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Abstract

The work in this thesis includes LEED crystallographic
investigations for the (2x2) structure obtained by adsorbing
oxygen on the (0001) surface of zirconium at below 250°C, a
study of the stability of the intensity of fractional order
beams with different coverages of adsorbed species on
hcp(0001) metal surfaces, a preliminary structural
investigation of the 2r(0001)-(1x1)-O structure, and the
setting up of a TV camera system for faster acquisition of
diffracted beam intensities,

The LEED crystallographic study for oxygen adsorption
on the zZr(0001) surface yields the first structural data for
the initial stages of oxidation on any hcp(0001) surface.
The zirconium surface was cut from a high purity single
crystal, and characterized with LEED and Auger electron
spectroscopy. Intensity versus energy (I(E)) curves were
measured by the photographic method at normal incidence for
seven and two diffracted beams respectively for the (2x2)
and (1x1) structures. Theoretical 1I(E) curves were
calculated using the 'combined space' approach to multiple
scattering calculations (e.g. composite layer calculations,
renormalized forward scattering and layer doubling) for a
range of Zr-O interlayer spacings and many different
adsorption models. Levels of correspondence between
experimental and calculated I(E) curves were assessed with
the Pendry R-factor. The analyses suggest that O atoms

occupy octahedral holes between successive bulk Zr layers in
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the (2x2) structure, and -that the substrate 2r layers
undergo a fcc type reconstruction which spans the depth of O
atoms. The Zr-O interlayer spacing is found to be 1.33 i;
this corresponds to a Zr-O bond length of 2.29 i, and
therefore is in close agreement with the value (2.31 &) for
bulk ZrO. Having only two independent beams for the (1x1)
surface precludes any definitive structural conclusions, but
the preliminary analysis here indicates that the first three
layers resemble (111) layers of ZrO with the Zr-0 interlayer
spacing equal to 1.37 A and a conseqguent bond length of 2.31
A.

Diffracted beam I(E) curves were calculated at normal
incidence with the renormalized forward scattering method
for (2x1) and (2x2) structures involving adsorption on
(0001) surfaces of titanium and zirconium, and these data
were compared with the R-factors of Pendry and of Zanazzi
and Jona. This study supports an observation by Yang et al.
that LEED fractional order beam intensities may be closely
constant with changing adsorbate coverage; a new feature
found here is that this conclusion holds even for structures
where neighboring adsorbed atoms are separated by just the
substrate interatomic distance. This observation could be
exploited in  the 2Zr(0001)-(2x2)-0 analysis by using
whichever translational symmetry that gave the easier
computational effort. This work provides further support for
the neglect-of-beam-set approximation, which was introduced

by Van Hove et al. for making more tractable the
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calculation of LEED intensities from surfaces with large
unit meshes.

Also established in this work is an intensity
acquisition system, which utilizes a surveilance type TV
camera and commercial video LEED analyzer (VLA). 1Initial
examinations were given for two background intensity
subtraction schemes. I(E) data collected with the video LEED
system in the later stages of this work are compared
satisfactorily with the independent measurements obtained by

the photographic method.
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CHAPTER 1

STUDIES OF ORDERED AD-LAYERS ON WELL-CHARACTERIZED

CRYSTALLOGRAPHIC PLANES




1.1 HISTORICAL DEVELOPMENT

Since the first low energy electron diffraction (LEED)
experiment performed by Davisson and Germer[1] in 1927,
little progress was made on the studies of well-defined
single-crystal surfaces until the 1960's. The main reason
for dormancy in this branch of surfaqé science arose from
the problem of quantity: one square centimeter of a surface
contains only about 10'® particles or approximately 10-°
mole. In other words, the conventional bulk techniques
employed then were not sensitive enough for surface studies.
Historically, the deficiency in instrumental sensitivity was
countered by working with materials which were extremely
porous or consisted of very small particles to ensure a high
surface/volume ratio. Although some useful empirical
relationships can be derived from these traditional studies,
they necessarily give averaged information on 'mixed’
crystallographic planes. In order to gain insights to the
primary processes that occur on surfaces at the atomic
level, the 'clean-surface' approach is favored. Such studies
use well oriented crystal faces held in closely controlled
environments. As recently as two decades ago this approach
was barely feasible because very few studies could answer
the most fundamental question of whether a surface was
atomically clean, let alone what type of foreign atoms might
have been present.

In the last fifteen years or so the 'clean surface'

approach has gained strength. This has been especially



because of the developing availability of convenient
facilities for readily obtaining ultra-high vacuum(UHvT) ;
also many new and resurrected surface sensitive techniques
were developed. In spite of such a short period of growth,
surface science has already achieved considerable
sophistication. The analysis of simple clean surface
structures[2] can now be straightforward. Indeed,
considerable knowledge is now available for the relaxation
effects at clean surfaces, and a start is being made in
studying reconstructed surfaces[3]. Further, since the mid-
1970's considerable attention has been directed to systems
involving ordered adsorbates. Such studies may involve atoms
or small molecules[4] such as CO, or simple hydrocarbons[5]
adsorbed on‘various metal surfaces. Recently there has been
a growing interest in studying metal adsorbates on
semicpnductor surfaces[6]. The 1latter studies are made
possible, in part, by advances in molecular beam epitaxyl[7].

Three major stimuli have encouraged this boom in
surface science. They are (1) recent developments in
materials science, (2) the need for new knowledge in
heterogeneous catalysis, spurred especially by society's
energy requirements, and (3) exciting developments in small
scale electronics device technology. Fundamental processes
involving crystal growth, corrosion, surface segregation and
embrittlement are the main concerns for material scientists.

Chemists, on the other hand, are more interested 1in the

tuav < 1x10-% torr.



energetics and kinetics of surface processes, including the
adsorption and desorption mechanisms. With 1its recent
spectacular developments, thé electronics industry
necessarily de&otes much effort to surface research, the
objective being to improve quality of thin integrated
circuits by utilizing knowledge of metal/semiconductor
interfaces in fabrication processes. Their objectives may be
different, but the types of research on surfaces carried out
by each of the different disciplines have much in common,
hence there 1is 1inevitably a strong inter-disciplinary

component in modern surface science.

1.2 TECHNIQUES RELEVANT TO AD-LAYERS STUDIES

Several criteria are important in the construction of a
good adsorbate-sensitive technique. First, it should give
reasonably strong signals from even low atomic densities of
adsorbate molecules. Second, it must be able either to avoid
retrieving information from the bulk of the crystal, or to
distinguish signals from the bulk and the surface. Finally,
it is often preferred that the probing particles have
minimum destructive effect on the adlayers (although of
course this 1is not the case in the thermal, or particle
stimulated desorption methods). Aside from techniques
dependent on the supply of thermal energy, surface methods
can be classified into three categories according to probing
sources: electron scattering techniques; ion/atom beam

techniques and photon (including synchrotron radiation) beam



techniques. Most of these techniques 1involve studying the
interaction of the probing particles and the surface region
of the adsorption system through the measurement of the
angular and/or energy distribution of the scattered or
emitted particles. Several commonly used techniques and
their acronyms are listed 1in Table 1.1; the experimental
details of each 1individual technigque can be found in the
references given. However, the principles involved in each

category are discussed briefly in the following sections.

1.2.1 ELECTRON SCATTERING TECHNIQUES

Electrons in the energy range to about 1 keV are
commonly used as probes in surface science. Seah and
Dench[25] have given recent information of electron mean
free path for inelastic scattering in solids as a function
of the electron energy. For metals, the mean free path
versus energy curves exhibit broad minima at between 10' and
102 eV, with corresponding mean free paths of around 3 to 10
A. Since high density layers 1in metals have intérlayer
spacings of around 2 to 3 3, low-energy electrons can probe
only a very restricted number of atomic 1layers 1if the
electrons emerge from the surface without losing energy. The

mean free path length L for inelastic scattering is defined

by

I1(/) = I,exp(-1/L) (1.1)



Probe Measured
Aqronym Technique particle particle Information
AES Auger-electron spectroscopy(8,9] Electron Electron Composition
HREELS High-resolution electron energy loss spectroscopy[10]} Electron Electron Vibrational modes
LEED Low energy electron diffraction{1t,12] Electron Electron Geometry
RHEED Reflection high energy electron diffraction[13] Electron Electron Geometry
HEAD Helium-atom diffraction[t4] Atom Atom Surface potential map
INS Ion neutrali{zation spectroscopy(i15] Ion Atom Electronic structure
LEIS Low energy iton-scatteringl[i16] Ion Ion Atomic positions
RBS Rutherford back scattering([17] lon Ton Atomic positions
SiMs ' Secondary-ton mass spectroscopyl 18] Ion Ion Composition profile
ADPD Angular-dependent photoelectron diffraction[19] Photon Electron Local structure
EDPD Energy-dependent photoelectron diffraction[20] Photon Electron Local structure
NEXAFS Near-edge X-ray absorption fine structure[21) Photon Photon, Intramolecular bonding
electron
SEXAFS Surface extended X-ray absorption fine Photon Photon, Local coordination
structure(21,22] electron
UPS Ultra-violet photoelectron spectroscopy[23] Photon Electron Valence states
XD X-ray diffraction[224]} Photon Photon Long-range structure
XPS X-ray photoelectron spectroscopy(9] Photon Electron Chemical shifts,
quantitative composition
Table Adsorbate-sensitive techniques and their characteristics. Individual experimental detail can be found in

the references quoted under the technique column.



where I, is the incident intensity at a particular energy,
and this is attenuated to 1I(/) after travelling a distance
/., Clearly a 1low value of L corresponds to a high
probability for inelastic scattering; correspondingly there
will be a high surface sensitivity in experiments in ﬁhich
the electrons are detected at specific energy values.

Hi gh-Resolution Electron Energy Loss Spectroscopy
(HREELS). Electrons scattering off surfaces can lose energy
in various ways. One of these involves excitation of the
vibrational modes of atoms and molecules on the surface.
With a monochromatized incident beam, at energy from 1t to 10
eV, HREELS measures such vibrational modes. This technique
proves to be a powerful tool for hydrocarbon adsorption
studies since many other surface techniques cannot detect
hydrogen. Unlike optical spectroscopies such as infra-red
and Raman spectroscopies, HREELS can measure vibrational
modes both perpendicular and parallel to the surface.

Low-Energy Electron Diffraction (LEED). in this
technique, the elastically scattered electrons diffract to
provide information about the long-range periodicity of the
surface structures. The de Broglie wavelength, A(in ﬁ), of

an electron with energy E(in eV) is given by
A = V(150.4/E) (1.2)

In the energy range 10 to 500 eV, the electron wavelength

varies from 4 to 0.6 X, and therefore it is generally of the



same order as interatomic and interlayer distances 1in
adlayer structures and metal substrates. The translational
symmetry of the surface determines the diffraction pattern;
the measured diffracted beam intensities, in conjunction
with multiple scattering calculations, can be wused to
determine interatomic distances.

