON EVAPORATION OF A TRANSITION METAL

ALLOY

5.B.1. Introduction

Stainless steels are of considerable importance commercially
and industrially and this present investigation was undertaken as part
of the collaboration between the Southampton p.e.s. group and the
Berkeley Nuclear Laboratories of the C.E.G.B. The aim was to study
via gas—-phase p.e.s., an alloy previously studied by Auger Electron
Spectroscopy (A.E.S.) at Berkeley (1-3). In the experiments performed
at Berkeley (1-3) type EN58A stainless steel was annealed at
temperatures between 770 and 1470K. During annealing, material lost
from the stainless steel was collected on a cold finger and an
elemental analysis of this deposit was carried out by A.E.S. The
remaining surface of the stainless steel was also analysed by A.E.S.
From analysis of the stainless steel surface, at temperatures up to
1200K, no significant variation between the annealed surface composition
and the bulk was observed. Above 1200K, a rapid decrease in surface
composition of chromium was observed together with a corresponding
increase in nickel (1). From analysis of material deposited on the
cold finger, as the annealing temperature was increased above 770K,
chlorine and manganese were readilv observed on the surface of the
cold finger, but below 1020K manganese was the only metallic element
which condensed in detectable quantities. On increasing the annealing
temperature to 1120K, large quantitites of chromium and smaller amounts

of iron as well as manganese and chlorine were condensed on the cold

finger surface (1).

Following the successful studv of iron, cobalt and nickel
(discussed in the previous section) a sample of Cr/Ni/Nb stabilised
steel of the type used in the C.E.G.B.'s Advanced Gas-Cooled Reactors
(AGRs) (4) was supplied with the intention that it be studied by
gas—phase p.e.s. at Southampton. It was hoped that it would be
possible to perform direct vapour phase p.e.s. studies of the vapour
effusing from a heated stainless steel sample and that there would be
some similarities between the gas—phase p.e.s. studies and solid-phase

studies of ref. (1).
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5.B.2. Experimental

The supplied steel sample (denoted Sample A) was evaporated
using a system identical to that used for the evaporation of iron,
cobalt and nickel (see preceding section). The composition of the

steel in wt. 7 was given as

Cr Ni C Mn Si Nb S P Co Ti yAS
19.8 24.5 0,035 0.55 0.59 0.50 0.005 0.005 0.004 0.05 0.05

Mo Fe
0.02 Balance (v55.0).

The RF voibege passed into the furnace was increased by 0.2 kv
at a time and kept constant for two minutes during which time spectra
were recorded over the 7.0eV to 11.0eV i.p. range. Temperatures were
measured by focusing a calibrated optical pyrometer onto the hottest
part of the furnace. The intensities of the metals evaporating
(Fe, Co and Ni) were monitored by measuring the heights of the most
intense bands in the iron, cobalt and nickel spectra i.e. the
Fe+6S+Fe5D, CotOD«Co*F and Ni+4F+Ni3D/3F bands. It was not possible to
determine the proportion of any particular element in the effusing
vapour because insufficient dara is available on the relative photo-
ionisation cross-sections of the metals. No bands attributable to

manganese, chlorine or sulphur were observed during the course of this

work.

5.B.3. Results and Discussion

The alloy studied in this work is similar to the ENS58A stainless
steel studied previously in references (1-3). Tn wt. 7 the composition of

EN58A used in refs (1,2) has been determined as:

Cr Ni Mn C Si S P Mo Fe
18.3 9.0 1.17 0.05 0,04 <0.010 0.025 0.45 Balance (n71.0).

The results of the gas—phase p.e.s. experiments on sample A

are shown in the form of a graph of metal intensity against temperature
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in Fig. 5.B.1. The three metals were observed over three different

temperature ranges:

Cr 1600 - 22759C (1870-2545K)
Fe 1650 — 2350°C (1920-2620K)
and Ni 1600 — 2500°C (1870-2770K)

The evaporation temperatures previously found for pure iron and

nickel (see preceding section) were (1980+30)K and (2140+30)K
respectively and (1760x30)K for pure chromium (see Chapter 6) in
reasonable agreement with the temperature ranges quoted above. It
should be noted that the temperature measurements performed previously
for iron, nickel and chromium were carried out in exactly the same way
as in this present study i.e. by focusing a calibrated optical
pyrometer onto the hottest part of the furnace. An interesting point
to note is that, in Fig. 5.B.1., the lower end of the evaporation
temperature ranges for the three metals are within 50K of each other.
Wild (1) has determined that a loss of material sufficient to produce
507 depletion to a depth of 107%m is not considered possible during a
normal annealing period unless the equilibrium vapour pressure of the
pure element exceeds 4x1077 torr. The temperatures at which the
vapour pressure 1s 4x10~7 torr for the individual main constituent

elements, under equilibrium conditions, of the EN58A stainless steel

have been given as (1)

Mn 870K
Cr 1225K
Fe 1280K
Ni 1320K

These temperatures correlated well with the temperatures at which
depletion of the solid alloy was first observed in ref. (1). These
actual "initial depletion temperatures' quoted in reference (1) are
approximately 600K lower than those obtained in this study. This
large discrepancy is obviously due to the relatively low sensitivity
of the gas-phase p.e.s. technique. However, an interesting point to

note is that the apparent vapourisation temperatures quoted by Wild (1)



- 132 -

are, for Fe, Cr and Ni, within 100K of each other in good agreement
with the temperatures measured in this study. This p.e.s. experiment
provides a useful opening for the new multidetector spectrometer. This
spectrometer is capable of detecting smaller amounts of sample than the
current single detector spectrometer and hence should be able to detect
iron, chromium and nickel evaporation at lower temperatures than used
in this work and possibly also manganese and chlorine. This present
study failed to detect the evolution of manganese from the sample.
However the concentration of manganese is fairly low in both the

EN58A stainless steel (1.17%) used in reference (1) and the Cr/Ni/Nb
stabilised steel (Sample A) used in this work (0.55%) and it should

be possible for the Multidetector spectrometer to detect evolution of
manganese where the single~detector spectrometer failed. OQuite
substantial evolution of manganese for a short period was noted in

reference (1).

This study has obviously presented only preliminarv results on
the alloy (denoted Sample A). A measure of agreement has been
obtained as far as evaporation characteristics are concerned. Leaving
the evaporation of manganese aside, both studies show that the three
metals Cr, Fe and Ni begin evaporating within 100K of each other.
Further work however, is required to attempt to detect some of the
elements present in the alloy in low concentration. It is hoped that

the new multidetector spectrometer will allow this work to be carried

out.
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CHAPTER 6.A. A THEORETICAL INTERPRETATION OF THE PHOTOELECTRON

SPECTRUM OF TiO

6.A.1. Introduction

Ti0 is a molecule of considerable commercial and astrophysical
importance (1, 2) and this prompted the recent experimental study on
titanium and titanium monoxide at Southampton (3). Assignment of the
experimental spectrum of atomic titanium was a relatively straight-
forward matter involving comparison with tabulated optical data (4).
However, no such tabulated data exists for titanium monoxide. Work
on AlF, Cr0O and VO (described in this thesis) has proved the value of
ab initio ASCF CI calculations in facilitating the assignment of the
photoelectron spectra of small molecules and, for this reason, it was
decided to embark on a similar study on titanium monoxide in order to

assign its experimental spectrum.

6.A.2. Computational Details

The ground electronic state of TiO is known from spectroscopic
and theoretical studies (5-7) to be a 3A state which can be described

in terms of the electronic configuration
—=—=(80)2(3m)*(16) L (9 !

where the 18 level is essentially a Ti 3d atomic orbital and the 9¢
molecular orbital is mainly Ti 4s in character. The 37 and 80 levels

are composed mainly of 02p atomic orbitals.

Previous ab initio calculations (5, 6) performed on Ti0 and
Tio* using a minimum STO basis set with added Ti 4p and 03d polarisation
functions suggest that the first ionisation potential of TiO corresponds
to removal of an electron from the 90 level to give the Ti0* 2A state.
Also, by evaluating the difference between the calculated minimum energies
of the TiOX3A and Tio*x2a potential energy curves, an estimate has been

made of the first adiabatic i.p. of TiO as 5.7eV (5).
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In this work, a series of more extensive ab initio
calculations have been performed on TiO and TiO% in order to estimate
vertical ionisation energies for one electron ionisation from
Ti0(X3A). All calculations were carried out at the experimental
equilibrium bond length of TiO(X3A) of 1.6203R (8). Two basis sets
were used for these calculations. Basis set I was a double-zeta STO
basis taken from reference (9) with added polarisation functions with
exponents 03d(2.10) and Ti4d(2.40), whereas basis set II was a
contracted GTO basis composed of a [5s, 2p, 3d] set for titanium and a
[3s, 2p] set for oxygen. This CGTO basis was constructed in exactly
the same way as the corresponding VO and CrO basis sets, described in
this chapter. For each basis set a number of one-electron processes
were considered, namely the (90)"1, (18)"1, (86)"1 and (37)~1 ionisations
and where more than one ionic state was produced on ionisation only the
lowest state was considered in each case (10). SCF calculations were
performed for these states of TiO% as well as for TiO(XBA) and the
corresponding ASCF vertical ionisation potentialsderived from these

calculations are listed in table 6.A.1.

In order to make some allowance for the correlation energy
change on ionisation, limited configuration interaction calculations

were performed for each ionic state as well as the neutral ground state.

For TiO(X3A), a configuration interaction calculation was
performed by considering all 30 states generated from the reference
determinant computed with basis set II through single and double
excitations with the constraint that only the orbitals 7¢ to 130,

37 to 57, 1§ and 28 were open to orbital substitution. These were the
orbitals whose energies were in the region -1.13a.u. to +1.12a.u.
Exactly the same approach was adopted for the four Ti0" states listed

in table 6.A.1 with the same orbitals open to substitution.

As basis set I1 gave vise to a smaller number of functions and
a lower total SCF energy than basis set I for any state of TiO or TiO*
the SCF wave-functions obtained with basis set II were used in the
configuration-interaction calculations performed in this work. The

correlation energy corrected ASCF vertical ionisation potentials obtained

by this approach are listed in table 6.A.1.
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6.A.3. Results and Discussion

Two spectra recorded on vapourising stoichiometric TiO are
shown in figure 6.A.1. These spectra were recorded recently by
R.A. Lewis (3). For details of the experimental work reference (3)
should be consulted. Spectrum (a) of fig. 6.A.1 shows the spectrum
recorded between 6.0eV and 14.0eV while spectrum (b) shows an expanded
version of the 5.0 to 10.0eV ionisation energy region. Two bands
associated with Ti0 were observed in spectrum (b) at around 6.8eV and
8.4eV. 1In addition, a series of broad bands in the 10.0-12.0eV

ionisation energy region were observed (spectrum (a)) which could

also be attributed to TiO.

ASCF calculations performed in this work indicated that the

first band of TiO (table 6.A.1) would correspond to a (90)~1
ionisation while the second band would correspond to a (8(5)_l
ionisation. However, as in the case of CrO and VO, it 1is not unusual
for ASCF calculations to predict incorrectly the energy order of ionic
states. For this reason, it was decided to perform limited configuration-
interaction calculations on neutral TiO (the TiO(X3A) ground state) and
on a number of ionic states derived by one-electron ionisation from the
neutral molecule, namely ionisations from the 9¢, 18, 8¢ and 371 levels.
The results of these calculations are also shown in table 6.A.1. The
CI calculations predicted the first two bands of TiO to lie at 5.67eV
and 7.58eV vertical ionisation energy corresponding to the two
ionisations:

Tiot(x2a) <«  TiO(X34)

Tiot(2t%) <« Tio(x3a),
derived by (90)7! and (18)7! ionisation respectively.
These calculated values show reasonable agreement with the experimentally

derived values of 6,82+0.02eV and 8.20+0.01eV. Clearly, further more

extensive CI calculations are needed to improve on these calculated

values.

The CI calculations also predicted that the bands due to
ionisation from the 8¢ and 3m orbitals would appear at 9.21eV and 9.51eV

respectively. Figure 6.A.1.(a) shows an expanded scan of the TiO
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spectrum in which a series of bands with peak maxima of 10.57, 11.14,
11.48 and 11.78eV was observed. These bands cannot definitively be
assigned at this stage but they are thought to be almost certainly
due to ionisation to some of the states which arise from the (8¢g)~!
and (37)~1 ionisations. The (80)'1 is expected to give three states
(4A, 2A(2)) and the (37)~! ionisation is expected to give six states
(4®, 4H, 2@(2), 2H(2)). These bands are expected in the 10.0-13.0eV
ionisation energy region (10).