Reflection High-Energy Electron Diffraction (RHEED).
This technique is similar in principle to LEED but wutilizes
higher incident beam energies(1 to 50 keV). The longer mean
free paths associated with higher energies give a reduction
in surface sensitivity. In RHEED this is countered by wusing
grazing angles of incidence and emergence. Due to its deeper
penetration, RHEED 1is especially suitable for studies of
chemisorption which 1lead to reaction into the bulk. A
similar technique employing incident‘ electron energies
between those for LEED and RHEED 1is called Medium-Energy
Electron Diffraction (MEED).

Auger Electron Spectroscopy (AES). When an atomic core
level is ionized, the subsequent filling of the orbital by
an electron from a less-tightly bound 1level may be
accompanied by the emission of a photon or a second
electron. This latter electron is termed an Auger electron
after P. Auger[26] who first identified the effect 1in a
cloud chamber experiment. The kinetic energy of the Auger
electron thus contains information of the energy levels
involved. A measurement of the kinetic energies of the Auger

electrons from one or more such transitions can then



identify the element(s) present on a surface. Hence AES 1is
routinely used for elemental analysis of surfaces.

Since LEED and AES are the principal techniques used in
this'laboratory, they will be discussed in depth in the next

chapter.

1.2.2 ION OR ATOM SCATTERING TECHNIQUES

Atoms and ions incident on solid surfaces can provide
information about the latter through the analysis of (1) the
back-scattered primary particles; (2) particles sputtered
off from the surface; and (3) electrons emitted from the
surface resulting from excitation by the primary beam. These
techniques typically use beams of H* or He* in the energy
range of 100 eV to 3 MeV. It is useful to divide the energy
into low and high regimes characterized by ion velocities
below and above the Bohr velocity of 2.2x10® ms-'. In the
higher energy regime, the ions cast a very narrow shadow
cone of radius about 0.1 ﬁ, and hence have a negligible
probability of being neutralized. Consequently, the
scattering process can usually be treated kinematically,
thus simplifying computations. In the low energy regime, the
shadow cone radius is about 1 A and the probability of
neutralization is high. These ions are therefore often used
to study the electronic structures of the surface atoms.

Rut herford Back Scattering (RBS). Here a high energy
(2-3 MeV) beam of H*®* or He* 1is incident on an ordered

surface. These primary ions are scattered by the exposed
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surface atoms which 'see' the primary beam directly. If the
back-scattered ions are énergy analyzed, the atomic
weight(s) of the exposed atoms can be determined through
simple kinematic calculations. The intensities of these
energy peaks identify the number of exposed atoms; further,
a measurement of these intensities as a function of
incidence angle can reveal the geometrical arrangement of
the surface atoms (although careful corrections are required
for some parameters, including thermal vibratjons).

Secondary-Ion Mass Spectrometry (SIMS). This technique
typically uses an ion beam in the energy range 1 to 20 keV.
Surface layers are sputtered off as ataqms and ions
(including clusters), and the ionized fraction is identified
in a mass spectrometer. Dynamic SIMS can give surface
elemehtal compositions in the form of depth profiles;
however, quantification is difficult due to matrix effects
and differential sputtering rates for different elements.

Low-Energy Ion Scattering (LEIS) is similar to RBS, but
uses ions of energy about 1 keV. Due to the larger radius of
the shadow cone, this technique is sensitive to the exposed
atoms only. A version called Impact Collision lon Scattering
Spectroscopy (ICISS[27]) measures back-scattered ions at a
scattering angle of 180° only. This eliminates blocking
effects and allows one to deduce the distance between
surface atoms from the shadowing effect alone.

ITon Neutralization Spectroscopy (INS). Lower energy

(=102 eV) He* ions have a high probability of capturing
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electrons from the surface atoms and hence becoming
neutralized. The subsequent filling of the hole thus created
in the surface may result in ejection of a slow electron, as
in the Auger process. This gives information on occupied
densities of states; however, the insignificant penetration
depth of the low-energy ions makes 1INS extremely surface
sensitive.

Helium-Atom Diffraction (HEAD). One can also probe
surfaces using low-energy atoms. For example, for He at 10
to 200 meV, the de Broglie wavelength A (in A) at energy E

(in eV) is given by
A= 0.14/VE (1.3)

Thus He atoms with the thermal energy of 200 meV have a
wavelength about 1 ﬁ, and so can readily diffract from
surfaces. HEAD measures the angular distribution of
back-scattered He atoms, thus revealing the 2-dimensional
corrugation of the potential between the He atoms and the

surface.

1.2.3 PHOTON BEAM TECHNIQUES

Synchrotron sources allow experimenters access to
highly collimated and continuous wavelengths of radiation
that are not available from other sources. The high
intensity of synchrotron radiation gives a higher signal to

noise ratio than conventional X-ray generators. By way of
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comparison, the most powerful commercially available ZX-ray
generator, a 60-kWw rotating-anode tube, delivers 108
photons-s- ', whereas a synchrotron source can deliver a
thousand times that amount.

Surface-Extended X-ray Absorption Fine Structure
(SEXAFS) provides one of the most successful applications of
synchrotron radiation to surface studies. With an incident
beam of soft X-rays of increasing energy, a photoelectron is
emitted when the incident photon exceeds the threshold for
exciting a core electron of a surface atom. In SEXAFS, those.
ejected photoelectrons with kinetic energies from 50 to 500
eV are studied. The yield of the ejected electrons from the
absorbing atoms 1is modulated as a function of incident
photon energy due to the interference between the outgoing
electrons and those backscattered from neighboring atoms. By
Fourier analysis of this modulation, the distance between
the absorbing atom and 1its neighbors can be determined.
Moreover, if the excitation source‘is synchrotron radiation
(which is polarized), comparison of the amplitude of the
interference terms yields information on the adsorption
site[28] rather than just the bond length.

Near Edge X-ray Absorption Fine Structure (NEXAFS) is a
technique very similar to SEXAFS. However, NEXAFS studies
those ejected photoelectrons with kinetic-energies near the
threshold of excitation (e.g. within 50 eV of the
threshold). For molecular adsorption systems, NEXAFS results

are dominated by intramolecular resonances[21], which
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involve transitions into molecular orbital states, such as
o and n*, whose wavefunctions have amplitudes that ‘are
largely localized within the molecule. As a result, NEXAFS
is particulary sensitive to the intramolecular bond 1lengths
and the orientation of these bonds relative to the surface.

Energy-Dependent and Angular-Dependent Photoelectron
Diffraction (EDPD and ADPD) are techniques closely related
to SEXAFS and NEXAFS. Here the number .of photoelectrons
emitted from a given core level is measured directly as a
function of photon beam energy or angle. By measuring the
photoelectrons coming from a specific level, the interfering
absorption edges seen in SEXAFS can be avoided. Like SEXAFS,
these two techniques provide information on local
geometrical structure.

Ultraviolet Photoelectron Spectroscopy (UPS) and X-ray
Photoelectron Spectroscopy (XPS or ESCA). Besides helping
develop new surface . techniques, synchrotron radiation
greatly enhances the effectiveness of several traditional
spectroscopies for surface studies. The latter include UPS
and XPS. Depending on the incident photon energy, electrons
can be ejected from different electronic levels of a surface
atom. Both UPS and XPS involve~measuring kinetic energies of
such emitted photoelectrons. UPS 1is wused to study the
valence electronic structure of the surface species; while
XPS probes core levels and provides chemical shift

information as well as quantitative surface composition.
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X-ray Diffraction(XD) is a well-developed technique for
studying structure in bulk solids, but applications to
surface structure are starting to be developed. Because
X-rays penetrate deeply into a solid, the surface signal is
necessarily superimposed on a large signal from the bulk,
although the former may be maximized with grazing directions
of incidence. X-ray diffraction has been wused to analyze
surface nets with a different periodicity from the bulk. A
potential advantage of XD for surface science stems from the
application of single (i.e. kinematical) scattering

theories.

1.3 SOME BASIC KNOWLEDGE FROM ADSORPTION STUDIES ON METAL

SURFACES

The atomic geometry of a surface or interface is, in
certain respects, 1its most fundamental property. From a
chemist's standpoint this property determines electronic
structure, and ultimately all other properties, 1including,
as one example, reactivity and specificity 1in catalysis.
Studies with LEED, SEXAFS, photoelectron diffraction and ion
scattering techniques are starting to provide data on atomic
geometrical arrangements for ordered adlayers on
well-defined single crystal surfaces. The present situation
is that some consistency in structural conclusions can be
reached when different techniques are applied to the same
surface (e.g. current status for O adsorbed on Al(111)[29]

or CO on Ni(100)[30]).
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AES, HREELS, INS, thermal desorption[31] and
photoemission spectroscopies now offer researchers
possibilities to study the nature of the surface chemical
bond at the atomic level. This knowledge is essential to the
understanding of surface reactivity and reaction mechanism.

Studies of geometrical arrangements for metals adsorbed
on surfaces of other metals are so far restricted to LEED
analyses, and the total information is very limited. More
experimental results in this field are necessary to assist
materials scientists to understand the solid-solid

interface.

1.3.1 THE STRUCTURAL PARAMETERS

From the overlayer-substrate systems studied so far,
some general patterns regarding structural parameters are
starting to emerge. One of these is that the adsorbed atoms
tend to occupy sites where they are in contact with the
maximum number of substrate atoms (largest coordination
number). This site is often the one that the bulk atoms
would occupy in order to continue the bulk lattice into the
overlayer (e.g. bABAB...and cABCABC..., where the lower case
letters represent the atom positions for the overlayer). In
other words, adsorbed atoms tend to heal broken bonds at a
surface. Using ICISS, Aono et al/.[32] have determined that
these sites can correspond to locations of high surface
electronic density. The frequently observed contraction of

the topmost interlayer spacing at a clean metal surface may
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result from electrostatic attractions associated with charge
polarizations at the interface.

Sometimes adsorbed layers may affect positions of atoms
in the underlying surface. This may involve relaxations, of
either wvertical or horizontal types, in a basically
unreconstructed surface. Alternatively an adsorbed layer may
induce reconstruction 1in an otherwise unreconstructed
surface, or may cause the basic surface to revert to the
essentially unreconstructed form even though it is
reconstructed in the most stable form of the clean surface.
The study of surface crystallography has the important
objective of providing precise information for all such
effects. As well this information can encourage the
development of models and understandings specifically for

the surface chemical bond.

1.3.2 THE NATURE OF THE SURFACE CHEMICAL BOND

Although a full understanding of the surface chemical
bond is not yet possible, several empirical characteristics
have been observed with adsorbate-sensitive technigques, such
as in particular HREELS, AES, NEXAFS, UPS and XPS. In turn
such observations have encouraged mathematical formula-
tions[33,34], but so far the degree of match between theory
and experiment is still generally 1inferior to those
currently obtainable for 1individual molecules or for bulk

solids.
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With various surface spectroscopies, it has been
demonstrated that even on the more atomi¢ally homogeneous
low-Miller-index surfaces, several bindiné sites are often
distinguishable by theif structure and binding strength. As
a result, a sequential filling of bindin§ sites may occur
with increasing adsorbate coverage. With a particular
adsorbate, these binding sites and binding strengths vary
with crystal face. These variations add to the complexities
which make adsorption studies so challenging.

One novel feature of the surface chemical bond is its
dependence on temperature. At low temperature near the
koiling points of the adsorbate atoms or molecules,
adsorption decreases with increase in temperature at a given
pressure. This type of adsorption 1is known as physical
adsorption which is characterized by van der Waals or simple
electrostatic interactions and low heats of adsorption (<15
kcal.mol-'). For some small molecules such as CO and O, on
metals, the amount that can be adsorbed starts to rise again
as the temperature goes up further. This type of adsorption
is generally called chemisorption (or 'activated adsorption'
since an energy of activation 1is required). In the context
of the transition from physical adsorption to chemisorption,
studies of hydrocarbon molecules adsorbéd on some metal
surfaces have 1illustrated sequential bond breaking within
the adsorbate molecule with increase in temperature([35,36].
In addition, the details are most varied on heterogeneous

surfaces. For example, on stepped surfaces, there is now
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abundant evidence[37] that dissociation preferentially
occurs at steps or kinks.

Chemisorption involves covalent bond formation. 1In
principle therefore chemisorption bond lengths should relate
to those in conventional solid state chemistry. Analyses of
surface structural information,.from this point of view,
have been given by Mitchell and other members of our

group{38].

1.4 AIM OF THE THESIS

The work described in this thesis represents a
contribution to the development of the subject of LEED
crystallography. Specific studies have been‘made for two
types of ordered oxygen adsorption on the (0001) surface of
zirconium. The first gives the same number of diffracted
beams as the clean 2r(0001) surface; while the second leads
to fou; times as many diffracted beams as the clean surface.
A theoretical study which evolved from the (2x2) adsorption
was also made.

The motivation for studying the Zr(0001) surface is
that structural parameters are generally not well known for
adsorbates on hcp(0001) surfaces. In fact, previous LEED
studies involving such a surface are restricted mainly to
the adsorption of cadmium[39], carbon monoxide[40], and
nitrogen[41] on Ti(0001). One interesting result from these
studies[41] is the formation of a nitrogen underlayer on

Ti(0001). Since both titanium and zirconium belong to group
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at in the periodic table, their chemical properties may be
very similar. Adsorption studies on Zr(0001) could therefore
shed further 1light on the phenomenon of underlayer
adsorption.

Despite the similarity with titanium, and the fact that
zirconium has numerous potential applications[42], studies
utilizing the 'clean surface' approach on 2r(0001) are so
far very limited. Indeed structural information is
restricted to the previous LEED analysis on the clean
surface’ from this laboratory[43]. Factors which have
possibly inhibited active study  include (1) the high
reactivity of zirconium which forms stable oxides, carbides
and nitrides in air; (2) the difficulty in obtaining a
single crystal of zirconium (not commercially available);
and (3) a phase transition from hcp to bcc at a rather 1low
temperature (865°C). The 1last factor restricts annealing
temperatures to below B800°C in practice, and this 1limits
procedure for obtaining ordered surfaces.

Oxygen is a common adsorbate in chemisorption studies,
not least because of its important role in fundamental
chemical and biological reactions. In addition, the effect
of chemisorbed oxygen on single crystal surfaces is being
scrutinized closely by the electronics industry because
sample wafers are 1in contact either with air or trace
amounts of oxygen constantly in the fabrication process. So

far the structural. details for oxygen chemisorbed on many

tI1UPAC notation: 1-18.
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well characterized single crystal planes are still unknown
in most cases, although several LEED studies have shown that
oxygen occupies 'unexpected' sites more often than other
gases[44].

Through the study of oxygen chemisorbed on Zr(0001), it
is hoped to add to our knowledge about the properties of
group 4 metals towards oxygen, and thereby start to generate
information about the 1initial stages of oxidation. More
broadly, this should help to elucidate models of the
oxidation process of other electropositive elements.
Incidentally, one of the most-studied related systems is for
oxygen on Al(111)[29].

The layout of the thesis is described as follows.

Chapter 2 outlines the physics of low energy electron
diffraction as well as the Auger process. The factors
contributing to diffracted beam intensities will be
discussed in a semi-quantitative approach.

Chapter 3 discusses the 'combined space' approach in
multiple scattering calculations for the diffracted beam
intensities, and the important non-geometrical parameters
required. A general strategy for setting up an affordable
multiple scattering calculation is given.

Chapter 4 examines some general experimental aspects in
LEED/AES studies. Topics include UHV, sample preparation,
monitoring surface cleanliness by AES, and data acquisition
of LEED spot intensities. For the 1last topic, special

attention is focussed on the on~line TV camera method which
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is new to this laboratory, and was developed during this
work.

Chapter 5 compares the calculated I(E) curves of p(2x1)
and p(2x2) surface structures on two hcp(0001) surfaces.
Mathematical methods for I(E) curve comparison such as the
Zanazzi-Jona and Pendry R-factors are presented. Several
approximate schemes of multiple scattering calculation as
implied by the results here are discussed.

Chapter 6 reports the adsorption studies of oxygen on
Z2r(0001) by LEED and AES. Analysis of diffracted beam

intensities is performed for both the (1x1) and the (2x2)

structures.



CHAPTER 2

PRINCIPLES OF LEED AND AES
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2.1 ELECTRON DIFFRACTION FROM ORDERED SURFACES

As mentioned in Section 1.2.1, electrons with
wavelengths of the order of interatomic distances in an
ordered surface can be diffracted analogously to the much
better known X-ray diffraction. The major difference between
these two types of diffraction is that X-ray diffraction is
basically kinematical whereas electron diffraction invoives
multiple scattering between the incident electrons and the
atoms of the crystal lattice. Nevertheless, the LEED pattern
formed by diffracted beams on a collecting screen 1is a
direct consequence of the translational symmetry of the
surface region. The diperiodicity of the latter regiop is
conveniently represented by a 2-dimensional net, for which

the unit basis vectors are designated here as s, and s,.

2.1.1 CONDITIONS FOR ELASTIC DIFFRACTION

Outside the influence of the crystal, both incident and
diffracted electrons normally experience a field free region

where they are conveniently represented by plane waves

¥, (r) = exp(ik-r). (2.1)
In equation (2.1) the wave vector k specifies the direction
of the beam, and its magnitude (|k|=27/X) relates to energy

through
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E = R?|k|2/(2m), (2.2)

where m is the electron's mass and h is Planck's constant
divided by 2wx. For incident and diffracted beams of wave
vectors ko and k' respectively, the differential scattering
cross section resulting from the interaction with the solid

can be expressed quite generally as

do/dQ = (m/2wﬁz)2|<5'|@|£o>|2, (2.3)
where T 1is an appropriate transition operator[45,46].
Furthermore, when the Hamiltonian of the electron is
invariant under a symmetry operation S applied to the

crystal, the matrix elements in (2.3) satisfy[45,46]

<k'|T|ko> = <k' |8 '"7§|ko> = <8k'|T|Sko>. (2.4)

>

If S represents translation by a surface net vector t, (2.4)

becomes

<k'|T|ko> = expli(ko-k')-tl<k'|T|ko>, "~ (2.5)

which immediately implies that either the trivial solution

<k'|T|ko> = 0 , (2.6)

holds, or alternatively the more interesting condition
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expli(ko-k')-t] = 1. ’ (2.7)
Since the surface net vector t has the form

t = ms, + ns, (2.8)

for integers m and n, equation (2.7) will be satisfied

whenever the incident and diffracted wave vectors differ by
a vector of the reciprocal net

' (2.9)

g =1ko - k' =hs

where h and k are integers. The reciprocal net basis vectors

* * . sl
s, and s, must satisfy the conditions

E"Et = §2'§: = 2m, (2.10a)
S,°S5 = S,+5, = 0, (2.10Db)

and they are related to the unit mesh vectors of the real

surface net by

gf = %% sin?¢(8, - §i,cos¢), (2.11a)
* ) “ ~
s: = 2% sin?¢(8, - icose), (2.11b)

where the s:. (i=1,2) represent magnitudes of the basis
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vectors s;, and the §. equal s./s; (i.e. represent unit

i
vectors giving the direction of i)7 and ¢ is the angle

n

. . . * *
between s; and g,. With these choices in s, and s,, it can

easily be shown that
g+t = 2Nm, (2.12)

where N is an integer. Hence, the left hand side of equation
(2.7) is also unity. Figure 2.1 shows some common examples
of surfacé nets in real space and their corresponding
reciprocal nets.

Conditions for elastic diffraction can now be

summarized in terms of conservation of energy
kgl = k312, ' (2.13)
and conservation of momentum parallel to the surface

}5;” = 53” + g(hk). (2.14)
In equations (2.13) and (2.14), the different diffracted
beams are distinguished by subscripts which identify
appropriate reciprocal net vectors; the superscripts +/-
specify the directions into/out of the crystal respectively.
No restrictions have been placed on "energy, and therefore

these conditions apply equally to RHEED.
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2.1.2 APPEARANCE OF LEED SPOTS: THE EWALD CONSTRUCTION

The geometrical conditions for the appearance of LEED
spots have already been specified by equations (2.13) and
(2.14). However, it 1is often helpful to wvisualize the
situation graphically wusing an adaptation of the Ewald
construction used for X-ray diffraction[47]. For an electron
wavelength A, the magnitude of the incident wavevector k, is
27/X. In the Ewald construction for LEED Kk, is drawn with
appropriate magnitude and direction to end at the point
chosen as the origin O of the reciprocal lattice. The other
end of ko, defines the center of the Ewald sphere of radius
2n/N as shown in Figure 2.2, The reciprocal space
construction for diperiodic diffraction involves a set of
reciprocal rods each of which is perpendicular to the sample
surface and passes through a point on the reciprocal net. In
Figure 2.2, only a single row of such rods is considered for
the sake of clarity (see inset). Each of the reciprocal rods
can then be specified by the pair of integral indices (hk)
which are used for defining the appropriate reciprocal net
point according to eqguation (2.9). All possible diffracted

vectors k which satisfy equations (2.13) and (2.14),

9’
originate from the center of the Ewald sphere and terminate

at the intersection of the Ewald sphere with a 'reciprocal

rod'. In a LEED experiment, only the intersections arising

from backscattered k, can be seen, and then only-when they

9

are within the acceptance angle of the apparatus.
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Figure 2.2: Ewald construction for electron diffraction.
only four reciprocal rods are selected from a large number
of such rods (inset) for the sake of clarity.
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As the energy of the incident electron is increased, A
decreases and therefore the Ewald sphere becomes larger. The
first effect is that more spots are observed because more

reciprocal rods intersect the surface of the sphere. The

9

2.2) decreases. Since the specular or (0,0) beam involves no

second effect is that the angle ¢ between ko, and ko, (Figure
transfer of momentum parallel to the surface, the angle 4 is
unchanged. Therefore when the energy of the incident beam is
continuously increased, the (0,0) beam will remain
stationary on the detecting device (provided of course that
the electrons move 1in field free space outside of the
crystal); the non-specular beams however will move towards
the (0,0) beam. The detecting device of LEED beams is
traditionally a hemispherical fluorescent screen whose
center of curvature coincides with fhé sample. Figure 2.3
shows a schematic setup for detecting LEED spots and how the
latter are labelled (in this case, for a rectangular

reciprocal net).