Mulliken analyses of the SCF wavefunctions were performed for
all the states studied while Mulliken analyses of the CI natural
orbitals were only performed for the TiO(X3A), TiO*(25%) and Tio*(Zn)
states. The results given in table 6.A.2 show that the
TiO+(X2A)+TiO(X3A) ionisation corresponds essentially to removal of an
electron which is largely Ti4s in character whereas the
Ti0F (A25)«Ti0(X3A) ionisation corresponds to reduction of electron
density from both the Ti3d and Ti4s atomic orbitals. This is essentially
why the second band of TiO is much more intense  than the first band.
An exactly analogous result has also been obtained for the first two
bands in the photoelectron spectrum of vanadium monoxide, described in
this chapter. Hence, to summarise, the /SCF CI calculations performed
in this work allow an assignment of the first two bands of the
photoelectron spectrum of TiO to be made. Also, from these calculations

it is possible to rationalise the relative intensities of these bands.
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Table 6.A.1 Computed Vertical Ionisation Potentials (eV) of TiO(X3A)(a)

Ionlc state ASCF wvalue ASCF wvalue ASCF+CT F . 1
Ionisation(b) value ,xper;menta
produced Basis T Basis IT Basis I1T vaiue
90 2\ 5.81 6.03 5.67 6.82+0.02
18 25+ 7.92 8.136 7.58 8.20+0.01
8¢ b 7.34 7.29 9.21 -
37 b 7.24 7.65 9.51 -

(a)
(b)

See text for details of these calculations.

One—electron i1onisations were considered from the TiO(Xjﬂ)(——~8023ﬂ4161901)
configuration. Only the lowest energy ionic state arising from a particular
configuration was considered in each case (10).

- 8¢l -



Table 6.A.2

Changes in Electron Density on Ilonisation of TiO(XBA) obtained from

Ab Initio SCF Calculations(a)

Atomic Orbital(b)

Tonic
S . . .
tate Ti (s) 0(s) Ti (p) 0(p) Ti (d)
Tio* (%) 0.8467 ~0.0125 ~0.0006 0.1108 0.0567
(0.8767) (-0.0102) (-0.0009) (0.1015) (0.0328)
ot (21 0.5495 ~0.0201 ~0.0085 0.1653 0.3139
(0.4690) (=0.0135) (-0.0082) (0.1773) (0.3804)
Ti0+(4A) 0.6193 0.0170 -0.0077 0.1913 0.1802
CI DATA NOT AVATLABLE
Tio* (ba) 0,5131 ~0.0191 ~0.0092 0.2671 0.2430

CI DATA NOT AVATLABLE

{(a) These results were obtained with Basis 17; similar results obtained with

Basis 1.

(b) Values in brackets obtained from CI calculations.

1



10.

(a)

(b)

(a)
(b)

(c)
R.A.

(a)

(b)

C.W.
101,

(a)
(b)
()

- 140 -

REFERENCES
P.W. Merrill, A.J. Deutsch and P.C. Keenan, Astrophys. J.,
136, 21 (1962).

H. Maerhara and Y. Yamashito, Publ. Astron. Soc. Jap.,
28, 135 (1976).

L.W. Ramsey, Astron. J., 86, 557 (1981).

H.R. Johnson, J.R. Mould and A.P. Bernat, Astrophys. J.,
258, 161 (1982).

J.R. Mould and M.S. Bessell, Astrophys. J., 262, 142 (1982).
Lewis, Ph.D. Thesis, University of Southampton (1984).

C.E. Moore, Atomic Energy Levels, NBS Circular No. 467
(Washington D.C., U.S. Govt. Printing Office, 1949).

C. Corliss and J. Sugar, J. Phys. Chem. Ref. Data, 8, 1
(1979).

Carlson and R.K. Nesbet, J. Chem. Phys., 41, 1051 (1964).

Carlson and C. Moser, J. Phys. Chem., 67, 2644 (1963).

Bauschlicher, P.S. Bagus and C.J. Melin, Chem. Phys. Letts.,
229 (1983).

J.G. Phillips, Astrophys. J. Suppl. Series, 27, 319 (1974).
J.G. Phillips, Astrophys. J., 157, 449 (1969).

J.G. Collins, J. Physics B, 8, 304 (1976).

C. Roetti and E. Clementi, J. Chem. Phys., 60, 4725 (1974).

(a)

(b)

J. Raftery, P.R. Scott and W.G. Richards, J. Phys. B, 5,
1293 (1972).

P.R. Scott, J. Raftery and W.G. Richards, J. Phys. B, 6,
881 (1973).



- 141 -

CHAPTER 6.B. THE He(I) PHOTOELECTRON SPECTRA OF VANADIUM AND

VANADIUM MONOXIDE

6.8.1. Introduction

Gas-phase vacuum ultraviolet photoelectron spectra of the
transition metals are important for a number of reasons. Firstly, the
experimental spectra allow an estimate to be made of the relative
photoionisation cross—sections of the outermost ns and (n—-1)d shells at
the photon energy used and this information is extremely useful in the
interpretation of relative band intensities in the photoelectron spectra
of transition metal compounds recorded at the same photon erergv.
Particular examples of this occur in the gas-phase Hel photoelectron
spectra of CrO and TiO (described in this chapter) (37) where the spectra
of atomic chromium and titanium proved useful in the assignment of the
neutral metal monoxide spectra. Secondly, in recent vears vacuum
ultraviolet p.e.s., has proved to be a useful technique for investigating
correlation and relativistic effects in atomic species and their ions
(1-7). Atomic studies of this type are also important as a preliminary
step for understanding changes in electronic structure which take place
upon formation of molecules, polymeric species or solids from isolated
atoms. The photoelectron spectrum of vanadium has been recorded during
the course of this work using both single detector and multidetector
spectrometers. This study has been an important test for the new
spectrometer (briefly described in chapter 2 of this thesis) and has
highlighted the advantages of multichannel detection over single channel
detection., The photoelectron spectrum of vanadium has proved to be
invaluable in the assignment of the photoelectron spectrum of VO, also

recorded during the course of this work.

Several mass—-spectrometric studies have been performed to study
the vapour phase species present over the solids of VO and higher oxides
such as V,04. Berkowitz et al (8) have studied the molecules vanourising
from V,05(s) and VO(s). The vapour over V505(s) was found to contain
V,010(8) s V01,4 (8) and Vg01,(8) with some evidence for V,0g(g) and
V90,(g), whilst the vapour over VO(s) was found to contain V(g), VO(g)

and VOZ(g) with VO(g) being the largest vapour phase component.

Farber et al (9), in a similar study, found that the species in

equilibrium with V,05(s) included V,010(8) and V,0g(g). Also V,04 was

studied for the first time (9) showing that the main vapour phase components
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were V(g), VO(g) and VO,y(g). 1In a series of studies by laser induced
fluorescence spectroscopy (10-12), Merer et al produced VO by employing

a 2450 MHz electrodeless discharge of a mixture of VOCl4 and argon. This
study produced an accurate value for the equilibrium bond length in the
VO ground state which was subsequently used in the ab initio SCF
calculations performed in this work. The bond length was obtained by
rotational analysis of the observed spectrum. Kasai (13) emploved
another method to obtain VO. He used a mixture of V and V05 (v1:1 by
weight) which gives rise to the reaction 3V + V,0g > VO. Previous to
this study there had been some doubt over the true oround state of
neutral VO. 1t had been thought that it could be a 2A state arising from
a (6)1(0)2 configuration or a 25 /43 state arising from a §251 configuration.
Kasai (13) proved conclusively that the ground state was %42~ by isolating

VO in an argon matrix and obtaining the e.s.r. spectrum of the molecule.

Lagerquist and Selin (14,15), have studied several electronic
bands of VO observed in emission and have obtained reliable values for
the equilibrium bond length of VO(X%I~) and values for B, and W, x, of
1011.56 cm™ L and 4.97 em™! for VO(X4Z_). 1t was hoped that values for

Te and r, could be obtained for several states of VO* in this study.

All of the first row transition metals have now been studied
via gas-phase p.e.s. (1,2) and a comparison of the photoionisation cross-—

section ratio Gq4i0yg @CTOSS the series can now be made.

6.8.2. Experimental

Vanadium and vanadium oxide were produced in the gas-phase by
vapourising the solids (99.9% Cerac Inc.) into flowing helium from
tungsten furnaces (for details of furnace design sce chapter two).
Sufficiently high vapour pressures to record spectra of the species under
investigation were obtained at furnace temperatures of (2030+30)K for
vanadium and (2050+30)K for vanadium oxide. These temperatures were
measured by focussing a calibrated optical pyrometer onto the hottest
part of the furnace. 1In addition to the main experiments evaporations

of Vo053, V,0g, (V + V203) and (3V + VZOS) were also carried out.
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The photoelectron spectrometer and inductively heated furnace
used in this study have both been described in detail in chapter 2 of
this thesis. Spectral calibration was achieved using the Hela and HelR
spectra of methyl iodide and the He(II) ionisation of helium. The
spectrum of vanadium proved to be an invaluable aid to the calibration
of the vanadium oxide spectra. The transmission function of the analyser
was calibrated using a standard method (16) and found to be linear within
5% of the electron kinetic energy for electron energies greater than 0.5eV.
Observed ionisation energies agreed well with those obtained from optical

spectroscopy (17) and are quoted to an estimated accuracy of #0.0leV.

The vanadium spectra were recorded using both a single-detector
spectrometer and the new multi-detector spectrometer (38) (described in
chapter 2 of this thesis) allowing a comparison of the two methods of

data acquisition to be made.

6.B.3. Computational Details

Ab initio SCF and configuration—interaction calculations were
performed on a number of states of VO and VO' in order to estimate the
ground state of VO' and vertical ionisation energies derived from one-
electron ionisations from VO(XQZ"). All the calculations were carried
out at the experimental equilibrium bond length of VO(X42™) of 1.58944
(12). The basis set used was a contracted GTO basis. The vanadium
(12s, 6p, 4d) basis set of Roos et al (32) was contracted tc [5s, 2p, 2d]
using the method of Raffenetti (33). The vanadium GTO basis was also
augmented by a single diffuse d function, as specified by Hay (34), to
give a total contracted GTO basis set of [5s, 2p, 3d]. For oxygen, the

(7s,3p) GTO basis set of Roos and Siegbahn (35) was contracted to [3s, 2n].

The ground state of VO is known to be xhy = (13) corresponding to

the configuration
—————— (3m)4(80)2(18)2(90) !

An SCF calculation was performed on the neutral molecule and on several
ionic states derived by one-electron ionisation from the 90, 18, 80 and 3n

orbitals of the neutral molecule. Where more than one ionic state was
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produced, only the position of the lowest state was calculated in each

case (36). The results of the SCF calculations are given in table 6B.3.

Configuration Interaction calculations were performed on all the
states of VO and VO™ studied during the course of the SCF calculations.
Assuming the dominant configuration of VO(XAZ_) to be ~———- (3ﬂ)4(80)2(1§)2(90)1
a calculation was performed by considering all by- configurations
generated from the reference configuration through single and double
excitations with the constraint that only the orbitals 8¢ to 130,

37 to 57 and 18 and 28 were open to orbital substitution. These were
the orbitals whose energies were in the energy range -1.15 to 1.31 au.
This calculation showed that the (3ﬂ)4(80)2(16)2(90)1 configuration is
the main contributor to the groundstate of VO, with the coefficient of
this configuration in the final CI wavefunction being 0.86. Following
this calculation, some allowance for the correlation energy in the ionic
state was made by performing CI calculations on states attainable by
one-electron ionization from the 90, 16, 80, and 3m orbitals of neutral
V0. 1In these calculations the same orbitals as used in the neutral CI
calculations were open to substitution and all single and double
excitations were considered in the CI expansions. The correlation
corrected ASCF vertical ionization potentials obtained from these

calculations are given in Table 6B.3.

6.B.4 Results and Discussion

The Hel photoelectron spectrum of atomic vanadium is shown

in Figure 6.B.1. Six bands attributable to atomic vanadium are shown

in this spectrum and have been labelled A to F. Although neutral
vanadium has a 4F3/2 ground state arising from the configuration
V(~~—3d3452), other J-components (J=5/2, 7/2, 9/2) of this state will be
populated at the temperatures used for evaporation (17). As a result,
the observed spectra will contain contributions from ionisations from
all four 4FJ components. On the basis of known states and term values
for V and V¥ (17), two formally allowed 4s ionisations and two formally
allowed 3d ionisations are expected from the V(aaF, 3d3482) ground state
in the Hel energy range. These correspond to ionisation to the states

v (adF, 3a34sl), v*r(adr, 3a34sly, v(e3F, 3d%4s2) and v*(e3p, 3d24s?).
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As in the case of iron, cobalt and nickel (see chapter 5 of this thesis)
an assumed temperature of V1800K (estimated from other p.e.s. studies of
transition metals where the excitation temperature in the ionisation
region is typically several hundred degrees lower than the furnace
temperature) together with known optical data (17) may be used to
calculate the position of the band maxima for the bands mentioned above.
These positions were calculated as 7.06, 7.80, 11.46 and 12.79eV
respectively, in good agreement with the corresponding peak maxima of
bands B, C, E and F in figure 6.B.1. of 7.06, 7.78, 11.45 and 12.78eV.
For bands B and C, the experimental intensity ratio was measured as
1.6+%0.1:1.0 (corrected for analyser transmission) in good agreement with
the ratio of 1.66:1 expected on the basis of the number of components in
the ionic state whereas for bands E and F the corrected experimental
intensity ratio was obtained as (9.8%1.6) in rather poor agreement with
the ratio of 2.33:1 expected on the basis of upper state degeneracy.
Clearly, band F is weaker than expected and has lost intensity by some
mechanism such as final-state configuration interaction (18). However,
use of the relative intensities of bands E and B, corrected for analyser
transmission, leads to an estimate of the 034:044 cross-section ratio at

the Hel photon energy of (29.8%2.5) for atomic vanadium.