2.1.3 SUPERLATTICE NOTATION

The LEED pattern as seen on a detecting screen
represents the reciprocal space image of the diperiodic
translational symmetry of the surface. The presence of
ordered adlayers generally adds more translatibnal symmetry
to the surface (except when they have the same surface net
as the clean surface), the result of which is an increase in

diffraction beams 1in reciprocal space. Such adlayers are
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Figure 2.3: Schematic set-up for LEED experiment and the
relation between the surface lattice and the diffraction
pattern.
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-

(a)

(b)

Figure 2.4: LEED patterns from Rh(111) at 142 eV, normal
incidence: (a)Clean surface; (b)After exposure to H,S. The
extra spots are labelled 1in fractions of the 'clean'
reciprocal vectors.
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called superlattice structures. Further, they are said to be
commensurate if the the positions of the extra beams can be
represented by fractional combinations of the substrate
reciprocal net vectors, as illustrated by the example shown
in Figure 2.4 for the adsorption of sulfur on the surface of
Rh(111). In such cases, the extra beams are often referred
to as fractional order beams. In short, the size of the
reciprocal net of a commensurate superlattice structure is a
fraction 1/S (S an integer) of that of the substrate, or
alternately the real space surface net of the superlattice
is S times as large as that of the substrate.

In LEED crystallography the real space superlattice
structures are usually named with the substrate unit cell
vectors as reference. Two such systems of nomenclature
commonly used are the Wood and the matrix notations.

The Wood notation was originally proposed by Wood[48],
which requires that the angle between the adsorbate unit
cell vectors a, and a, be the same as that between the
substrate unit cell vectors s, and s,. When this requirement
is satisfied, the surface structure is named in the general
form p(nxm)RA° or c(nxm)RE° depending on whether the unit
cell of the adsorbate is primitive or centered. 6 is the
smallest angle which has to be rotated to line up a, and s,
(or a, and s,). n and m are numbers to specify the 1lengths

of a, and a, in multiples of s, and s, respectively, that is

la:] = n|s:], (2.15a)
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laz| = m|s.]|. (2.15b)

When 6 is zero, the R6° is dropped from the notation. The
ratio of the sizes of the unit cell of the superlattice and
of the substrate is given by mn 1if the superlattice is
primitive, and mn/2 if the superlattice is centered.

A generalized form of nomenclature 1is provided by
matrix notation. This notation was originally developed by
Park and Madden[49)], and further discussed by Estrup and
McRae[50]. Here, the adlayer basis vectors a; and a, are
expressed as linear combinations of the substrate basis
vectors s, and s, in the form

2, 3374 A42 (2.16)

il
n
]
3
n

a2 dazy az2

wn
~N

Superlattice structures are then described by the matrix A.
The determinant of A denotes the ratio of the sizes of the
unit cell of the superlattice and of the substrate.

An experimental LEED pattern gives the relationship
between the reciprocal net vectors of the substrate and of
the adlayer. This relationship can. be represented
conveniently by a matrix é* which is defined by

(2. a.] = [g, Ez]é ' (2.17)

where superscript * denotes reciprocal space. The elements
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. * .
of the matrix é can be obtained from measurement of the

observed LEED pattern. The elements of A are then calculated

byl[49] .
* *
A 1 azz a4 (2.18)
= .1
* * *
~ |é | Taz21 a1

where |é*| is the determinant of the matrix A . Using
equation (2.18), the superlattice structure which gives rise
to the observed LEED pattern shown 1in Figure 2.4 can be
described as [.]1 1] in matrix notation. The full
description of the adsorption system is either
Rh(111)-[.1 1]S in matrix notation or Rh(111)-(y3x/3)R30°-S
in the Wood notation. Figure 2.5 shows several common
superlattice structures on some low Miller index surfaces
and their corresponding nomenclatures in both systems.
Although the Wood notation provides an intuitive picture for
an ordered adlayer relative to the substrate, 1its use 1is
limited to simple cases. On the other hand, the matrix
notation can be wused for any complex patterns. The latter
include many hydrocarbon adsorption systems on metal
surfaces. One such example 1is the ordered structure of

benzene on Rh(111) surface which is depicted in Figure 2.6.

2.2 LEED SPOT INTENSITY-ENERGY CURVE

The unit mesh vectors for the substrate and for any
adsorbate present can usually be obtained by inspection of

the LEED pattern from an ordered surface. However, in order
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to determine atomic positions, the intensities of LEED spots

have to be analyzed. For this purpose, the intensities are

nearly always measured as a function of incident energy.

This method of measurement gives the so-called intensity

versus energy, or I(E), curves, an example of which is shown

in Figure 2.7. The preference for measuring intensity as a

function of incident energy rather than incident angle is

due, jn large part, to the following factors:

1. Electron energy can be varied and measured
straightforwardly, but absolute measurements of angle of
incidence are generally harder to accomplish[53],

2. When the 1incident beam 1is contained in a symmetry
element, especially when perpendicular to the surface,
uncertainties in angle measurement can be reduced by
averaging nearly-equivalent sets of spots[54], and

3. Multiple scattering calculations are more affordable
when the incident beam 1is chosen to coincide with
symmetry element(s) (Section 3.5).

At first glance, experimental I(E) curves appear to be
very complicated. The rather simple kinematic formulation
for X-ray crystallography often fails to predict the
positions of maxima and minima in a typical I(E) curve such
as the one shown in Figure 2.7. This is due to the fact that
the intensities of the diffracted beams depend not only on
the geometrical arrangement of the atoms, but also on the
multiple scattering of the LEED electrons by the atoms. The

latter is dependent especially on the core potential of the
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Figure 2.7: I(E) curve for (0,0) beam from Ni(100) at 6=3°.
Kinematically expected Bragg peak positions are indicated by
vertical bars (after Andersson et al/.[52]).
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atomic species involved. Although numerous mathematical
treatments[11,55] of I(E) curve intensities are available in
the literature, a semi-quantitative approach taken by Van
Hove and Tong[56] to explain the features in an I(E) curve
seems helpful to understand the physical processes involved
in electron diffraction by a crystal lattice. This
simplified approach brings out most of the important
ingredients required in a successful multiple scattering
calculation. The multiple scattering calculations will be

discussed in more detail in the next chapter.

2.2.1 THE DIFFRACTION PEAK POSITIONS

To simplify matters, the discussion will start with a
hypothetical 1-dimensional clean crystal with a lattice
constant a. It will then be generalized to 3-dimensions, and
finally overlayers will be introduced.

In 1-dimension, incident and diffracted electrons can
be represented by wavefunctions exp(ikx) and exp(-ikx)
respectively (where k?=2E in atomic units). The manner in
which individual scatterers of the crystal scatter electrons
can be summarized by two complex coefficients: t the
amplitude with which a scatterer transmits eiectrons, and r
the amplitude with which a scatterer reflects electrons.
Conservation of current, in the absence of damping

(inelastic scattering), requires that
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[t]2 + |r]? = 1, (2.19)

Collective scattering of the incident wavefunction exp(ikx)
by an infinite number of identical scatterers of this hypo-
thetical crystal results in a reflected wavefunction whose
amplitude is given by[56]

r

R = Zrthexp(ikzaj) = . (2.20)
3=0 1 - t?exp(i2ka)

"The summation over th takes into account that any electron
(except the one closest to vacuum) which contributes to the
total reflected amplitude has to be transmitted twice at-
each intervening scatterer: once penetrating into and- once
emerging out of the crystal. If the transmission coefficient
t were real, reflection maxima would occur when the Bragg
condition for X-ray diffraction 2ka=n27 (n integer) is
satisfied. However, the use of a complex t generalizes the

condition for reflection maxima to
2[ka + arg(t)] = n2m, (2.21)

where arg(t) represents the argument of the imaginary part
(or phase) of the transmission coefficient t. According to
equation (2.21), the condition for reflection maxima appears
to be independent of the reflection coefficient r, although
the latter actually exerts indirect (but generally small)

influence through multiple scattering (after all r and t are
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related by equation (2.19)). Equation (2.21) is still wvalid
for X-ray diffraction, where |[t|=1 and arg(t) vanishes. In
electron diffraction, the generally non-zero arg(t) .
origindtes from the interaction of the 'electron with the‘
atomic potential of each scatterer upon transmission, and is
responsible for two commonly observed 'anomalies' in I(E)
curves. To simplify the discussion, the atomic potential can
conceptually be split 1into two components: a constant
potential (inner potential) and a spherically symmetric
potential which is largely energy dependent.

For an attractive atomic potential such as the one in
metals, the electron is speeded up at each transmission (due
largely to the inner potential). Some of the potential
energy of the electron is wused up 1in this temporary
speeding-up, which results in a shorter k and an accordingly
lower E. Therefore, the positions of reflection maxima will
be shifted towards lower enerqgy sides of the kinematically
expected peaks. This shift is relatively constant for all
the reflection maxima (insofar as the slight énergy
dependence of inner potential is ignored), and is betweén 5
and 15 eV depending on the type of crystal.

The spherically symmetric potential of an atom in this
hypothetical crystal provides a 'potential well' in which an
electron with appropriate k can resonate and give rise to
standing waves. Constructive interference (or resonance)
from this type of atomic scattering often leads to the

appearance of ‘'unexpected' peaks scattered around the
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already-shifted Bragg peaks. This effect is most prominent
where absorption is weak (e.g. at low energies in LEED). In
such instances 1in real data, it may be difficult to
distinguish a Bragg peak from resonance peaks. In a multiple
scattering calculation, the effect of atomic scattering is

contained in the partial wave 'phase shifts' 6.

2.2.2 PEAK WIDTH

The peaks in an experimental I(E) curve almost always
show lifetime broadening from finite electron penetration
depth (which restricts the number of scatterers an electron
'sees'). The latter is a result of the finite (albeit small)
value of |r|, which 1is typically around 0.1 in the energy
range considered in LEED. Still assuming no absorption and
ignoring the attentuation at each scatterer, conservation of
current limits the number of scatterers to approximately
|r|-', hence a maximum penetration depth around ajr|-'
(wvhere a is the interatomic distance). The actual
penetration depth may be even shorter due to inelastic
scattering. Diffraction from |r|-' such scatterers will

produce diffraction maxima whose widths are given by[57]

20k =~ w|r|/2a (2.22)

in reciprocal space. Differentiation  of k?=2E  and

substituting the result into equation (2.22) then yields
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20E = qk|r|/2a, (2.23)

which are the corresponding energy widths of the diffraction
maxima. |r| is only slightly energy dependent in the ‘range
30 to several hundred eV, therefore AE is mainly determined
by k which 1is proportional to E'/2, Not surprisingly,
similar results were obtained from electron inelastic mean
free path and lifetime consideration by Stern et al.[58].
This explains the increasingly broader diffraction maxima at
higher energies. AE range from 5 to 15 eV in a typical 1I(E)
curve.

At very low energies (typically E<10eV), mean free path
lengths for inelastic scattering in solids are generally
large. Strong elastic scattering may open up wide band gaps,
and the electrons have a higher probability of being totally
reflected to the vacuum than being absorbed. In other words,
|r| becomes appreciable, and the widths of reflection maxima
become larger accordingly.

Resonance peaks are generally narrower than Bragg peaks
because resonance processes are normally associated with
longer natural 1lifetimes. The latter reduces lifetime

broadening to some extent.

2.2.3 THREE-DIMENSIONAL EFFECTS

An immediate consequence of conversion from a
1-dimensional crystal to a 3-dimensional one is the

introduction of more beams in which the elastically
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diffracted electrons can travel. Each layer may diffract a
beam g into beams g' with reflection and transmission

coefficients rgg, and t respectively. Each beam will have

99’

g Let ng denote the component of Eg

perpendicular to the crystal surface, and a the interlayer

its own wavevector k
separation, then equation (2.21) can be modified to[56]

k_a + arg(t

kg, ) = n27 (2.24)

) + kov,a + arg(t

a9 g'i g'g
as the condition for maximum reflection from beam g into
beam g'. Strictly speaking, equation (2.24) is valid only
for single scattering. Nevertheless, it 1is a very good
approximation for multiple scattering as long as the
zero-angle forward scattered beam is dominant. It is indeed
almost always true for LEED calculations according to Van
Hove[57]. Typically the zero-angle forward scattered beam
carries as much as 40% of the incident flux while other
beams carry only about 1%.

Equation (2.24) again requires peaks in I(E) curves to
be shifted from their respective kinematic positions by
amounts which are energy-dependent. Here, arg(t_.:) and

3

arg(t ) implicitly contain information on the rather rigid

g9'g
shift of Bragg peaks by the 1inner potential, and the
resonant scattering properties of the spherically symmetric
atomic potential.

Intralayer multiple scattering 1is another new feature

in this 3-dimensional crystal. The contribution to
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reflection amplitude from intralayer multiple scattering may
be small, especially at or near normal electron incidence
where at least two large angle scattering events are
required for intralayer but just one for interlayer multiple
scattering. When absorption is small (e.g. at low energies
in LEED) and/or angle of incidence 1is shallow, intralayer

multiple scattering may become important.

2.2.4 OVERLAYER EFFECT

The full 3-dimensional treatment has been given by
Andersson and Pendry[59). Here, the 1-dimensional crystal is
invoked again, and the 'clean' crystal can now be visualized

as a column with total reflection coefficient R The

s.
overlayer is now a point scatterer with transmission and

reflection coefficients t and r respectively, and is

O o

assumed to be separated from the substrate by a distance d.
An expression similar to equation (2.20) but involving tor
ror Rg and kd can be obtained for the total reflection
amplitude for this combined column[57]. Transformation from
this expression into the condition for reflection maxima is
not straightforward. Nevertheless, a simple expression for
the condition for reflection maxima is possible if single
scattering is assumed first, and multiple scattering effect

is introduced qualitatively in later stages. In this case,

reflection maxima occur when
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2kd + 2arg(t ) + arg(R;) - arg(r ) = n2m. (2.25)

The implications of equation (2.25) can be explained as
follows. In an overlayer system, the peaks in the I(E) curve
originate mainly from Bragg reflections from the substrate
(implicitly carried by the term arg(Rg)) because it has
sufficient scattering power (|Rg| typically 0.5 to 0.1)
available to turn around a substantial number of electrons.
Nevertheless, the overlayer exerts its influence by changing
the amplitudes of excitation of the wavevectors in the
substrate, and by further diffracting beams reflected £from
the substrate. The term -arg(r ) may also cause annihilation
of the Bragg condition for reflection maxima. Each of these
processes is dependent on details such as the spacing d, and
the geometry of the overlayer (in 3-dimensional case). These
are the reasons why I(E) curves are so sensitive to the
surface layer position.

At very low energies, where absorption is minimal, the
term arg(r,) becomes appreciable. This has a strong
influence on I(E) curves either through interference of the
beams directly reflected from the overlayer with those
reflected from the substrate, or through the reflection at
the internal surface of the overlayer to change the
wavefields incident on the substrate. 1In the event that r

o

is comparable to R the electrons can be reflected many

sl
times between the overlayer and substrate somewhat as for

light in an interferometer. A consequence of this effect is
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the appearance of interference f£fringes around a single
strong Bragg peak in the I(E) curve. The positions of these

fringes are strongly dependent on the interlayer spacing d.

2.3 DISORDER, DOMAINS AND INSTRUMENTAL RESPONSE

In the discussion of the formation of LEED patterns,
two implicit assumptions have been made. The first is that
the diffraction takes place from a perfectly ordered
surface. The second 1is that the incident beam and the
individual diffracted beams can each be represented by a
precisely known single wavevector. 1In reality, these two
assumptions can never be satisfied. The aim of this section
is to diséuss briefly how the deviations from these
assumptions affect the appearance of the LEED pattern and
the measured LEED spot intensities.

A perfectly ordered crystal should give rise to
infinitesimally narrow reciprocal rods. Therefore a LEED
pattern from this ideal surface should consist of 'ideally
sharp' spots (i.e. the intensity profiles across these spots
could be described by a &-function[60]). Real surfaces,
however, inevitably have defects; the presence of steps,
kinks and crystal plane dislocations 1is well known[61].
Microscopically, a real surface can be represented by a
large number of small islands (or domains) of 'ideal
surface', each of which possesses the same diperiodicity.
The latter still governs the geometrical conditions for

diffraction, but the finite sizes of the domains cause a
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Figure 2.8: Some hypothetical surfaces and their
corresponding reciprocal rods. (a)Perfectly ordered surface;
(b)Slightly dislocated crystallographic planes;

(c)Increasing monatomic steps; and (d)Alternating monatomic
steps.
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broadening of the reciprocal rods[60]. This 1is one of the
reasons why the observed LEED spots have finite widths. In
general, the larger the average domain size, the narrower
the spot width. Randomly distributed domains usually give
rise to a general background in a LEED pattern. If the
domains possess some degree of order among themselves,
additional (usually very thin) reciprocal rods can be
produced. Several such examples are shown in Figure 2.8. 1In
such cases, the background 1is modulated due to the
non-random distribution[62].

Adlayers can also be treated in the same manner as
defects at a clean surface. Adlayer islands are expected if
the adsorbed species exercise sufficiently strong attractive
interactions, and they may form even at low overall
coverages. Generally the LEED spots are broader and more
diffuse for small island sizes than for larger islands. 1In
addition, some special effects may occur for adlayers.
First, there is a possibility of different adsorption sites
in different domains. This is wusually a result of slow
ordering kinetics in the adlayer itself. For example, an
adlayer occupying the 3-fold sites of a fcc(111) surface may
form a domain with bABCABC... registry and another domain
with CcABCABC... registry if the two types of 3-fold
adsorption sites are nearly equally favorable energetically
(in this notation, the lower and upper cases represent the
registries of the adsorbed and substrate layers

respectively). Secondly, superlattice structures, whose
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rotational symmetry 1is lower than that of the substrate,
invariably show rotationally related domains. An example of
this kind is encountered in Chapter 5 for oxygen adsorption
on Zr(0001). At 1low coverage, a p(2x2) LEED pattern is
observed, but the same pattern could arise from three sets
of p(2x1) domains related by 120° rotations, as depicted in
Figure 2.9. Simple visual observation of LEED patterns is
not always a good guide to the presence of domains and
disorder. For example, some studies have shown that LEED
patterns ma& appear essentially unchanged even as up to 30%
of the surface atoms become distributed as random steps[63].

Assuming a perfect instrument for the LEED experiment,
the foregoing discussion suggests that information on
surface domains and disorder can be obtained rather
accurately by analyzing the angular spot profile. However, a
real LEED diffractometer puts some restriction on the latter
analysis., An electron gun usually produces a beam about 1 mm
in diameter, which consists of electrons with slightly
differing velocities and directions associated with the
finite size and high temperature of the source. Also there
are uncertainties in the detection process. Commonly in LEED
repelling grids are employed to filter out backscattered
electrons which have lost energy on scattering from the
crystal. The finite distance that the diffracted electron
wave packets have to travel between the sample and the
detector inevitably 1leads to some angular spread of

momentum. In short, limitations on the LEED diffractometer
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inevitably obscure the information that can be obtained from
a surface. Assuming an ideal surface, Comsal[64) showed that
the total angular broadening by a LEED instrument correlates
to a length on the surface, the transfer width, which is
around 100 A. The transfer width corresponds roughly to the
largest periodicity of grating which can be resolved
straightforwardly. However, Lagally[65] suggested that the
size of domains or islands which <can be studied by spot
angular profile analysis can be larger than the transfer
width, and is dependent on experimental setup as well as the
the type of islands wunder investigation. These factors are
translated into a function called the resolving power of
LEED instrument which is a measure of the size of the domain
that can be resolved. The latter ranges from 100 to 500 A.
As far as I(E) curves are concerned, the large cross
sectional area of the incident beam means that 1inevitably
many domains on the surface are sampled. The observed 1I(E)
curves thus contain contributions from these domains. The
resulting LEED pattern (and I(E) curves) from the rotational
domains shown in Figure 2.9 will therefore indicate a higher
symmetry than from any one of the domains alone. In LEED
crystallographic studies for such situations, I(E) curves
are calculated for individual domains and appropriate beam
averages are taken before comparisons are made with the

experimental curves.
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2.4 AUGER ELECTRON SPECTROSCOPY (AES)

2.4.1 THE AUGER PROCESS

When a core electron is ejected from an atom, the
resulting ion 1is in a highly excited state. A number of
possible processes may contribute to reducing the energy of
the excited state. One of these processes is the emission of
avsecondary electron, the process being known as the Auger
effect. Auger emission is caused when an electron drops from
a higher energy level into the core vacancy, with the excess
energy being transferred to an ejected second, or Auger
(named after P. Auger([26]) electron. An energy
representation of this process is given in Figure 2.10. It
has to be emphasized that steps (b) and (c) are separated
conceptually only for the sake of clarity. In the actual
process the filling of the core hole and the ejection of the
Auger electron occur simultaneously; the process arises from
a Coulombic rearrangement of these two electrons.