In addition to bands B, C, E and F, two other bands were
observed in figure 6.B.1. which could be assigned to ionisation of
atomic vanadium. These bands, labelled A and D in figures 6.B.1. and
6.B.2., were centred at /.83 and 8.12eV respectively. The relative
intensities of bands A to F are listed in table 6.B.1. On the basis of
known atomic energy levels (17), bands A and D were assigned to 3d
ionisations of a vanadium excited state (the a®D state) which is
approximately 0.27eV above the ground state. The ionisation processes

involved are:

vt (adF, 3d34sh)«v(abp, 3d%s!) (band A) and
V*(adP, 3d34s1l)«v(abp, 3d%4sl) (band D).

The experimental ratio of these bands, corrected for analyser
transmission, was measured at (2.220.2) in good agreement with the ratio

of 2.33:1 expected on the basis of ionic state degeneracy. Also, assuming
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a beam temperature of 1800K, their peak maxima were estimated from
tabulated energy levels (17) as 6.83eV and 8.12eV in good agreement with
the experimental values. One more band corresponding to a (48)—1
ionisation of the excited state should be observed at 6.47eV (17).
However, using the value of 034:0,4 derived in this work and taking
account of degeneracy in the final states, this band would be expected to
have an intensity of approximately 1/40tN of that of band A. Detailed
examination of the spectra recorded during the course of this work did
not yield definite evidence of this band. 1In most spectra the possible

band did not have intensity above the normal base line and noise level.

As noted previously in a similar p.e.s. study of atomic titanium (19),
bands associated with 3d ionisation of an excited state were of comparable
intensity to bands associated with 4s ionisation of the ground state at
the furnace temperature at which spectra were recorded. As can be seen
from figure 6.B.2 and table 6.B.1, this also appears to be the case for
the vanadium spectra recorded here. In the vanadium experimental spectra,
the intensity of the Vaé*F(é;s)'1 bands relative to the Va®D(3d)~! bands is
determined both by the 3d:4s photoionisation cross=section ratio and the
relative population of the a®D and a%F neutral states. As a result, using
the intensities of bands A and B (as these have the same final ionic states)
and assuming the 044:044 cross—section ratio of (29.8%2.5) derived earlier,
a beam temperature at the point of photoionisation is obtained as
(1940*+260)K. This value is, as expected, slightly lower than the furnace
temperature because of inefficient loss of electronic excitation energy
by collisions of the excited metal atoms with the inert carrier gas before
photoionisation occurs. An independent check of the above cross—section
ratio can be obtained by using an electron excitation temperature of 1800K
estimated from the known furnace temperature and from results obtained on
other metals studied under similar conditions (1,2). At this temperature
the relative population of the V abD and vV a%F levels will be 0.18, assuming
a Boltzmann distribution between these levels, and use of the measured B:A
band intensity ratio shown in table 6.B.1 leads to a value for o3g:oy4g
of 31.6 in reasonable agreement with the more rigorously derived value of
(29.8+2.5). This implies that the earlier assumption that band F has lost

intensity by a mechanism such as final state configuration interaction is

probably correct.
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As well as bands A to F listed in table 6.B.1 another band was
observed in most spectra centred at (10.47:20.02)eV ionisation energy.
This has been marked 'X' in figure 6.B.1. This band was not
proportional in intensity to the known atomic vanadium peaks and
appeared at slightly lower furnace temperature than the bands attributed
to atomic vanadium. Also this feature was only seen when vanadium was
present in the furnace and it therefore almost certainly arises from a
vanadium containing species. Although it cannot be positively identified
this band could possibly be associated with the first ionisation
potential of V02 which has been measured recently in an electron impact
mass spectrometric study as (10.5+0.3)eV (20).

Figure 6.B.2 demonstrates one of the advantages of using a multi-
detector photoelectronspectrometer compared with a single detector
instrument, namely the improved data acquisition rate of the multidetector
system. TFigure 6.B.2(a) is a single scan of the 6.5-8.5%eV i.p. region
obtained on a single detector spectrometer in a time of 60 seconds whereas
figure 6.B.2(b) is 150 scans of the same region in a total time of 9
seconds. From the statistics given in the figure, it can be estimated
that the enhanced sensitivity of the multidetecter form of detection,
measured as a reduction in data acquisition time for a constant signal-
to-noise ratio, is of the order of 50-60 for these experiments. Such an
improvement in data acquisition speed is very valuable in high temperature
photoelectron spectroscopy as it minimises problems associated with
contamination of sensitive areas in the ionisation region which occur
during the course of an evaporation. It should also be noted that the
experimental relative intensities of the four bands A to D are, within
experimental error, the same on both the multidetector and single detector
spectrometers. This is because the furnace design, sample pumping speed,
distance from the furnace to the photon source and temperature range over
which spectra were recorded are very similar in both cases. There is,
however, a significant improvement in the spectral resolution of figure
6.B.2(b) compared to figure 6.B.2(a). This is attributed mainlv to an
improved design of the heating system used in the multidetector
spectrometer over that used in the single detector system which minimises
the effects of electrical interference, as well as to the continuous

monitoring capability of the TV-based multidetector system employed here.
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The completion of this investigation on vanadium means that all
the first row transition metals have now been studied in the gas-phase
with photoelectron spectroscopy using the Hel photon source and a
tabulation of the 0q4:04g values derived from these studies is given
in table 6.B8.2. Although the values of 034045 for each element are
dependent on the kinetic energy of the ejected electron and as a result
the 0349 ratio varies slightly depending on the ionisation energies
considered, the overall trend that is evident from table 6.B.2 is a
decrease of 044:0,4 with increasing atomic number. The main factor
affecting photoionisation cross-sections which changes on going from
scandium to zinc is the radial distribution of the 4s and 3d orbitals
and this can be seen in table 6.B.2 where values of the radial
expectation values <r>,s and <r>3q, as calculated for the neutral
transition metals with numerical relativistic Dirac~Fock calculations (21),
are listed. As shown in this table, there is a disproportionate
contraction of the 3d shell relative to the 4s shell as the atomic number
increases. This occurs because each successive 3d electron is more
effective in screening the 4s electrons from the added nuclear charge

than in screening the remaining 3d electrons from this charge.

Qualitatively, comparison of measured 034:04g ratios with values of
<r>34 and <r>,¢ listed in table 6.B.2 implies that although both o34 and
04g at the Hel energy change on going from scandium to zinc, the main
change occurs in o3gq which decreases relative to 0,4 with increasing
atomic number. Available photoionisation cross—section calculations
(24-26) suggest that for the transition metals the 3d photoionisation
cross—section will always be greater than or equal to the 4s photoionisation
cross-section at the HeIl(21.22eV) photon energy and higher photon energies.
It appears from these calculations (24-26) that the 3d photoionisation
cross—section as a function of electron kinetic energy increases smoothly
above threshold to a maximum and then decreases slowly. The 4s cross-—
section, however, is relatively large at threshold where o, >034. It
then decreases rapidly to a minimum just above threshold before increasing
slowly to a maximum whose height is typically one—tenth of the threshold
value (26). This general behaviour is consistent with band intensities

recorded in the photoelectron spectra of the first-row transition metal
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negative ions obtained with an ArII(2.54)eV photon source (27-31)
where the bands associated with (4s)”1 ionisations are always more

intense than those assoclated with (3d)”l ionisations.

The experimental spectrum obtained by vapourising stoichiometric VO
is shown in figure 6.B.3. Apart from the four previously observed
vanadium bands in the 6.0-9.0eV ionisation energy region (marked Av, Bv,
Cv and Dv on the spectrum), two new bands were observed. On the basis
of the ASCF calculations shown in table 6.B.3 these bands would be

assigned to the

vot(3z-) < vo(x417)
and
vot (5z7) « VO(X4T") ionisations.

However the ground state electronic configuration of VO is known to

be ....(80)2(3w)4(15)2(90)1. From this it might be expected that the
first two observable bands would correspond to ionisations from the 9¢
and 18 orbitals to give 33~ and 3A states in the ion respectively.
Subsequent CI calculations showed that this is in fact the case (similar
behaviour was seen in the case of Cr0O also described in this chapter).
Thus the two bands marked A,  and ng:%igure 6.8.3 are assigned to the

VOt (X3L7) « VO(X*I™) and VO*(A3A) <« VO(X4E~) ionisations respectively.

An expanded scan of the first band of VO is shown in figure 6.B.4.
The sample used to obtain this spectrum must have had a slightly higher
V:0 ratio as this gave higher VO:V ratios than figure 6.3.3. The
vertical ionisation potential of the first band was measured as
(7.25#0.01)eV with the ASCF and ASCF + CI wvalues of 6.54eV and 6.06eV
being in reasonably good agreement. This band exhibited a clear vibrational
series of three components derived by ionisation from the v'"=0 level of
the neutral molecule. In figure 6.B.4, it was noted that the band marked
Bv was more intense relative to the band marked Av than expected. This
can easily be seen by comparison of figures 6.B.1 and 6.B.4. The
relative intensity of bands Av and Bv had been measured previously in
the work on vanadium and closer examination revealed that the intensity

of band Bv in the VO spectrum contained a contribution from ionisation
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from the first vibrational level (v'=1) of neutral VO. Figure 6.B.4
shows both this "hot'" band and the second band of vanadium in dotted
form. Further evidence for the existence of this "hot" band is shown

by the fact that the vibrational separation between it and the

vot 3z, v'=0) « VO(X#L~, v"=0) ionisation, measured as (996+30) em™*

is very close to We—2WeXe in the ground state neutral molecule of

1001.6 cm™ ! (14,15). The vibrational separation in the ion was

measured as 1060+50 cm™! with we xe being measured as (5.0+10.0)cm™L.

The corresponding value for W, in the neutral molecule has been

determined as 1011.56cm™! (14,15). In view of this apparent increase in w,
on ionisation it is to be expected that there would be a corresponding
decrease in the equilibrium bond length, r,, in the ion. A series of
Franck-Condon calculations can be used to estimate the equilibrium bond
length in the ion. Firstly, ignoring the intensity of the "hot" band

for the present, known values of r,, W, and WgXe in the neutral molecule
(14,15) and the experimental values for w, and w.x, determined in this

work were used in a series of Franck-Condon calculations over a range of
ionic equilibrium bond lengths. A value of r, = 1.54+0.018 for VO (X3Z7)
was the value determined at this stage. Secondly, assuming a Boltzmann
vibrational temperature of 875K by analogy with Ti0O (19,37), the relative
populations in the first four vibrational levels of VO(XAZ") were
calculated. A further set of Franck—-Condon calculations were then
performed over a range of equilibrium bond lengths until good agreement
with the observed envelope, including the presence of the "hot" band was
obtained. Having assumed a temperature of 875K, the ionic equilibrium
bond length was found to be essentially unchanged at r, = 1.55+0.01K.

The value for r, in the neutral molecule has previously been determined

at 1.58948 (12).

The second band of VO shown in figure 6.B.3 had a measured vertical
ionisation potential of 8.42£0.01cV. The ASCF and ASCF + CI calculated
v.i.p.s. of 8.01eV and 7.5leV respectively are both in reasonable
agreement with the experimental value. However, it was mentioned earlier
that the ASCF calculations failed to predict the correct ordering of ionic
states. The correct ordering was only predicted when correlation was

taken into account through a series of configuration interaction
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calculations. No vibrational structure was observed on this band and
this is probably due to spin—orbit splitting in the ionic 3A state and
vibrational excitation in the neutral molecule making resolution of any

structure very difficult.

The experimental relative intensities of the two VO bands have been
measured at 5.63%0.44(3A):1(327) after correction for the transmission
function of the analyser. This can be rationalised on the basis of the
034:04g velative photoionisation cross—section ratio of (29.8+2.5) for
vanadium quoted earlier. Table 6.B.4, which lists calculated changes
in electron density on ionisation, shows that the main change on
ionisation to the VO*(X3I~) state is in V(s) electron density while the
corresponding changes on ionisation to the VOt (3A) state are in V(s) and
V(d) electron density. In view of the greater change in V(d) electron
density for the VO*(3A) state it is to be expected that the band due to
the (18)7! ionisation will be greater in intensity than that due to the

(90)~! ionisation. This is, in fact, what is observed experimentally.

Despite a careful search of the high i.p. region (10eV upwards) no
higher bands of VO were observed. On the basis of the CI calculations
performed in this work it is quite likely that a higher band could be
observed. This high i.p. region 1s currently being re—investigated
using the new multidetector spectrometer at Southampton (described in
chapter 2 of this thesis) and it is hoped that bands due to (31)~1 and
(80)7! ionisation from the neutral molecule will be observed. It is

also possible that the band 'X' in figure 6.B.1 will also be observed.

In addition to the main experiments on stoichiometric VO, test
evaporations were carried out on two mixtures of vanadium with higher
vanadium oxides. Figure 6.B.5 shows the spectrum obtained on evaporation
of a 3:1 stoichiometric V/V205 mixture., This was useful in that the
intensity of the vanadium bands was low relative to that of VO and hence
made measurement of the intensity of the first band of VO less complicated.
The general behaviour of the sample was very similar to that of a pure VO
sample with a near identical vaporisation temperature. It was noticed,
however, that pressure was rather high at low temperature and this is

thought to be due to evolution of oxygen. An evaporation of a 1:1 V/V504
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mixture as used by Kasai (13) was also carried out. This behaved

almost identically to a pure VO sample with similar yields of vanadium
and vanadium oxide and hence it was not thought necessary to present a
spectrum here. It is interesting to note that, contrary to mass-—
spectrometric studies (8,9), no polymeric species were observed in the
experiments on these mixtures. The new multidetector spectrometer will
prove useful in detecting these species in future experiments since the
evidence (8,9) shows that they should be readily observable. Figure

6.B.6 shows a spectrum derived from evaporation of a 1:1 V/VO mixture.
This experiment was carried out to produce spectra of VO with more intense
vanadium bands and this proved useful for calibration purposes. Again, as
with the two other mixtures, sample behaviour was very similar to that of

pure VO.

Clearly, further work would be useful to supplement the work on
vanadium and vanadium oxide described in this chapter. It would
obviously be useful to study all the first-row transition metals using
a synchrotron source in order that relative band intensities can be
systematically measured as a function of photon energy. In the case of
vanadium oxide, it would be useful to study the higher i.p. region in the
hope of finding higher bands of the molecule. Also, more extensive CI
calculations are necessary to determine more accurate vertical
ionisation potentials. The present calculations are obviously only
relatively small CI calculations with only a limited number of single
and double electron excitations considered. This was necessary because

of the limits on computer time and storage space.

The work on vanadium monoxide discussed in this chapter has, as far
as is known, produced the first ever directly measured value for the
first ionisation potential of VO. Recent work by Balducci et al (20),
using high temperature mass-—-spectrometry, has estimated the first i.p.
of VO* as 8.4%0.3eV. This value corresponds to the second ionisation
potential of 8.42+0.0leV determined in this work. The reason for this
apparent discrepancy is that, as in the Hel spectrum, the intensity of
the first ionisation process in VO on electron impact (in ref. (20)
70eV kinetic energy electrons were used) is very much weaker than the
second ionisation process and Balducci et al (20) erroneously

extrapolated their ion currents back to the second i.p. of VO.
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The study by Balducci et al (20) has also produced an estimate of
10.5%0.3eV for the appearance potential of VO,* and it would obviously
be of interest to study the higher i.p. regions of the vapour above

several oxides of vanadium to see if this band is observable with

u.v. p.e.s.
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Table 6.B.1

Measurements obtained from the Hel photoelectron spectrum

of vanadium

' Band Label . Measured Ionisation Corr?cted
. Orbital . . Experimental
in , Band Assignment Potential (eV) of )
Fioure 2 Tonized Band Maximum Relative
gure < T Tntensities (2)
A 3d V*(adF) « V(abD) .81 9,340,1
B bs v+ (adF) « V(a*F) 7.06 1.6+0.1
C bs vH(adr) « v(a’r) 7.78 1.0
D 3d vVt (adp) « v(afD) 8.17 4.3+0.1
E 3d vt (e3F) < v(a*P) 11.45 28.8%0.3
F 34 Ut (e3P) « V(atF) 12.78 2.9+0.73

(a) Corrected for the transmission function of the analyser.
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Table 6.B.2. Comparison of Hel 03g:04g cross-section ratios with

computed radial expectation values (21) for the 3d

and 4s orbitals in the first row transition metals

G§?Zziriiize Egperimental Hel 034:04g ratio; <rq4” STy

Configuration this work and references (22, 23) a.u. ref. (21) a.u. ref. (21)
S 3d14s2 57.149. 1.69 3.94
Ti 3d24s2 30.0+5. 1.50 3.74
v 3d34s2 29.8+2. 1.36 3.58
Cr 3d594s1 9.1+2. 1.41 3.79
Mn 3d54s2 3.2+0, 1.16 3.31
Fe 330452 25.5%1, 1.09 3.20
Co 3d7 452 9.0+1. 1.03 3.10
Ni 3d84s2 3.1:0. 0.97 3.01
Cu 3a104s1 1.0:0, 0.99 3.26
Zn 3d104s2 1.9 0.88 2.85

*M,P. Hastings, Personal Communication.




Table 6.B.3 Computed vertical ionisation potentials (eV) of VO(X42')(8)

Tonic State ASCF ASCF + (I Fxperimental No. of Configuyrations
Tonisation P Produced Value Value Value generated
- VO (X417 - _ _ 1693
(90) "+ vor (317) 6.54 6.06 7.25+0.01 2611
(18)71 vo* (34) 8.01 7.51 8.42+0.01 2618
(3my 71 vot (°m 7.25 10.04 - 3970 ‘
(80)~1 vot(or) 6.94 9.25 - 3618

(a) See text for details of these calculations.
(b) One-electron ionisations were considered from the VO(XAZ') state. Only the lowest energy
ionic state arising from a particular configuration was computed in each case.

(¢) Configurations generated by one- and two-electron excitations from the reference
configuration in each case.

- 9¢1 -



Table 6.B.4 Changes in electron density on ionisation

calculated from’yg

converged SCF wavefunctions (2)

Atomic Orbital

State V(s) 0(s) V(p) 0(p) V(d)
vo(x4r7) - _ _ _ _
VO+(X3Z_ 0.7288 -0.0122 =-0.0015 0.1548 0.13N7

) (0.7973) (=0.0088) (=0.0018) (0.1304) (0.0828)

VO+(3A) 0.5526 ~0.0163 -0.0067 0.14092 0.3212
(0.5283) (-0.0142) (-0.0058) (0.1384) (0.3533)

V0+(5F) 0.5639 -0.0160 -0.0073 0.2371 0.222¢4

S CI  DATA  NOT  AVATLABLE
VO+(5Y_) 0.6190 0.0208 -0.0061 0.1699 0.1965

” CI DATA NOT AVATTABLFE
(a) Figures in brackets are the electron density changes derived from analysis

of the CI natural orbitals.

- (51 —-
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CHAPTER 6.C. THE FIRST IONISATION POTENTTAL OF THE CrO(XSH) MOLECULE

6.C.1. Introduction

Very little is known about the low-lying electronic states of
the monopositive ions of the diatomic first-row transition metal oxides
and, in almost all cases, not even the ground electronic state is known
with any certainty. In contrast, the ground electronic state of most
of the corresponding neutral oxides is now well established as a result
of spectroscoplc studies which have been performed on several low-lying

states of the neutral molecule (1-7).

In the case of chromium monoxide, the electronic ground state
is known to be CrO(X°N) and a number of spectroscopic constants for this
state have been derived (8, 9). In addition, there have been various
estimates of the first ionisation potential. The most recent values are
7.7%+0.3eV, obtained by studying the translational-energy dependence of
the reaction cross—sections of Cr' with NoO and 02 (10) and 8.2+0.5eV
and 8.4%0.5eV, obtained from electron impact mass spectrometry (11, 12).
Because the error limits associated with these ionisation energies are
large, the present photoelectron spectroscopic study (p.e.s.) was under-
taken to provide an improved value for the first adiabatic ionisation
potential of CrO. It was also hoped that p.e.s. would facilitate
characterisation of the accessible states of CrO" and assist with the

determination of the electronic ground state of this 1on.

6.C.2. Experimental

Chromium monoxide was produced in the gas—-phase by reacting
chromium atoms with either oxygen or ozone in the region just above the
photoionisation zone of the spectrometer. A few experiments were also
carried out with nitrous oxide as the oxidant but no reaction was
observed. At first sight this may seem surprising as inspection of
tabulated heats of formation (13) shows that the Cr+N,0 reaction is

more exothermic than the Cr+09 reaction, i.ec.

6

i

75.2 kJmol~ 1 (D)
-173.1 ¥Jmo1~! (2)
-315.7 kJmol~1 (3)

cr(’s) + 0,(x355) - cro(xm) + 0(3P)  AM
Cr(7S) + N,0(x1z+) > cro(xom) + Np(xlzy) n®
cr(’s) + 03(xlay) > Cro(xoM) + 0,(x3z3) au’

Il
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It should be noted, however, that NzO(X12+) does not correlate
with N2(X12g) and O(BP) but dissociates to Nz(Xlzg) and 0(1D) (10, 14),
unlike 03(X1Al) and OZ(XBZé) which both dissociate to ground-state
products when one bond is broken. More importantly, however, application
of spin conservation shows that reaction (2) is spin-forbidden whereas

reactions (1) and (3) are both partially allowed.

In this study, chromium atoms were produced in the vapour
phase by evaporating chromium from a zirconia—-lined molybdenum furnace
(15). Ozone was prepared by high-voltage discharge of oxygen and stored

by trapping on non-indicating silica gel at dry-ice temperature.

The photoelectron spectrometer and inductively heated furnace
used in this study are both described in detail in chapter 2 of this thesis
(16-18). Spectral calibration was achieved using the Hela (21.22¢V)
spectra of methyl iodide and chromium atoms. The first band of CrO has
also been recorded with Nela radiation and calibration was achieved In
this case using the first band of chromium atoms recorded with the Nelwo
16.67eV and 16.85eV photon lines. No new spectral information was
obtained from the Nel spectra although the measurements obtained were in

good agreement with those obtained from the Hel spectra.

6.C.3. Computational Details

Ab initio SCF and configuration—interaction calculations were
performed on a number of states of CrO and CrO* in order to estimate the
ground state of CrO' and vertical ionisation energies derived from one-
electron ionisations from CrO(XSH). A1l calculations were carried out
at the experimental equilibrium bond length of CrO(X31) of 1.6179& (8).
Two basis sets were used in these calculations. The first was a double-
zeta STO basis set (19) whereas the second (Basis I1) was a contracted
GTO basis set. 1In this GTO basis, the chromium (12s, 6p, 4d) basis set
of Roos et al (20) was contracted to [5s, 2p, 2d] using the method of
Raffenetti (21). Also, as Hay (22) has recently reported improved
results for calculations on transition metals using basis sets of this
type in which an extra diffuse d function has been added, the chromium
GTO basis was augmented by a single diffuse d function (with an exponent

specified by Hay (22)) giving a total contracted GTO basis set of
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[5s, 2p, 3d]. Also, for oxygen, the (7s,3p) GTO basis set of Roos

and Siegbahn (23) was contracted to [3s, 2pl. Both basis sets I and
IT have been used in the SCF calculations performed in this work and
in both cases the results obtained were very similar. However, as
basis set I1 gave rise to a smaller total number of functions and a
lower total energy for any state of CrO or CrO' than basis set I, this
was the one used in the limited configuration—interaction calculations
performed in this work. All the computed quantities quoted thus refer

to basis set II, the CGTO basis.

Although the ground electronic state of CrO is known from
spectroscopic evidence to be a 5T state (8, 9), the dominant electronic
configuration (or configurations) of this state is not known. However,
the electronic configuration of a number of first-row transition-metal
oxides in their ground electronic states has been estimated previously
by making use of a simple crystal—-field model in which the molecules
are represented formally as M2* 02~ and the degenerate d orbitals of the
metal are split by the field (7, 24). The ground state of Cr2* has a
a4 configuration which would give the high~spin states 01ﬂ162, 5114
01W251, 55 and 097282, 95, On this basis the ground electronic
configuration of CrO(X°N) would be expected to correspond to the

configuration
————— (80)2(3m)4(18)2(90) L (4m) 1,

Assuming this to be the dominant configuration, an SCF
calculation was performed on Cro(x°T). A configuration—interaction
calculation was then performed by considering all 2l states generated
from the reference state through single and double excitations with the
constraint that only the orbitals 8o to 130, 37 to 57, 16 and 2§ were
open to orbital substitution. These were the orbitals whose energies
were in the region ~0.37 a.u. to +1.50 a.u, This calculation indicated
that the (89)2(3m)%4(18)2(90)1(4n)1 configuration is the main contributor

to the ground state of CrO, with the coefficient of this configuration to

the final CI wavefunction being 0.87.
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On the basis of this evidence, the low-lying ionic states
of Cr0O accessible by one-electron ionisation from the neutral molecule
could be determined. A number of one-electron processes were considered,
namely the (AW)"I, (90)_1, (16)“1, (377)—l and (80)~! ionisations, and
where more than one ionic state was produced, only the position of the
lowest state was calculated 1n each case (25). SCF calculations were
performed for the states of CrO% obtained and the corresponding ASCF
vertical ionisation potentials are presented in table 6.C.1. In order
to make some allowance for the correlation energy error in these vertical
ionisation potentials, limited configuration—interaction calculations
were carried out for these ionic states following the same procedure as
used for the neutral molecule. The resulting 4SCF + CI computed vertical
ionisation potentials are also shown in table 6.C.1. As can be seen from
this table, at the SCF level the ground state of crot is expected to be a

65 state arising from the configuration
————— (85)2(3m)2 (18)2(90) L(am) !

whereas, when configuration interaction is taken into account, the ground
state of the ion is predicted to be a %L~ state corresponding to the

configuration
————— (80)2(3m)4(18)2(90) 1

This latter result 1s in agreement with the fact that VO, which is
isoelectronic with Cr0*, is known to have a b4y ground state arising

essentially from the configuration (80)2(3ﬂ)4(16)2(96)1 (1, 26-28).