Although Figure 2.10 shows the two electrons concerned
in the Auger process as originating in two different atomic
levels, this distribution 1is by no means essential. Other
important possibilities are (i) that both electrons come
from the same level and (ii) that one or both of them come
from the valence levels. A system of nomenclature is clearly
needed to identify the different possibilities. The
convention accepted by most surface scientists 1is that

electrons originating in the (1s) shell are labelled K, the
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(2s) are L,, the (2p) are L, and Ly and so on. Valence shell

electrons are called V. To identify a transition the

following sequence of letters is used:

1. the core hole;

2. the hole generated by an electron dropping into the core .
hole;

3. the hole generated by the ejected electron.

Thus in Figure 2.10 the Auger electron would bé designated

as (KLM).

A relaxation process which competes with Auger emission
is X-ray fluorescence. In this the energy change associated
with the descent of the first electron into the core hole is
released as a photon of appropriate energy. For a K-shell
core hole, the latter process becomes more probable as the
atomic number 1increases, as shown in Figqure 2.11., In
general, for elements with atomic numbers below 30, Auger
emission is more probable than X-ray fluorescence regardless
of excitation energy. In heavier elements, Auger emission
generally still dominates when the initial excitation energy

is less than about 2 keV.

2.4.2 KINETIC ENERGIES OF AUGER ELECTRONS

According to Figure 2.10, the kinetic energy of the

ejected electron is given by

EA = EK - EL - EM (2.26)
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It can be seen that the kinetic energy of the Auger electron
is characteristic of the energy 1levels of the atom and
independent of the energy of the exciting radiation. As a
consequence, it 1is not necessary to monochromatize the
radiation source: this 1is in fact an experimental
convenience which makes the electron-excited AES more
popular (and more economical) than X-ray-excited AES.
Equation (2.26) only gives a crude approximation to the
kinetic energy of an Auger electron because it does not take
into account the different degrees of ionization of the
atom. Extra energy is required to remove the second electron
from a positively charged 1ion, and Chung and Jenkins[66]

proposed the expression

Ep(2) = Eg(2) - J[E (2) + E(2+1)]

- S[Ey(Z) + Epy(2+1)] (2.27)

which depends on the atomic number Z for the atom of
interest. The kinetic energies calculated using this formula
are accurate to about 5 eV. More detailed corrections are
possible, but for our purposes it is sufficient to establish
that to within this small uncertainty measured Auger energy

values are characteristic of particular atoms.

2.4.3 AES AND SURFACE ANALYSES

When the excitation source 1is an electron beam, the

Auger electrons from surface atoms are obscured by large
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numbers of secondary electrons emitted in the same energy
range where the Auger transitions occur(67]. This general
background emission, which increases slowly with energy,
poses a problem for quantitative detection of the Auger
electrons. The traditional practice to overcome this problem
is to employ the electronic technique of phase sensitive
detection (Chapter 4). As a result, Auger peaks are commonly
recorded as dN(E)/dE versus E curves. A typical first
derivative Auger spectrum 1is shown in Figure 2.12, It |is
clear that impurity elements are easily detected by this
approach. Indeed, impurity elements on metal surfaces can
often be detected at levels of the order of 1%
monoiayer[68].

As noted before, the energy of an Auger transition |is
mainly determined by the energy levels of a particular
element. Although the chemical environment can sometimes
contribute to energy shifts of the order of a few evV[69,70],
these are appreciably 1less than the differences between
different elements for a given type of Auger transition.
Therefore AES is most suitable for elemental analysis of
surfaces. For this purpose, the main interest is in Auger
electrons with energies in the approximate range 20-700 eV
which are characterized by short mean free path lengths in

the solids.

2.4.3.1 Qualitative Analysis
The use of AES in qualitative surface analysis

depends on the ability to assign peaks in an Auger



60

" dN(E) /4QE

Mo
Mo
(a)
Os510
ﬁ €272
Zryq,
(b)
Zr 446
uzr124
Zr92
!
Zry,4
| | 1 ]
100 200 300 400 500
Energy (ev)
Zr (0001)
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61

spectrum to particular elements. A}though Auger peaks
from different elements do overlap occasionally, the
existence of more than one characteristic Auger
transition for most elements wusually eliminates any
ambiguity in assignment. In routine analysis, this is
often accomplished by comparing the experimental
spectrum with catalogs of reference datal71,72]. This
aspect of AES application 1is most commonly used with

LEED for monitoring of surface cleanliness.

2.4.3.2 Quantitative Analysis

Another 1important application of AES is the
quantitative assessment of the atomic density (N) of
impurities or structured adlayers on a surface. At a
primary beam energy E,, the Auger emission current
I(EA,EO) at a characteristic Auger transition energy Ep
normalized to primary beam current 1is a convenient
measure of N. 1In addition, I(EA,EO) is a function of
several other parameters characteristic of the
particular surface atom and its environment. Some of the
more important ones include[73] ionization cross
section, Auger transition probability, Auger electron
escape depth, roughness factor of the surface and
instrumental factor. This is by no means an exhaustive
list, but it serves to indicate the complexity involved
in calculating N directly from measured I(Ey,Eo).
Although attempts have been made to calculate some of

these parameters from first principles(74], and hence
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make direct quantitative analyses, some of the
assumptions made are still debatable[75].

Presently, most of the qguantitative studies of
atomic densities with Auger electron spectroscopy are
done in conjunction with calibration methods. The latter
includes the use of radioactive counting[76], nuclear
microanalysis(77], and measurements of deposition
currents[78). In such studies, the peak-to-peak height
of an Auger peak in a derivatiQe spectrum is often taken
as proportional to I(EA,EO), although this assumption is
valid only for Auger peaks which exhibit constant shape
in the N(E) versus E spectrum.

I1f only the atomic fractions, or coverages, of
various elements on a surface are of interest to an
experimenter, Palmberg's relative aﬁomic sensitivity
factors{72] (Si) can be wused. In this scheme I, the
peak-to-peak height normalized to primary beam current,
is used. The atomic fraction of element i on a surface

is defined as
05 = (13/L5{)/ ) 1,/L,5,, (2.28)
v

where the subscript 1 denotes the species under
investigation, the summation over » covers all atomic
species (including i) present on the surface, and L are

the instrumental sensitivity factors.
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In association with LEED, a still simpler approach
can sometimes be used; to estimate the surface coverage
of a particular ad-atom. This occurs when the adsorbate
gi&es rise to sharp LEED pattern(s). The  Auger
peak-to-peak height ratio of the adsorbate and the
substrate (I_3/Ig ;) is taken when the LEED pattern is
most well-defined. Insofar as the appearance of a simple
LEED pattern corresponds to a definite coverage (e.g.
(1x1) for 1 monolayer, p(2x1) for 1/2 monolayer, (v3xy3)
for 1/3 monolayer), the ratio I_ 4/I4,, can thus be used
as an internal standard for calibration of coverages.
The most favorable condition for this method arises when
the same adsorbate gives rise to several of these simple
LEED patterns. Then measurements of Iad/Isub for each
can give a helpful calibration curve. This approach may
become ambiguous when superlattice structures have
several atoms per unit mesh[79,80], and therefore it

must be used with extreme caution.



CHAPTER 3

MULTIPLE SCATTERING CALCULATIONS
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3.1 INTRODUCTION

Detailed descriptions of multiple scattering calcu-
lations for LEED include the book by Pendry[i11], as well as
several other reviews[56,81,82]. The objective of this
chapter is therefore to provide an overview and add pers-
pective in relation to the studies undertaken in this work.

A multiple scattering calculation is often referred to
as a 'dynamical' calculation because it considers not only
the geometry of the crystal lattice and the ad-atoms, but
also the interaction of the LEED electron with the vibrating
ion cores of the lattice, as well as the multiple scattering
events between these ion cores. Thus the potentials within
and between these 1ion cores play important roles in a
'dynamical’' calculation. The potential of the solid 1is
usually approximated by the 'muffin-tin' model, where the
potential 1is assumed constant between 1ion cores but
spherically symmetric within atomic regions. The potentials
of the latter are described by appropriate sets of phase
shifts §,. Details of the 'muffin-tin' model are discussed
in Section 3.2,

With the known scattering properties of individual ion
cores, the scattering by 1individual planes of atoms (ion
cores) can be constructed in angular-momentum, or L-, space
by wutilizing the spherical symmetry of the ion core
potential. To build up the surface region of a solid,
isolated planes have to be assembled and the interplanar

scattering considered. This step can be done exactly or
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perturbationally. Exact methods such as the T-matrix
method[81,83] and the Bloch-wave method[84] calculate
interplanar scattering to infinite order in the L-space and
reciprocal (or K-) space representations respectively. For
the case that the individual planes contain just one atom
per unit mesh, the T-matrix method involves the inversion of

a square matrix of dimension N(lma +1)2, where N 1is the

X
number of atomic planes required to represent the solid and
(I nax*!) is the number of phase shifts required to describe
the ion core 5cattering. The Bloch-wave method, on the other
hand, has to solve an eigenvalue problem with matrix
dimension 2n, where n is the number of plane waves required
to represent the wavefield between the atomic planes. This
‘number 1increases rapidly with decreasing interplanar
distance. The exact methods are very demanding on both
computing time and storage, and in practice their use is
limited to research groups with (essentially) wunlimited
computing budgets.

To reduce the computing reguirements to manageable
levels, a perturbational scheme called the 'combined space’
method[85] was employed in this work. In this approacﬁ,
closely-spaced atomic planes (e.g. <0.5 A) are grouped
together to form a composite layer 1in L-space (similar to
the T-matrix method) while more widely-spaced planes (e.g.
>0.5 A) are considered as simple (or Bravais lattice)

layers. The manner in which each layer scatters plane waves

is described by a diffraction matrix gii (Section 3.3). The
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interlayer scattering 1is then treated perturbationally in
K-space (Section 3.4). The presence of inelastic scattering
ensures that a finite stack of layers will be sufficient to
represent the surface scattering. The advantage of the
'combined space' method is that it reduces N to simply the
number of subplanes in a composite layer while keeping the
number of plane waves for the wavefield expansion between
layers to a manageable 1level (since here the interlayer
separation is larger). 1In general, it 1is mathematically
easier to handle plane waves (in K-space) than spherical
waves (in L-space), and symmetry can be used (Section 3.5)
to reduce the number of plane waves in practice.
Transformation between the wave types has been discussed in
detail by Marcus(86].

The final step of a multiple scattering calculation is
to compute electron beam reflectivities from the stacked
layers. The result may be written as

Ry = (kg,/ k3 )|C (3.1)

| 2
3 3

where kéL'and kgl represent the perpendicular components of

the diffracted beam and the incident beam respectively and

C_. are coefficients in the expansion of the total wavefield

g9
outside the crystal, namely,

o°L) (3.2)

$OUt(r) = exp(ikg-r) + z;cgexp(igs
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where superscripts '+/-' denote waves propagating in the
+x/-x directions in a left-handed Cartesian co-ordinate
system (Figure 3.1) wused in the multiple scattering
programs. Calculated beam reflectivities correspond to

measured beam intensities defined in Section 4.4.