6.C.4. Results and Discussion

The band associated with the first ionisation potential of Cr0
is shown in figures 6.C.1. (a) and (b). These spectra have both been
recorded for the Cr + 05 reaction but with slightly different partial
pressures of ozone. Similar spectra have also been obtained by reacting
chromium atoms with oxygen, although more intense spectra showing better
signal-to-noise ratios and clear vibrational structure were observed using
ozone as the oxidant. By recording spectra with different relative partial
pressures of chromium atoms and ozone, it proved possible to subtract the

chromium atom contribution arising from the Cr+(6D)+Cr(7S) ionisation.
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This procedure gave a vibraticnal envelope with a vertical ionisation
energy of 8.16+0.01leV. Clear vibrational structure was observed in
this band and measurement of the vibrational spacings allowed an estimate

of the vibrational frequency, @

s 1n the ground state of the ion to be

made. The value obtained, 640i30cm_1, compares with the corresponding
value in the ground state of the neutral molecule, CrO(X5TM), of 898.5cm™ 1
(8,9). The observed vibrational separations were regular and showed no
signs of structure arising from excitation of the neutral molecule. As
a result, the position of the first vibrational component, 7.85+0.02eV,
is believed to be a reliable estimate of the first adiabatic ionisation
potential of CrO(X2N). This value is in reasonable agreement with a
number of previous experimental estimates (10-12) and is closest to a
value of 7.7%0.3eV obtained by studying the reaction cross-section of
crt with NyO and 05(10). It should be noted that experimental estimates
of the first ionisation potential of CrO; are in the range 10.3%0.5eV
(11,12), implying that the observed band cannot be attributed to
ionisation of Cr0j.

The vibrational band envelope observed in the first band of
CrO can be used to estimate the equilibrium bond length, r,, in the
ground state of the ion. The procedure is described in detail in
chapter 3 of this thesis and involved computing Franck-Condon envelopes
for various trial ionic equilibrium bond lengths until good agreement
with the experimental vibrational intensity distribution was obtained.
Using this method, the equilibrium bond length, rg, of Cro* (X427) was
estimated as 1.79+0.018. Also, the dissociation energy, D, of Crot (x4:7)
was determined from the observed adiabatic first ionisation energy of Cr0,
the first ionisation potential of atomic chromium (29) and the known

dissociation energy, D, of CrO(X3M) of 4.57+0.09eV (11). This was

derived on the assumption that CrO(XSH) dissociates to Cr(’S) and 0(3p)
and CrO*(X%S~) dissociates to Crt(6S) and 0(3P). The value obtained,
3.48+0.11eV, is in excellent agreement with a value of 3.49+0.10eV
determined by studying the translational-energy dependence of the yeaction

cross-sections of the Cr* + 0, and Cr* + NpO reactions (10).
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The ionisation energy region above 10.0eV was partially
masked by intense bands arising from the Hela and HelB spectra of ozone
and oxygen and a careful search of the experimental spectra recorded for
the Cr + Oq reaction in the ionisation energy region 8.5-10.0eV showed
no further bands that could be attributed to CrO. This is surprising
since it was anticipated, on the basis of the ionic states of CrO that
are accessible from the ground state by one—electron ionisation, that
a band associated with the Cr0+(4H)+CrO(X5H) ionisation would be observed.
However, Mulliken analyses performed for the CI natural orbital wave-
functions obtained for the CrO(XSH), Cro+(X4s™) and CrO+(4H) states
(shown in table 6.C.2.) showed that the reduction in chromium 3d electron
density on ionisation is greater for the (éﬂ)—l ionisation than for the
(96)~! ionisation. In contrast, the reduction in chromium s electron
density on ionisation is smaller for the (4m)” 1 ionisation than for the
(90)_1 ionisation. In the case of atomic chromium, the 3d photoionisation
cross—section is much greater than the s photoionisation cross-section at
the Hel photon energy (15), which probably explains why the band associated

with the Cro* (AE) state is mot observed experimentally.

As can be seen from table 6.C.1. comparison of the first
ionisation potential of CrO measured in this work with that computed by
ASCF calculations corrected by a limited configuration-interaction
procedure shows rather poor agreement, the computed value being ca 1.7eV
too low. This discrepancy almost certainly arises from the rather modest
configuration—interaction calculations that have been performed and which
allowed only a partial correction for the change in electron correlation
energy for each ionisation. Nevertheless, the calculations are useful in
that they indicate that the ground state of CrO* is a %45~ state obtained
from CrO(XSH) via a (&n)“l ionisation. This result is in agreement with
the known ground state (see preceding section 6.B.) of the isoelectronic
molecule VO(1, 26-28). C(Clearly, however, further more sophisticated
calculations and extra spectroscopic evidence are required to support
this result, and it is hoped that this study will stimulate such

theoretical and experimental investigations.
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FIGURES

Fig. 6.C.1.

Two Hel photoelectron spectra recorded for the first band of
CrO obtained from the reaction Cr+0j3. A Cr+(6D)+Cr(7S);
B: CrO+(X4Z—)*'CrO(X5H). (a) has a slightly larger Cr : CrO ratio
than (b). The vibrational band envelope of the first band of CrO was

obtained by subtracting the chromium atom contribution.
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Table 6.C.1. Computed Vertical Tonisation Potentials (eV) of CrO(XSH)(a)

Ionic State ASCF ASCF + CI Experimental No. of Configurations
Tonisation(b) Produced Value Value Value Generated(c)

- Cro(X5M) - - - 3231
(4my~1 Cro+ (43-) 7.27 6.43 8.16+0.01 2588
(90)~1 Cro* (41) 7.35 6.45 - 2386
(16)~1 crot (4o) 9.90 8.52 - 2532
(3m)~ 1 crot (o) 5.79 8.00 - 2521
8oy Cro* (61) 5.84 8.36 - 2508

(a) See text for details of these calculations.

(b) One—electron ionisations were considered from the CTO(XSH)("““8023ﬂ41529014W1>

configuration. Only the lowest energy ionic state arising from a particular
configuration was computed in each case.

(¢) Configurations generated by one- and two-electron excitations from the reference
configuration in ecach case.
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Table 6.C.2.(a)

Results of a Mulliken Analysis on the CI WNatural Orbitals (Basis II) for

CrO(X°T) and a number of states of CrO*

Seat Orbital Atomic Orbital
ate Tonised
Cr(s) 0(s) Cr(p) 0(p) Cr(d)
CrO(XSH) - 6.7454 3.9741 11.9789 4,4805 4,8211
cro* (x4a7) tor 6.1814 3.9886 11.9859 4.2731 4.5710
CrO+(4H) %0 6.0144 3.9793 11.9814 4,3180 4.7069

- 891 -



Table 6.C.2.(b)

Difference in Electron Density between the CrO(XSH) Neutral Ground

State and

the Tonic States %5~ and 411

Atomic Orbital

Stat Orbital
otate Ionised
Cr(s) 0(s) Cr(p) 0(p) Cr(d)
crot (x4 ) b 0.5640 -0.0145  -0.0070 0.2074  0.2501
cro® (4m) 90 0.7310 -0.0052  -0.0025 0.1625  0.1142
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CHAPTER 6.D. PRELIMINARY STUDIES ON THE BARIUM MONOXIDE AND

STRONTIUM MONOXIDE MOLFCULES

6.D.1. Introduction

The molecules barium monoxide and strontium monoxide are
important molecules in flame chemistry (1) and have been the subject
of atmospheric release experiments (2,3). This work presents

preliminary results on the uv-photoelectron spectra of both molecules.

Hocking et al (4) in a microwave study of the alkaline earth
metal oxides have produced Sr0O and BaO by reacting barium and strontium,
entrained in argon carrier gas, with oxygen or nitrous oxide. The
reason for using an oxidation reaction to obtain the oxides, rather than
using direct evaporation, was that, as the alkaline earth group is
ascended progressively higher temperatures are required to vapourise
the solid oxide. As higher temperatures are used, the tendency towards
dissociation on evaporation increases. The study of Hocking et al (4)
did, however, state that the vapour above Ba0O at 2200K consisted largely
of diatomic BaO while the vapour above Sr0O at 250CK was estimated to
contain only 57 diatomic SrO (5). Thus direct evaporation seemed the
best method to use in this work for BaO while even 5% diatomic Sr0 in
the gas-phase should provide sufficient partial pressure of the metal
monoxide for a photoelectron spectrum to be obtained. Mg0O and Cal
dissociate completely on heating and would thus have to be produced via

a cross—-beam reaction for a photoelectron spectroscopic study.

Several studies have been performed on Ba0 and Sr0O using the
method of direct evaporation. Wharton et al (6) and Kaufman et al (5),
in a microwave study, produced beams of SrO and Ba(® using an iridium
furnace while Farber et al (7) in a mass—spectrometric study produced a
beam of SrO by evaporation from an alumina cell. Murad (8), however,
successfully used a molybdenum Knudsen cell to evaporate Sr0O. Several
mass—-spectrometric studies have yielded estimates for the first
ionisation potentials of Sr0 and BaO. TFor SrO Murad (4) quotes
(6.1+1,0)eV, This was an early study and more recent work by high-

temperature mass—spectrometry (8) has yielded a value of (7.0+0.2)eV.
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Further more recent work by Murad (10) has also determined a value of
(7.0+0.2)eV via reaction of Sr* ions with oxygen. In view of the
agreement between these latter two studies (8, 10) it is likely that
the first ionisation potential of Sr0O is in the region of 7.0eV. The
first ionisation potential of BaO* has been estimated on two

occasions. Rauh et al (11) have estimated (6.85%0.1)eV while Murad (8)
estimates (H.8+0.2)eV. BRoth studies were carried out mass-—

spectrometrically.

6.D.2. Experimental

Vapours containing diatomic BaO and Sr0 were obtained by
evaporating the solids (Cerac Inc., »99.97) from a molybdenum furnace
of the type described in Chapter 2. The photoelectron spectrometer used
in the study has also been described previously in Chapter 2. Spectral
calibration was achieved using the Helo (21.21eV) photoelectron spectrum
of methyl iodide, the HelIBR spectrum of methyl iodide and the Hell
spectrum of helium. Also,known atomic peaks were used once their

positions had been established using Mel and the HeII(He) line.

6.D.3. Results and Discussion

The Hel photoelectron spectra of the vapours derived from
evaporation of solid Sr0O and Ba0 are shown in figures 6.D.1. and 6.D.2.

respectively,

The Hel photoelectron spectrum of strontium in the i.p. region
of interest, 5.0eV to 7.5eV, is expected to consist of one sharp band
at 5.69eV ionisation energy (12) arising from a (58)7! ionisation from

the ground state of the atom i.e.

the Sr+(,..4524p6581, 28) <~ Sr(.,.4824p6582, 1S) ionisation.

Fig. 6.D.1. shows the spectrum recorded from a sample of SrO.
The (55)_1 ionisation of strontium is clearly seen at a calibrated
position of (5.69x0.01)eV. 1In addition, a band can be seen centred
at around 6.90eV which is absent on evaporating strontium alone and it

is therefore thought to be associated with the first ionisation
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potential of SrO (7, 8, 10). Several spectra were recorded and the
position of the band maximum of this feature has been found to be
(6.94*0.04)eV. Unfortunately this band was weak and, consequently, a
more accurate position could not be established. During some
experiments the spectra were obscured by a very high background which
was present even when the Hel source was switched off, Tt is thought
that this effect is due to contamination of the sample by water,
present either in the sample itself or in the ionisation chamber, giving
rise to the reaction Sr + H20—>SrOH+ + H+e” first studied by Padley et
al (13)., Thus reaction of water with strontium atoms could give rise
to free electrons masking the bands of Sr and SrQ in the photoelectron

Spectrum.

In experiments which did not suffer from this background electron
problem, bands due to ionisation of strontium were observed in the higher
i.p. region. These were observed at 7.52eV ionisation energy arising
from the Sr+2D3/2, 5/2+Sr25 ionisation and at 8.62/8.75eV ionisation

energy arising from the Sr+2P%, 3/2+Sr25 ionisation,

The Hel photoelectron spectrum of barium has been studied by
Suzer et al (10). It is notable in that it 1s one of the few atomic
p.e.s. spectra which show strong effects of autcionisation at the Hel
photon energy. Five bands were observed in the region of interest,
5.0 to 10.0eV ionisation energy, arising from iconisation from the ground
state of neutral barium. The ionisations and their ionisation energies

are given below:

Ba*2s « Bals 5.21eV
Ba*’Dy,, <«  Bals 5.81eV
Ba*?Ds;, <«  Bals 5.92eV
Ba+2P% « Bals 7.70eV
Ba*?py/y <  Bals 7.92eV

The Hel photoelectron spectrum of the vapour obtained from
vapourisation of sclid Ba0 is shown in Fig. 6.D.2. All five of the
bands mentioned above are clearly visible. In addition, a band centred
at around 6.90eV is also visible which could possibly be due to BaO.