3.2 PHYSICAL PARAMETERS IN LEED CALCULATIONS

Besides a structural model, various non-geometrical
parameters are required for the calculation of I(E) curves.
Non-geometrical parameters include the crystal potential and
the vibration properties of the crystal 1lattice. The most
important part. of the crystal potential 1is the 1ion core
potential which accounts for the multiple scattering
experienced by the LEED electrons in a solid. The scattering
caused by the valence-electron regions of the solid are
responsible for the slight shifts of Bragg peaks and strong
eiectron damping found in LEED. The inelastic scattering of
course makes LEED surface sensitive; this damping results in
the broadening of peaks in I(E) curves. Temperature also has
an effect on beam intensities. The latter decreases as
temperature increases. Suitable models must therefore treat

the solid as a vibrating lattice.

3.2.1 THE 'MUFFIN-TIN' APPROXIMATION

The ‘'muffin-tin’ model is well established for
calculating band structures[87]. It considers the solid as a

regular array of hard spheres, each centered on an atom and
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'combined space' multiple scattering calculations. Hollow
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separated from one another by an intersphere region of
constant potential V, (this is sometimes referred to as the
'muffin-tin zero'). Each sphere can be viewed as an ion core
within which the potential Vg is spherically symmetric.
Figure 3.2 represents a 1-dimensional picture of such a
model, with a row of scatterers along the x-axis. Here each
scatterer is equivalent to a plane of ion cores in
3-dimensions. To minimize the volume approximated by the
constant potential, the radii of the spheres are chosen so
that they just touch one another. The scattering by any
discontinuities between V, and Vg at the sphere boundaries
must be ignored when comparing calculated I(E) curves with
those from experiment.

The potential runs continuously through the surface
from vacuum to the solid's interior. Scattering by the
surface barrier may occur, although éhis scattering is not
particularly important at the energies used in LEED
crystallographyT. In practice, surface barrier effects are
usuvally ignored in LEED crystallography, and V, is set to

zero at a distance r from the surface-vacuum interface on

o]

the vacuum side. In the multiple scattering calculations, Ty

is usually chosen as the hard-sphere radius of the atomic

species at the topmost surface region (Figure 3.2).

TThis surface barrier becomes important only at shallow
incident angles and/or low incident energies (<40 eV) where
total reflections are possible.
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3.2.2 THE CONSTANT POTENTIAL Vg

The main effect of the real part of V, is to model the
speeding up that an electron experiences on eﬁtering the
crystal. However, V, also requires an imaginary part, Vo,
to accommodate the inelastic scattering experienced by the

LEED electron. V, can thus be written as
Vo = Vor + I'VOI, . (3.3)

where the component Vo, corresponds to the 'inner

potential', and V,; is defined as a negative number.

3.2.2.1 The Real Potential Vo,

Typically Vo, is between -5 and -15 ev.
Theoretically it is dependent on energy, due to exchange
and correlation effects[87], but for LEED
crystallographic studies, it can be generally treated as
energy-independent[11]. 1Increasing |V°r| shifts the
Bragg peaks to lower energies in calculated I(E) curves
(where E corresponds to energy in vacuum).

A first approximation value for V,,.  is obtained by
the sum of the Fermi energy E; and the work function ¢.
Figure 3.3 schematically shows how V,., ¢ and Ef are
related in metals. In the LEED studies on zirconium, an
initial value of -10 eV was used for Vo,.. However,
during comparison with experimental I(E) curves, the
calculated I(E) curves are given a rigid shift to

provide the best agreement with the former. This enables
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a refined value of Vo, to be determined.

3.2.2.2 The Imaginary Potential V,,

Inelastic scattering is introduced into multiple
scattering calculations by the phenomenological approach
of giving an imaginary component to V,. Slater[88] noted
for an electron in a region of constant potential with
real and imaginary components as in equation (3.3) that
intensity decays with time as exp(-2Vy;t/h). The
lifetime, 1, of an electron then relates to Vo

l
according to

T = Rh/2V,;. (3.4)

An increase in Vo; corresponds to a decrease in lifetime
and hence to an increase in the inelastic scattering. In
general, the shorter the 1lifetime the greater the
uncertainty in energy. Using the Heisenberg uncertainty
principle, Pendry[11] derived the relationship between

the peak width AE, in an 1(E) curve and Vo; as

Therefore, in practice, one examines the peak widths of
a series of Bragg peaks in an I(E) curve and correlates
the incident energy to V,;, using the equals sign in
equation (3.5). An energy-dependent Vo; has often been

used, for example with the functional form[89]
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Vo, = -BE'/3, (3.6)
where E is the incident energy and B is a parameter to
be chosen for each material. Although equation (3.6) was
used quite successfully in a LEED crystallographic
analysis for clean Zr(0001), it was found in the present
work that a constant value of -5 eV for Vo; was equally
favorable. Indeed use of the constant value eliminated
some convergence problems which occurred at lower
energies when equation (3.6) was used in the multiple

scattering calculations.

3.2.3 ION CORE SCATTERING

3.2.3.1 The Ion Core Potential Vg
The spherically symmetrical parts of the
'muffin-tin' ©potential, Vg, correspond to atomic
potentials in a solid and these contributions are
‘primarily responsible for the back scattering in LEED.
Ideally Vg should be obtained from a self-consistent
energy band calculation for the so0lid structure of
interest[90]. However, such calculations are not
generally available for adsorption systems. Also a
detailed band structure calculation requires knowledge
of the surface geometry, which of course is the

objective of a LEED crystallographic study. For first

analyses, then, simpler approaches are required to
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estimate Vg, and this may be done from <charge
distributions. In the simplest case these are estimated
by a direct summation of individual atomic charge
densities, although a preferable approach would involve
some sort of molecular orbital investigation. Either way
an appropriate structure has to be assumed, and this may
be in the form of a cluster[91] or a diperiodic
slab[92,93] to mimic the surface system. In general, the

spherically symmetrized atomic potential separates into

coulombic and exchange contributions such that

Vglr) = vo(r) + vg,(r). (3.7)
The Coulombic term V_(r) can be obtained by integrating
the Poisson equation with the appropriate 1ion core
charge density distributions[§4]. The exchange
correlation term Vex(r) can be calculated according

to[95]
Vey(r) = -3ae?[30g, (r)/32n2r21"/2, (3.8)

where asup(r) is the charge density and a depends on the
exchange approximation used.

Many investigations indicate that bulk atomic
potentials can be adequate for describing surface and

near surface atoms in current LEED crystallographic

analyses. Band structure atomic potentials for many
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metals have been tabulated by Moruzzi et a/.[96), and a
variety of atomic potentials for ad-atoms are available,
for example the computer c@mpilation made by Van
Hove[97]. Iaeally, it 1is preferable to test several

types of V and assess their merits by comparing

5
calculated I(E) curves with those from experiment. It is
in this spirit that the <crystal lattice method[92,93]
was tried for the oxygen adsorption on 2r(0001). Figure
3.4 shows the crystal 1lattice of zirconium oxide (ZrO)

used in this particular method to obtain Vg for oxygen

with varying negative charges.

3.2.3.2 The Phase Shifts §,
Given the atomic potentials, the wave functions for
an electron inside a sphere are obtained by solving the

Schrdédinger eguation
[-(h%/2m)V? + V. ]¥ = E¥, (3.9)
where E is the energy with respect to the 'muffin-tin

zero'. The asymptotic solution to equation (3.9) has the

form
*k(r,es) = exp(ikrcoses) + t(k,es)exp(ikr)/r, (3.10)
where the term exp(ikr)/r is a spherical wave at a

distance r from the center of the ion core and t(k,es)

is the ion core scattering factor which can be expanded
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as[98]
t(k,6,) = 41r/ZO(21+1)t1(k)Pl(coses). (3.11)

In equation (3.11), P, is the Legendre polynomial
associated with the angular momentum quantum number !/

and the tl(k) are defined as
t; (k) = (1/2k)exp(i$,)sins,. (3.12)

The quantities §; appearing in equation (3.12) are known
as atomic phase shifts; they determine the total elastic

scattering cross section through

0gy = (4ﬂ/k2)zZ:(21+1)sin261. | (3.13)
[=0

Phase shifts for a particular ion core potential Vg

are found by solving equation (3.9) inside the atomic
sphere and, for each value of [/, joining smoothly the
asymptotic form of the solution at the boundary of the
sphere to the corresponding solution for the outside
region[11]. From equation (3.9), it can be understood
that phase shifts are dependent on both Vg and the
energy of the incident electron. Although, as suggested
by equation (3.11), the -expansion for the ion core
scattering factor requires an infinite number of phase

shifts, in practice the expansions can be truncated to a
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finite set. For example, for energies less than 250 eV,
the use of a maximum of eight phase sﬁifts (i.e. lmax=7)
generally provides a very adequate approximation in
order to reduce the computing effort in obtaining the
layer diffraction matrices 'gii. Indeed, for weak
scatterers, a smaller number of phase shifts may be
acceptable. Figure 3.5 compares the phase shifts of
oxygen obtained from different Vg while Figure 3.6 does
the same for Zr. The computer program used calculates
the phase shifts as modulus of 7, so discontinuities may
appear to be present in a phase shift versus energy
plot. This is not a problem for presentation purposes,
but such discontinuities are undesirable for the energy
interpolation procedures used in a LEED calculation.
Therefore, before wuse, the discontinuities must be
removed manually by adding to or subtracting from the

calculated phase shifts a value of =.

3.2.4 LATTICE MOTION

So far the ion core scattering factors t(k,6;) have
been calculated assuming a rigid 1lattice. This 1is true
provided the time of interaction of an individual electron
with a scattering center is short. Typically in LEED this is
around 10-'¢s, which is considerably smaller than the time
for an atomic vibration (10-'3s). Nevertheless the set of
electrons collected during a LEED intensity measurement

inevitably sample positions over the complete range of the
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atomic vibrating motions. - This suggests the use of
scattering factors that are averaged over the motions of the
vibrating atom. In other words, the rigid lattice 1is
replaced by a lattice of 'blurredvatoms'.