At the present time insufficient data exists to allow the position of
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this band to be determined accurately. Several early runs were
carried out without problems. In later runs, however, a high back-
ground electron problem was encountered, similar to that observed in
the SrO study. This prevented any bands of BaQ to higher i.p. from

being detected.

By analogy with the TiO and VO studies described in this
Chapter, the first bands of Sr0O and BaO will almost certainly show
evidence of vibrational excitation in the neutral molecule. Hence
care will be needed in resolving vibrational structure in the region
of the leading edge of the bands, particularly in view of the fact
that the vibrational frequencies in the ground state of Sr0 and Ba0
are relatively low; TWe in BaO xlst = 669.76 em™1,

B, in Sr0 x1z* = 653.5 em™1 (15).

Further more intensive, experimental work is required on both
Sr0 and Ba0. Work is needed to surmount the background electron
problem for both molecules as well as to improve the signal-to-noise
ratio of the spectra. However, preliminary spectra of Ba0 have already
been recorded on the new Multidetector spectrometer by M.P. Hastings.
Detailed molecular orbital calculations will also be required to assign

the photoelectron spectra of the two molecules.
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CHAPTER 6.E. A STUDY OF THE SODIUM PLUS OZONE REACTION

6.E.1. Introduction

This thesis has dealt mainly with the uv-photoelectron spectra
of metals and metal oxides. It is experimentally preferable in a study
of this kind if an oxide can be evaporated directly into the gas—phase
and a spectrum recorded as in the case of vanadium oxide (Chapter 5).
However, as in the case of FeO (1), dissociation of the metal oxide
into the metal and oxygen may occur on heating. Under these
circumstances, in order to generate the metal monoxide in the vapour
phase in sufficient concentrations for p.e.s. detection it is necessary
to use a cross—beam reaction of a metal with an oxidant such as N0, Oy
or O3. For a cross—beam reaction to be successful the primary reaction
needs to be fairly rapid and any secondary reactions which remove the
metal monoxide should ideally be slow. In the case of sodium, discussed
in this section, the Na+03>Na0+0y reaction is known to be rapid with a
calculated rate constant at room temperature of 3.3x10710 cm3 molecule~!
sl (2,3). The exothermicity of this reaction is 35Kcal mol™1l (4).

Knowing this information it was decided to carry out a cross—beam study of

sodium with ozone.
A study of NaO is imporant for a number of reasons. The

molecule is an important constituent of the earth's upper atmosphere.
Meteors, containing sodium, entering the earth's atmosphere may react

to produce oxides. Sodium reacts with the ozone layer to oroduce NaO
which may then be ionised by ultra~violet radiation (4-6). The Nao*¥

may then be involved in a number of chemical reactions. For these
reasons it would be useful to carry out the Na+05 reaction in the
laboratory to study the photoionisation of NaO. Sodium is also important
as a coolant in fast breeder nuclear reactors (7). In these reactors
liquid sodium is contained at temperatures above the ignition temperature
of the metal and spillages will therefore lead to fires. A study of the
burning rates of sodium pool fires has already been carried out (7) and
one of the products of sodium combustion has been found to be NaO. Thus
a study of the Na+05 reaction in the laboratory from this point of view

would also be interesting.
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6.E.2. Experimental and Results and Discussion

Sodium metal was evaporated from a graphite furnace with a
tantalum capillary and crossed with a beam of ozone in the region
just above the photcionisation zone of the spectrometer. The
reaction system was very similar to that used in Chapter 5. The ozone

was produced and stored in the same way as in the Cr+04 study (see

Chapter 5).

The Hel photoelectron spectrum of sodium which is unpublished,
consists of one sharp band at an i.p. of 5.11eV corresponding to the
Na+(...2p6353, 1S)*—Na(...2p633", 23) ionisation. On crossing with the
ozone beam, there was some evidence of chemiluminescence in the
ionisation chamber though the spectra obtained did not show any evidence
of the presence of NaO. However, the relative proportion of oxygen
relative to that of ozone in the spectrum was slightly increased with
respect to that observed in the spectrum of the ozone sample. This
indicated that a small amount of reaction was taking place but
unfortunately the oxide was not present in detectable amounts. A
possible explanation for this may be that NaO' dissociates in the gas-
phase. Using the expression IP(NaO) + Do(Na0O%) = Do (Na0) + IP(Na) and
taking values of IP(Na0O) = (7.4%0.4)eV and Dy(Na0)=(2.61+0.2)eV from
Murad's tables (8), the dissociation energy, D,, of NaO' mav be
calculated as (0.35:0.6)eV. Thus it is quite possible that DO(NaO+)
is negative and that NaO' in its ground electronic state is
dissociative. Under these circumstances it would not be expected that

a photoelectron spectrum of NaO would be observed.

This preliminary study has paved the way for a more detailed
study of the Na+04 reaction by gas-phase photoelectron spectroscopy.
The rate constant of the reaction is favourable and the reaction is
known to be exothermic. A similar situation exists in the case of the
Al+04 reaction (9). The reaction is known to be exothermic and, on the
basis of an experimental rate constant of 3%x10711 em3 molecule~l g1
for the A1+0,>A10+0, is expected to be rapid (9). The problem with the
Na+04 reaction is that very little NaO is produced in the gas—phase which

is, at present, undetectable using a single~detector spectrometer.



Further work must concentrate on increasing the proportion of Nal in
the gas-phase, by using a more efficient mixing system, and on
recording spectra with good signal-to-noise ratios with the new

multidetector spectrometer.
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CHAPTER 7

A study of the Photoelectron Spectra of Aluminium Monofluoride, AlF and
Trifluoride, A1F3
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7.1 Introduction

In recent years the Southampton pes group has had links with
the Berkeley Nuclear Laboratory of CEGB. Part of this collaboration
has involved the study of the processes occurring during ignition of
alloys used for canning uranium fuel elements in Magnox nuclear
reactors. These alloys are normally resistant to oxidation but there
are circumstances, however improbable, when an alloy could ignite. As

a result attention has been focussed on how to extinghuish or inhibit

such a fire,

Compounds thought to be potentially useful for this purpose
include boron trifluoride, nitrogen and sulphur hexafluoride. Magnox
alloys consist essentially of magnesium and aluminium and the aim of

the collaboration with the CEGB is to establish the processes occurring

in a fire and to examine, spectroscopically, the products of such a fire.

These include oxides, fluorides and oxyvfluorides of the constituent
metals of the alloy as well as molecular fragments derived from the
extinguishants. Earlier work (1) has described the Hel photoelectron
spectrum of BF while this present work describes the photoelectron
spectra of AlF and AlF5. The photoelectron spectrum of MgFy has also

been recently recorded by M.P. Hastings in the Southampton pes group.

Aluminium monofluoride has been the subject of a number of
previous spectroscopic studies (2-7), probably because it can be
produced fairly readily in the vapour phase at only moderately high
temperatures (“1000K) (8,9). However, although a number of Rydberg
states of AlF have been observed (3), no Rydberg series has vet been
described and hence it has not been possible to determine an accurate
first ionisation potential (ip) of this molecule from optical
spectroscopic studies. The only experimental estimates of the first
adiabatic ip of AlF come from electron impact mass spectrometry and
are consistent with a value of (9.70%0.50)eV (10-12). 1In the work to
be discussed in this Chapter, the photoelectron spectrum of gaseous
AlF has been investigated with the aim of providing an improved
adiabatic first ionisation potential of this molecule. It was also
hoped to assign the observed bands with the aid of ab initio quantum

mechanical PNO-CEPA calculations (for details of the method see Chapter

3)
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and ASCF ab initio molecular orbital calculations. It was also
proposed to determine sSpectroscopic constants (reas ;e’ De) of the
corresponding states of AlF*, As AlF was produced in the vapour phase
by heating a stoichiometric mixture of aluminium and aluminium
trifluoride, the photoelectron spectrum of AlFy has been recorded. Tt
has been assigned by comparison with the well established photoelectron
spectrum of BF5 (13-16) and on the basis of ab initio molecular orbital

calculations performed for BF4 and Allj.

7.2 Experimental

AlF was produced in the vapour phase by heating a stoichiometric
mixture of aluminium powder and aluminium trifluoride which had been
carefully mixed and pressed into pellets. The pellets were loaded into
a graphite furnace, details of which may be found in Chapter 2 of this
thesis. The mixture was slowly warmed to V500K to remove any traces of
water. Once this was achieved, the temperature was slowly raised to
(1050x20)K (as measured with a chromel-alumel thermocouple in contact
with the furnace) and a photoelectron spectrum recorded. This was
attributed to AIF as studies of the vapour composition above A1/A1F4
mixtures suggest that AlF is the predominant vapour phase species in this

temperature range whereas AlF3 is a minor component (8,9).

The Hel photoelectron spectrum of AlF3 was recorded by heating
solid AlF3 in a graphite furnace, identical to that used for the Al/A1F,
mixture at (1050%20)K. Of the aluminium trihalides the fluoride
appears to be exceptional in that, at any given temperature, 1ts
vapour pressure is several orders of magnitude lower than that of the
other halides (17,18). Also, for AlFg, the dimer concentration is much
lower than that of the monomer for all temperatures up to the normal
sublimation point. In the cases of the other aluminium trihalides,
the vapour consists predominantly of dimeric species at the sublimation

point (17-19).

The photoelectron spectrometer and inductively heated furnace
used in this study have been described in Chapter 2 of this thesis (20,
21). Tor the conditions under which AlF and AlF4 spectra were observed,

the usual resolution was 30-35 meV (f.w.h.m.) as measured for argon
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ionised by Hel radiation. Spectra were calibrated using methyl iodide,

carbon monoxide, nitrogen and argon.

7.3. Computational Details

The electronic ground state configuration of AlF(X1*+) may be

written as:
(16)2(20)2(30) 2(40) 2(1m) 4(50) 2 (60) 2 (2m) 4 (70) 2

and at least bands associated with the (60)"1, (2m)~1 and (70)"1

ionisations are expected in the Hel region.

Three types of calculation have been performed in order to

assign the observed spectrum of AlF.

(a) Ab initio ASCF vertical ionisation potentials have been
calculated for the (60)~1, (2m)~1l and (76)~) ionisations using the
Hartree-Fock SCF method. The ATMOL3 suite of programs (22) was used
for both the neutral molecule and the three ionic states under
consideration. The basis set used (Basis I) was a double-zeta STO
basis set taken from those of Roetti and Clementi (23) with added
polarisation functions (the exponents used were Al4s (1.00), 4p (1.00)
3d(1.35 and F3d(2.01)). All of the calculations were performed at

the experimental equilibrium bond length of AlF xlz* of 1.65448 (4=7).

(b) HFS LCAO calculations have also been performed on AIF using the
method outlined in Chapter 3 of this thesis. 1In these calculations the
basis set used (Basis II) was of triple—-zeta quality with the atomic
cores kept frozen and the aluminium 3s and 3p and fluorine 2s and 2p
orbitals being treated as valence orbitals. Vertical ionisation
potentials were estimated by Slaters’' transition-state method. The

results from these HFS calculations and the ab initio ASCF calculations

are summarised in table 7.1.

(c) The potential energy functions of the X22+, A’T and BZs* states
and the X135+ state of AIF have also been calculated from highly
correlated PNO-CEPA electronic wavefunctions (these calculations were

performed by Drs. Rosmus and Klein in Frankfurt, West Germany).
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In these calculations on ALF a GTO basis set with 12s, 9p, 2d functions
for Al and 10s, 6p, 2d functions for F was used (Basis III) (23). Only
the innermost 5s and 4p functions for Al and 4s and 3p functions for F
were contracted., The electronic wavefunctions have been calculated by
the pseudonatural orbital CI(PNO-CI) method described in Chapter 3 (24).
In these calculations all valence electrons have been correlated.
Previous experience (25) with atomic orbital basis sets of similar size
as used in this study suggests that about 757 of the valence correlation
energies have been accounted for in the electronic states considered.
The vertical ionisation potentials and spectroscopic constants obtained

from the PNO-CI calculations are summarised in tables 7.2 and 7.3.

As an aid to identification of the spectrum of AlF, the
vibrational envelope of the first photoelectron band has been computed
via two methods. Firstly, the PNO-CEPA potential energy functions
were used as input in a solution of the radial Schrodinger equation of
nuclear motion allowing vibrational wavefunctions to be calculated.

From these, Franck-Condon factors were calculated for jonisation from

the v'"=0 vibrational level of AIF(X1Z*) to the v'=0, 1 and 2 levels of
A1F+(X22+) as 1.00, 0.69 and 0.19. Secondlyv, ab initio Hartree-Fock

SCF wavefunctions and total energies were computed with the STO double-
zeta basis set mentioned earlier (Basis I). TFor the AlF ¥lnt and

ATFT X235+ states within +0.28 of the potential-energy minimum and pensks were Oibied
to a fourth order polynomial in (r-rg). This led to predicted values

of re and we in the AIF X15* and AIF* X25* states which are listed in
table 7.4. As expected for a calculation of this type (26) which
neglects electron correlation, comparison of the computed values for

AP ¥12% with those known experimentally shows that the calculated r,
values are somewhat low whereas the computed §é values are slightly

high . These calculated spectroscopic parameters were then used in a
Franck Condon calculation to simulate the vibrational envelope of the
first band of AlF, using the method outlined in Chapter 3 of this Thesis,
The Franck-Condon factors obtained in this way for ionisation from the
v'"'=0 vibrational level of AlF(X12+) to the v'=0, 1 and 2 levels of
A1F+(X22+) were 1.00, 0.47 and 0.11. Although the ab initio calculations

used in this procedure suffer from a neglect of electron correlation,
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the vibrational band envelopes previously predicted in this way have
proved useful in the assignment of photoelectron bands of a number of
diatomic molecules (1, 27, 28). The vibrational band envelope computed
via the PNO-CEPA method takes account of electron correlation and is
thus more likely to be in better agreement with experiment than the
band envelope computed using ab initio SCF calculations (Basis I). An
impression of the good agreement between the PNO-CEPA vibrational band
envelope and the experimental vibrational band envelope may be gained

by comparing figures 7.3 and 7.4.

A series of ab initio single determinantal SCF calculations
using the STO double-zeta basis set (Basis I) were also performed for
the ALF* A2l state over a wide range of bond lengths (1.6‘2.78). The
potential energy curve obtained was found to be dissociative, consistent
with results of similar calculations on the A2l states of BF* and Al1C17T

(1, 29) and with results of the PNO-CFPA calculations performed for

AIF* A2 in this work.

As AIT is isoelectronic with CS and since the photoelectron
spectrum of CS is known to show evidence of strong correlation effects
(21), the above calculations have also been supplemented by configuration
interaction calculations on both the neutral molecule and a number of
ionic states. These calculations were performed using the ATMOL-SPLICE
suite of programs (30). From the SCF wavefunction of AlF X12+, obtained
from the configuration ————(50)2(60)2(2ﬂ)4(70)2 with Basis T, a
configuration interaction calculation was carried out by considering all
1z* states generated from this reference configuration through single and
double excitations with the constraint that only the orbitals 57 to 130
and 27 to 6T were open to orbital substitution. The calculations indicated
that the ———=(50)2(60)2(27)%(70)2 configuration is the main contributor
to the ground state of AlF with its coefficient in the final CI wave-
function being 0.96. Similar calculations with the same orbitals open
to substitution were also performed for the lowest three AIFF 27+ and
21 states. The results of these calculations are listed in table 7.1.
Comparison of the results of the CI calculations and PNO-CEPA calculations

described in this work will be made later.
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Ab initio Hartree—Fock SCF calculations have also been performed
for AlFy using the same STO double-zeta basis set (Basis 1) as used for
AlF and the experimental photoelectron spectrum has been assigned on the
basis of Koopmans' Theorem applied to the orbital energies obtained for
the neutral molecule. Similar calculations were also performed for BF 4
using the basis set of reference (1), For both molecules, geometries
derived from gas—phase electron diffraction studies were used (31-33).

The results of these calculations are summarised in table 7.5.

7.4. Results and Discussion

The Hel photoelectron spectrum obtained on evaporating a
stoichiometric mixture of aluminium and aluminium trifluoride is shown
in figure 7.1. It shows three bands which were in the same intensity
ratio on varying the helium carrier gas pressure and furnace
temperature as well as a broad weak feature centred at (16.10+0.05)eV,
This spectrum has also been reproduced on heating A1/Al1Fy mixtures
containing excess aluminium, except that the band positioned at 16.10eV
was much weaker under these conditions. The photoelectron spectrum of
AlF5 has also been recorded (see figure 7.2). By comparison of the
spectra obtained and knowledge of the main species present in each case
from vapour pressure measurements, it was concluded that the spectrum
shown in figure 7.2 arises solely from AlF4, the first three bands in
figure 7.1 are due to ionisation of AlF and the weak feature centred

at (16.10%0.05)eV in figure 7.1 arises from AlFj3.

The first band of AlF is the only one which shows resolvable
vibrational structure (see figure 7.3). The adiabatic and vertical
ionisation potentials of this band coincide at (9.73+0.01)eV, This
band is assigned on the basis of the calculated ionisation energies (see
tables 7.1 and 7.2) to the AIF* X235t « AlF xls* ionisation. The
difference between the ASCF and the experimental vertical ips shown in
tables 7.1 and 7.2 gives the correlation correction to the ionisation
energy. As expected, since the correlation energy in the X25* state
is lower than that in the X!I*+ state the ASCF values are lower than the
experimental vertical ip and the PNO-CEPA (Basis III) and ASCF plus CI

(Basis I) values are also lower than this value by 0.3 eV and 0,49 eV
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respectively. This is because the PNO-CEPA method only accounts for
n757% of the correlation energy (25) in the X2I* and x15% states while
the ASCF plus CI (Basis I) method only makes allowance for single and
double excitations in a molecule or ion and ignores higher order

exciltations.

In the first band of AIF, as well as the adiabatic vibrational
component, at least three other vibrational peaks were observed to
higher ionisation energy and measurement of their separations gave a
value of Qé = (1040+40)cm™1 in the ionic state, a value which compares
with 802 em™l in the ground state of the neutral molecule (4=7). A
similar increase in vibrational frequency on ilonisation occurs in the
BF case (1). This increase in bond strength has been rationalised
previously in terms of an ionic bonding scheme, which has been found
more appropriate than a covalent approach in describing the bonding
in the group III monohalides and their ions (1, 29, 34-36). The
ab initio SCF calculations (Basis I) performed in this work indicate
that the first ionisation process in AIT corresponds to removal of an
Al 3s electron with a net strengthening of the ionic band in the cation.
The relative intensities of the three main vibrational components shown
in figure 7.3, corresponding to the ionisations v' = 0, 1 and 2,

ALFY X23% « v = 0, A1F X1s*, were measured as 1.00:0.82+0.03:0.35+0.05
in reasonably good agreement with the relative intensities predicted by
the PNO-CEPA method of 1.00:0.69:0.19. Using the method outlined in
Chapter 3 and assuming no vibrational excitation of the neutral molecule,
these experimental vibrational relative intensities have been used with
a series of Franck-Condon calculations to estimate the equilibrium bond
length in the AIFY X25% state as (1.58&0.01)&. However, in all
experimental spectra, one vibrational component was observed on the low
ionisation energy side of the v' = 0 <« v'' = O comnonent (see figure 7.3)
and its position was consistent with that expected for the "hot band"
due to the ionisation process v' = 0, AIFT X258 « " = 1, A1F X1+, The
presence of contributions from vibrationally excited A1F in the band
makes analysis of the experimental vibrational intensities somewhat
difficult because, within the resolution of the experiment, overlap will

occur between the following pairs of v' « v'" transitions: O « O and 1 < 1,
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1« 0and 2« 1, and 2 « 0 and 3 <« 1., This obviously means that the
intensities of the three main vibrational components in figure 7.3
cannot be used directly to estimate the equilibrium bond length in the
ion. Nevertheless, as the contribution from the v'" = 1 and v'" = 2

AlF X1z* levels in figure 7.3 was small, the following approximate

procedure was adopted. Use of the computed Franck-Condon factors for

the v' = 0« v" =0 and v' = 0 « v"" = 1 transitions (calculated with

Yo

experimental component intensities (1:0.25+0.05) leads to an estimated

= 1040 em™! and re = 1.588 in the ion) with the corresponding

A1F xXlz+ vibrational temperature of (950+50)K, a value which is slightly
lower than the furnace temperature of (1050£20)K probably because of
collisional deactivation of the AIF molecules before ionisation. This
effective vibrational temperature together with the computed Franck-
Condon factors for the ionisations v'' = 0 and v'' = 1 to v' = 0, 1, 2 and

3 allows a small correction to be made to the experimental band intensities
to vield a more accurate estimate of the experimental intensity ratio of
the processes v' =0, 1, 2 <« v" = 0. These modified intensities then led,
via a further series of Franck—Condon calculations, to a new estimate of
the equilibrium bond length in the A1F?* x2:*% state which was slightly
increased from the original value to (1.59t0.01)g. The vibrational
temperature of A1F X158+ was also redetermined using Franck—Condon factors
re-calculated at this ionic bond length together with the experimental
vibrational intensity ratio and found to be essentially unchanged from
the initial value of (950+50)K. Table 7.4 shows that the values of Te
and ﬁé in the A1F+(XZZ+) state obtained via ab initio SCF calculations

(Basis I) are in good agreement with the values derived experimentally.

The vibrational band envelope of the first AIF band was also
calculated using the PNO-CEPA method. To do this, theoretical
vibrational envelopes of the first photoelectron band have been calculated
from the PNO-CEPA potential energy curves for the v' « v" = 0 and
v' « v'' = 1 progressions and both envelopes are shown schematically in
figure 7.4. In constructing these envelopes the calculated Franck-Condon
factors have been used with Gaussian line shapes with a width at half
height of 75 meV determined by the experimental resolution. It can be

seen immediately from the figure that the v' + v" = 1 progression exhibits

a rather irregular envelope largely because of the small overlap between
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the v"" = 1 and v' = 1 vibrational wavefunctions. However, if both
envelopes are added together with a weighting factor of 1:0.25 the
resulting theoretical spectrum (figure 7.4) is in very good agreement

with the experimental envelope (figure 7.3).

The quality of the PNO-CEPA potential enmergy function for both
AlF(X12+) and A1F+(XZZ+) states can also be judged from the computed
spectroscopic constants (r, and 5&) for the AIF(xl:*) state for which
very accurate experimental values are available (4-7). 1In general,
single determinantal Hartree—Fock type SCF molecular orbital calculations
predict the potential energy of a diatomic molecule (43) to lie above
the experimental potential energy curve with the potential minimum at
slightly lower bond length. At the single—determinantal SCF level,
this results in calculated values of T, being frequently too low and
We being too high relative to the experimentally derived parameters.
This is because electron correlation is neglected in these calculations.
However, when electron correlation is taken into account via a method
such as the PNO-CEPA approach, predicted and experimental potential
energy curves become closer. As a result, the calculated values of 1y

will increase slightly while those of W, will decrease slightly.

Two types of basis set (Basis I and III) were used for the
calculations on AlF(XIZ+) and A1F+(XZZ+) but, nevertheless a broad
measure of agreement was achieved. This can be shown by comparing the
calculated ASCF value of the first vertical ip of AlF obtained using
Basis I (8.51 eV; table 7.1) and that obtained using Basis II1
(8.53 eV; table 7.2). Detailed comparison is also possible between
tables 7.3 and 7.4. At the SCF level with both basis sets I and III, for
the A1F X1n+ and AIFY X227 states, the computed values of r, are too low
and the computed values of Qé are too high, as expected because of neglect
of electron correlation (43). However, allowance for most of the
correlation in the AIF X18% and ALF* X25* states by the PNO-CEPA method
gives values of w, and re in each state which are much closer to
experiment. For the ALF s+t state, (see PNO—CEPA calculations (table
7.3)), the theoretical equilibrium bond length, rg, is overestimated by
0.009& while the theoretical vibrational frequency is higher than the

experimental value by 2 cm~l. For the AIF* X%zt state, r, 15 over—
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estimated by 0.018 and W, 1s underestimated by 80 cm™! (calculated as
960 em™! and measured experimentally as (1040i40)cm’1). However, since

the PNO-CEPA calculations are expected to predict>§e for the A1F" x2g+

state to within =50 cm™l, the experimentally measured value of (1040i40)cm—1

for We

of vibrational separations in an envelope which contains contributions

may be a slight overestimate due to uncertainties in measurement

from ionisation of vibrationally excited A1F. As a result, an average
of theoretical PNO-CEPA and experimental values is probably the most

reliable estimate for @é of A1Ft XZ25% i.e. Gé = (1000+40)em™ 1L,

Another parameter which can be determined from the first band of
AlF is the dissociation energy in the ground state of the ion. Assuming,
as seems likely, that AIF X!5* dissociates to A1(2P) and F(°P) and AIF*
X25F dissociates to A1+(1S) and F(zP) then the first adiabatic ionisation
energy of AlF, (9.73#0.01)eV, can be used with the known dissociation
energy, D,, of AIF X12+, (6.89+0.13)eV (11), and the first ilonisation
energy of aluminium, 5.98eV (37), to estimate the dissociation energy, D,

in AIF*T X25% as (3.14:0.14)eV.

The second band of AlF, shown in figure 7.1, is broad and no
vibrational structure was resolved. The band onset and maxima were
measured at (13.65%0.02)eV and (14.75%0.02)eV respectively. Both the
ASCF plus CI calculations (table 7.1) and the PNO-CEPA calculations
(table 7.2) indicate that the band is due to both (ZW)—l and (6(5)_1
ionisations. By analogy with CS and Si0O (38-41), the band due to the
(21)7! ionisation should appear to be broad with the adiabatic ionisation
potential not equal to the vertical ionisation potential. However, unlike
the CS and Si0 examples, no vibrational structure was observed which could
indicate that this band is complicated by the presence of the (66)—1
ionisation. Figure 7.5 shows that both the AT and B2s* states of AIFT
are expected in the region of the second experimentally observed band.

The parts of the potential energy functions necessary for an assignment
to be made are also shown in figure 7.5 as computed via the PNO-CEPA
method. The B25t state of ALF' dissociates to Al1*Y (PP) + F(3P) and the
%25t state dissociates to ALY (18) + F(ZP). Close to the equilibrium
internuclear distance of the X2¢* state, the 70 orbital exhibits the

approximate occupancy (Al) 3s 3po whereas at larger distances it becomes
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(A1) 3s?. The reverse occupancy change occurs for the 60 molecular
orbital. Therefore, there is an avoided crossing of the X and B states

of AlFY at larger intermuclear distances due to the changes of the 7¢ and
60 molecular orbital characters. For this reason, the B2Z* potential
curve is rather shallow and its equilibrium internuclear distance is
larger than that of the X25% state by 0.478 (see table 7.3). The A21
state is calculated to be repulsive and to lie below the B25* state

(see figure 7.5). An emergy ranze of 13.6-15.0eV mav be calculated for
the A1F* A27M<A1F X1r* ionisation from these PNO-CEPA potential energy
curves and in view of the fact that the vertical ip of the AIF* B2r*+«AlF xlr+
ionisation is calculated to be 14.67eV (see table 7.2), the second broad
band in the photoelectron spectrum of AlF corresponds to ionisation Lo
both the A2l and B2L* states of AIF'. This assignment is also supported
by the results of the other calculations performed in this work which are
summarised in table 7.1. For the AIFY AZI<AlF X15* and A1F* B2iteAlr xlst
ionisations, vertical ionisation energies of 14,23eV and 15.93eV are
obtained by the HFS transition state method and 13.44eV and 15.13eV via
the ASCF plus CI (Basis 1) method. Both these methods make some allowance
for electron correlation and thus may be directly compared with the PNO-

CEPA results.

There is still one problem remaining in the spectrum of AlL.
The sharp band observed in the spectrum at 15.33eV, as yet unassigned,

must be due to a shake—up state of A1FY since no other formally allowed

bands are expected in the Hel region.

The CI calculations performed in this work indicate that this
band is due to a formally forbidden 2I* state arising from the configuration
(2my~1 (70071 (3m)*1l, The band gains intensity through interaction of
the (27r)~1 (70)"1 (37r)+1 configuration with a configuration which is
obtained by a one-electron ionisation from the neutral molecule. The CI
calculation on the A1F* B2L* state (see table 7.1) indicated that, as
well as the expected ionisation at 15.13eV having appreciable intensity,
a root to higher energy containing the (27r)"1 (70)_1 (3ﬂ)+1 configuration
as the dominant configuration should also be observed in an experimental
spectrum. Table 7.1 shows that this band would have an intensity of 0.09

relative to the AI1F* B25* intensity of 0.87, as estimated from squares of
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coefficients of formally allowed contributions to the CI eigenvectors,
Fig. 7,1 shows that the fourth band of AlF is of appreciable intensitv
and this is in agreement with the known photoelectron spectrum of CS

(39-41) and with the CI calculations on CS described in Chanter 4 of

this thesis.

The calculated value for the fourth ip of ALF of 18.34eV is
rather high relative to the experimentally measured value of 15.33eV,
This is partly because, with the SPLICF package, problems are often
encountered in obtaining convergence for higher roots of a given state
(see Chapter 3) and in the CI procedure a higher than normal convergence
criterion had to be used for the C2I* state (0.05 instead of 0.001).
Also, for a more reliable estimate of the fourth ip to be obtained,
further more extensive CI calculations are required on both AlF and AlFY,

Further details of the CI calculations performed in this work,

summarised in table 7.1, are given in Chapter 4,

It is reassuring that the general features of the AlF spectrum
described in this Chapter are in good agreement with that known for the
Hel photoelectron spectra of the thallium and indium monochalides (29,
34-36). TFor these molecules, as in the AlF case, three bands were
observed with the first and third bands being sharp and the second band
being very broad. In view of the assignment of the second band in AlF,
it seems likely that the second band in the spectra of the thallium and
indium monohalides also arises from'ionisation to both the A2l and BZr™
states. The assignment of the photoelectron spectrum of AlF, (summarised
in table 7.5) has been achieved with the aid of SCF calculations
performed for both BF3 and AlF5 using STO double-zeta plus polarisation
function basis sets and by comparison with the known photoelectron
spectrum of BF3. In neutral BFj, the three outermost filled molecular
orbitals are of la,’,le" and 4e' symmetry. The lap' and le" orbitals
are composed of linear combinations of F2p orbitals whereas the 4e'
molecular orbital is composed of F2p syvmmetry combinations with small
contributions from B2p atomic orbitals. The next two molecular orbitals,
the la," and 3e' levels, are also mainly F2p in character. A similar
situation also arises in AlFj where the outermost five molecular orbitals

are also mainly F2p in character. In the Hel photoelectron spectrum of
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BF4, the first three bands arise from ionisation of the laj', le'" and e’
levels (at experimental vertical ionisation potentials of 15,95, 16.67 and
17.14eV respectively (13,14)) with the (l;e')"1 band being the most intense
and the (le")”! band being the weakest. On this basis and from the
computed ionisation energies in table 7.5, the photoelectron spectrum of
AlF4 is assigned in the following way. Band B in figure 7.2 is attributed
to the (Se')“1 ionisation whereas band A is attributed to two unresolved
bands arising from the (le”)“1 and (1a2’)_1 ionisations. The other

observed bands in the AIF3 spectrum, bands C and D, are assigned as shown

in table 7.5.

Perhaps one of the more significant measurements to be forth-
coming from this work is an improved estimate of the first adiabatic
ionisation energy of AlF. The value obtained, (9.73+0.01)eV is in
agreement with the value expected from electron impact mass spectrometry,
(9.70+0.50)eV (10-12), but the error limits have been drastically reduced,.
Although a number of Rydberg states of AlF have previously been observed
by Barrow and coworkers (3), detailed analysis of these states was not
possible because an accurate value of the first ionisation potential of
AlF was not available. A preliminary analysis was nevertheless presented
(3) based on a value of the AlF ionisation energy (9.92eV) estimated by
analogy with known Rydberg series in BF. However, the more reliable
ionisation potential of AlF determined in this work allows a re-determin-
ation of the quantum defects of the Rydberg states observed by Barrow

and coworkers (3) assuming that the atomic character of the observed

L 1Z+) are unchanged from

excited states (clz*, pla, E'm, ¢l*, Fln and 1
that given in reference (3). This latter assumption is supported for the
pla state by recent ab initio molecular orbital calculations (42). The
results of the re-analysis are presented in table 7.6 with the original
values of Barrow et al (3) given in brackets. Clearly, identification of
other Rydberg states of AIF would be extremely useful and would lead to a
further improvement in the first ionisation energy of A1F., It is therefore
to be hoped that the work described in this Chapter will generate further

interest in this problem and lead to further spectroscopic studies on AlF.
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Table 7.1 Computed Vertical Tonisation Potentials of AIF(X12+)(a)

nrs (P) Koopmans'(c) ASCF plus(c) Experimental
Orbital Ionised Ionic State Transition State Theorem ASCF value(c) CI value
70 %25+ 9.36 9.01 8.51 9.24(0.96)(¢)  9.7320.01
27 A2T 14.23 16.45 12.99 13.44(0.92)
13.6-15.2
60 BZs*t 15.93 18.02 15.28 15.13(0.87)
- (c2sh)y - - -(d) 18.34(0.09) 15.33+0.01

(a) All calculations were performed at the experimental equilibrium bond length of AlF(XlE+) of 1.6544 R
4-7).

(b) HFS calculations were performed using Basis I1T; see text for details.

(¢) Calculations performed using Basis 1; see text for details.

(d) See text for assignment of this band.

(e) Values in brackets are the sum of coefficients of formally allowed contributions to the final CI

wavefunctions.

- 761 -



- 195 -

Computed Ionisation Potentials (eV) of AlF(XIZ+)<a)

Table 7.2

Orbital  Tonic  ASCF value(®)  apnO-~cEPA{®)  Experimental

Tonised State vertical ip vertical ip vertical ip
70 x25t 8.53 9.43 9.73%0.01
2 G - 13.6-15.0P)  13.6-15.2()
60 B2+ 14.69 14.67 13.6-15.2(¢)
- (c2s+ - - 15.33+0.01(d)

(a) From the total energies of the particular states at the

theoretical Re's (cf. Table 7.3).

(b) Obtained for the classical turning points of v'"=0 in

A1F X13* as a vertical cut on the repulsive A% potential

energy functions (cf. Figure 7.5).

(¢) Experimental range of the second PE-band of AlF.

(d) See text for assignment of this band.

(e) Calculations performed using Basis III; see text for

details.




Table 7.3 Theoretical Spectroscopic Constants(8) of AIF and AlF*

States Method E(b)(a.u.) Re(g) Be (em™1) ue(cmfl) ﬁé(cm—l)
1.+ (d) -

AlF X2 RHF 341.47193 1.641 0.561 0.004 838
po/cEpA (D) ~341.72686 1.663 0.546 0.004 804
Exp.(¢) 1.6544 0.5524 0.00498 802.2

AlFY X253t rEr(d) -341.15888 1.576 0.609 0.004 1019
PNO/CEPA<d) -341,38047 1.601 0.590 0.004 960
Exp. this work (1.59+0.01) - - (1040x40)

(1000+40) (e)

atrt B2zt rup(d) -340.93153 1.983 0.385 0.002 440
pno/cEPA (D) ~341.18709 2.071 0.352 0.005 467

(a) Calculated from polynomial fits.

(b) Total energies at calculated equilibrium distances.

(c) References (4-7).

(d) Calculations performed using Basis IIT; see text for details.

(e) Final recommended value.
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Table 7.4 Experimental and Calculated Spectroscopic Constants (¢)

for AIF(X!s*) and a1rt

(x251)

ATF (x13™) ATF* (X25%)
Experimental<a> Calculated (@) Experimental(b) Calculated(b)
Equilibrium Bond Length
? 1.6544 1.636 1.59+0.01 1.582

Te, .
Vibrational Frequency

- cmnl 802.2 886 (1040+40) 1037

e’ ) (1000+40) ()

(a) See refs. (4-7).
(b) This work; see text for details.
(¢) Calculations performed using Basis I; see text for details.
(d) Final recommended wvalue.
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Table 7.5  Computed and Experimental Vertical ITonisation Potentials

(eV) of BF3 and AlFj3

i) BF3(a)(b)

Orbital Computed Vertical Ionisation Potential  Experimental v.i.p.
via Koopmans' Theorem ref. (17,18)

3aq’ 44,96 -

2e! 43,82 -

bat' 22.88 21.50+0.05
3e! 21.76 20.09z0.02
la," 20.43 19.1320.02
be! 18.66 17.14£0.01
le" 18.32 16.67£0.01
lay' 17.59 15.95+0,02

ii) AlF4 (@) ()

Orbital Computed Vertical Ionisation  Experimental Band letter in
Potential via Koopmans' Theorem v.i.p. Figure 7.2
+0.02eV

taq' 42.00 - -

3e! 41.64 - -
5a7’ 19.55 20.09 D

bLe! 18.38

2ay" 17.73} 17.07 ¢

S5e! 17.49 16.10 B

le" 17.21}

lap' 16.72 15.45 A

(a) The experimental geometries used for these calculations are taken
from references (31-33).
(b) Calculations performed using basis of reference (1).

(c) Calculations performed using Basis I; see text for details.
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Table 7.6 Re-determination of the quantum defects of a numbér of

singlet Rydberg states of alr(a)

State Character of the To n-6 (k) n s(®)
excited electron from ref.(3)/eV
from ref. (3)
nlz* 4po 8.405 3.204 (2.998) 4 0.79 (1.00)
Fln Lp 8.216 2.997 (2.827) 4 1.00 (1.17)
cle* 3do 8.282 3.065 (2.884) 3 -0.06 (0.12)
gl 3dw 7.953 2.767 (2.631) 3 0.23 (0.37)
pla 3d6 7.647 2.555 (2.447) 3 0.45 (0.55)
cls® 4so 7.210 2.323 (2.241) 4 1.67 (1.76)

(a) The To values listed in this table are taken from Table VI of
ref.(3). The parameters (n—8) and ¢ are derived assuming i.p.

(A1F) = 9.73 eV, as determined in this work.

(b) The (n-38) and § values shown in brackets are derived on the

assumption that i.p. (AlF) = 9.92 eV (see ref.(3)).
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