The effect of thermal motions of the atoms in a solid
is most generally incorporated into multiple scattering
calculations by adding an 1isotropic Debye-Waller type
contribution to the atomic scattering factor. JepSen
et al.[99] showed that for isotropic vibrations, and
neglecting the correlations between neighboring atoms, the
atomic scattering factor t(k,es)T for such a vibrating

lattice can be related to t(k,6g) by
t(k,6.)qp = t(k,05)exp(-M), (3.14)

where the exponential term is the Debye-Waller factor and M

is defined as
M= (1/6)|Aak|2<(Ar) ?>q. (3.15)

In equation (3.15), Ak represents the momentum transfer for
the diffraction and <(Ar)?>, represents the mean square
vibration amplitude as a function of temperature, which has

the following asymptotic forms:

= 9T/mk.603; (3.16)

2
<(A£_) > BYD’

Tyo
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and

<(A£)2>T+O = (9/kaGD)(0.25+1.642T2/06), (3.17)

where T 1is the surface temperature, 6p is the Debye
temperature, m is the atomic mass, and kB is the Boltzmann
constant. The first three variables are input parameters in
a LEED calculation. Assuming T -equal zero 1in equation
(3.17), Van Hove and Tong[56] suggested a single approximate

functional form for <(Ar)?>4 such that

2 - 2 2 2 2
<(8r)2>q = V(<(AL) 2>p_ )2 + (<(Bp) %>, )72, (3.18)
The term <(Ar)?>q_, 1is generally undesirable for most
materials (at typical LEED experimental temperatures), and
is usually set to zero. However 1if the user so desires, it
can be fed into the calculation through the input list.

With the new ion core scattering factors, a set of

temperatufe-dependent phase shifts 6, can be derived from
t(k,05)p = -(h2/4imk)[exp(2i &, p)-1]. (3.19)

For the interested readers, the direct relationship between
6, and &, can be found in reference [56]. From equation
(3.19), it can be deduced that §,, are complex quantities.
These temperature-dependent phase shifts are used in the

calculation of intralayer scattering (Section 3.3), although
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for interlayer scattering the effect of thermal motions of
atoms can be included by simply multiplying the layer
diffraction matrices by exp(-M). Vibrational anisotropy can
be introduced 1into the interlayer scattering by using an
anisotropic M formed from different amplitudes for the
parallel and perpendicular components of Ak and Ar in
equation (3.15). Details on implementation of these concepts
in the calculations are discussed 1in Van Hove and Tong's

book[56].

3.3 THE LAYER DIFFRACTION MATRIX

The scattering of plane waves incident on either side
of a layer parallel to the surface can be described by the
layer diffraction matrix gii. A layer in the ‘'combined
space' method is defined as an assembly of one to N parallel
subplanes of ion cores each containing only one ion core per
unit mesh. When there is only one subplane in the layer, it
is called a Bravais 1lattice layer. When the layer |is
composed of more than one subplane it is referred to as a
composite layer. Examples of these two types of layers are
shown in Figure 3.1. Although a composite layer is shown as
the top 1layer 1in the figure, that 1is not a necessary
condition. In fact the two types of layers can appear in any
order parallel to the (yz) plane.

The particular element Mé?g of the layer diffraction
matrix represents the amplitude of the plane wave with a
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wavevector k wvhich is scattered from a layer for an

g'
incident plane wave of wunit amplitude and wavevector 59.
Sﬁperscript signs specify the propagation directions of the
plane waves: a '+' and a '-' for propagation into and out of
the crystal respectively, and they are read from right to
left. Figure 3.7 schematically shows the scattering of a set
of plane waves by a plane of ion cores with known
diffraction matrix gii. In general, the iayer reflection

(g) and transmission (g) matrices can be obtained from gii

by the following relationships:
=M ; t =M '+1I;andt =M +1, (3.20)
] = ~ [ i x

where 1 represents a unit matrix. The notations of these
matrices are further illustrated diagramatically in Figure
3.8. For a Bravais lattice layer, there 1is a mirror plane
parallel to the layer, bisecting every ion core, hence £+— =

r’t and t* = 7.
~y s s

The evaluation of gii

is rather complicated even for
the Bravais lattice layer, therefore no attempt will be made
here to give the derivation. Detailed mathematical
treatments are in the 1literature[11,56,86]. The important
steps involved can be summarized as follows:

1. The plane waves are transformed into spherical waves.

2. The amplitudes of the spherical waves resulting from the

scattering by an isolated plane of 1ion cores are

calculated. This information is stored in the planar
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Figure 3.7: Multiple scattering of a set of plane waves by
a layer of ion cores with known diffraction matrix gii.
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Figure 3.8: Schematic diagram of transmission and

reflection matrices at the nth layer. Broken 1lines are
midway between consecutive layers.



87

scattering matrix I.

3. In case of composite layer, the 1last step is repeated
for each subplane in the layer. As a consequence of
interplanar scattering, the individual Li for subplane 1
is modified to a total planar scattering matrix Ii. The
wave amplitudes are then summed from the N subplanes.

4, The spherical waves are transformed into plane waves.

3.3.1 BRAVAIS LATTICE LAYERS

Pendry[11] has detailed the overall treatment which

leads to the final expression for the matrix element

2;
Mgtg = ;if 1 g;‘yL(5§> rone (ko) Yo (k3o), (3.21)
g

where A is the area of the unit mesh; L and L' represent the
pairs of angular momentum quantum numbers (/,m) and (/',m")
respecfively. Also in equation (3.21), the Y (k) are
spherical harmonics for the angle between the k and the
surface normal, '*' indicates complex conjugation and
7ppr (ko) is the LL' element of the planar scattering matrix
7(ko). The latter matrix is similar to gii except that
spherical waves represented by L and L' are considered in

angular momentum space, and can be expressed as[81]

1(ko) = tlko)II - X177, (3.22)
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where t(ko) is the diagonal ion core t-matrix whose non-zero
elements are given by equation (3.12), the intraplanar
scattering matrix X is the product of a structural factor

g(gz) and the t-matrix such that
X = G(k3) £(ko). (3.23)

G describes the intraplanar propagators in L-space; these
propagators are dependent on damping and the arrangement of
the ion cores but independent of the scattering properties
of the ion cores. The details in the evaluation of X have
been discussed by Kambe[100] and by Jepsen et al/.[101].

The expression for M;?s in equation (3.21) is wvalid
only if the origin of the co-ordinates within the plane is
an ion core center. In order to exploit symmetry in K-space
(Section 3.5.2), the formula is modified slightly to include
a lateral shift such that the origin of the 1layer can be
related to the symmetry element(s) containing the incident
electron beam. Also, the temperature effect is accounted for
by multiplying Mii by a Debye-Waller factor as discussed 1in
Section (3.2.4). The subroutine that computes Mii is called
MSMF and the details on implementation can be found in Van
Hove and Tong's book[56]. All references to specific

subroutines in this thesis are either to Van Hove and Tong's

book[56] or to the magnetic tape provided by Van Hove[97].
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3.3.2 COMPOSITE LAYERS

Here, layers are considered in which there.are N (N>1)
subplanes of ion cores closely packed together (indeed
possibly coplanar). By definition, a subplane contains a
single kind of atom, and has just one atom per unit mesh.
There is no restriction on the types of subplane; that a
composite layer is made up of. Thus, a composite layer can
either be atomically homogeneous or otherwise. Two such
examples associated with the adsorption studies of oxygen on
2r(0001) are shown in Figure 3.9. Figure 3.9(a) shows a
graphitic (2x2) oxygen overlayer on 2r(0001); here the
composite layer has two oxygen atoms per unit mesh., Figure
3.9(b) 1is an example of an atomically heterogeneous
composite layer. Specifically a (2x2) oxygen underlayer
occupies the tetrahedral holes about 0.4 A below the first
zirconium layer. Therefore this composite layer is made wup
of four zirconium atoms and one oxygen atom per unit mesh.

In addition to the evaluation of the planar scattering
matrix zi for the isolated subplane i, one has to calculate
the total scattering matrix Zi for that particular subplane
resulting from the multiple scattering with the other (N-1)
subplanes inside the composite layer. The general expression
for the diffraction matrix element M‘* of a composite layer

9’9
with N subplanes is given by([56,102]

N

ZY (ks)YL.(ké.) ZR§+(R1 )~ ‘TLL.. (3.24)
g_L LL' 1=1

++ 161( i

23 Akt
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(a) Zr(0001)-(2x2)-20
graphitic overlayer

(b) 2r(0001)-p(2x2)-0
tetrahedral hole
underlayer

Figure 3.9: Examples of composite layer. (a)Graphitic type
oxygen overlayer: 2 oxygen atoms per unit mesh. (b)p(2x2)
oxygen underlayer which is separated from the top

layer by =0.4 A: 4 zirconium atoms and 1
unit mesh,

zirconium
oxygen atom per
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Most of the symbols in equation (3.24) have been explained
in equation (3.21). New symbols appear only after the last
summation sign where the index i labels the N subplanes. The
origin of each subplane can be defined by the center of any
one of the ion cores, which has a position vector r;
relative to an arbitrary origin of the composite layer. The

guantities Réi are then defined as
Rét = exp(iksor;). (3.25)

The quantities TiLL' (i.e. the LL' elements of the total
planar scattering matrix zi) give the self consistent
amplitude of an outgoing spherical wave ¥, leaving an ion
core of subplane i due to a spherical wave Y*L' incident on
all subplanes of the composite layer.

The evaluation of Mé?s in equation (3.24) involves thé
calculation of the total planar scattering matrix Ii for
each subplane. This can be done exactly, as in Beeby's
matrix inversion scheme[83], or perturbationally as in the
reverse scattering perturbation method[81,103]; in addition
a combination of these approaches may be used[56,81]. All of
these methods consider the scattering of spherical waves in
L-space. The complete mathematical treatments can be £found

in the references quoted, but the principles involved will

be discussed very briefly as follows.
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3.3.2.1 Matrix Inversion

In the matrix inversion method, the multiple
scattering between any pair of subplanes 1is treated
exa;tly regardless of magnitudes. Following Beeby[83],
the matrices zi can be calculated by solving a set of

linear egquations which can be expressed as

r .- r
T1 T‘
~ -~y
TZ 7.2
~ ~
. | = [é]—1 . (3.26)
TN TN
y y
- p L o

The matrix A in turn consists of N2 smaller matrices

called Qij which are defined as

, and A'd = -rigid, (3.27)

T
~

The square matrix glj describes the interplanar

propagators from subplane j to subplane i, and has a

dimension of (Imax+1)2 where [ is the largest value

X
of ! included in expressions over angular momentum. The
dimension of A, which corresponds to the number of
unknowns in equation (3.26), is therefore N(/ __+1)2.

The computer storage for A, and the computing time

required for its inverse limit the number N to about 5
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with the computer (Amdahl 470 V8) currently used by this
laboratory. For composite 1ayer§ with strongly
scattering 1ion cores or closely-spaced subplanes,
'matrix inversion' has to be wused. One such example 1is
the graphitic oxygen layer depicted in Figure 3.9(a)

where two coplanar oxygen subplanes are present.

3.3.2.2 Reverse Scattering Perturbation

In LEED forward scattering is much stronger than
back scattering, and this opens the possibility of
treating back scattering as a perturbation while forward
scattering is considered exactly. The reverse scattering
perturbation scheme[56,103) is iterative in nature and
is very similar to the renormalized forward scattering
method[11] for layer stacking (Section 3.4). The major
difference between these two methods is that the former
is formulated in L-space while the latter is in K-space.

In the implementation of the reverse scattering
perturbation method, the subplanes are ordered according
to increasing distance from vacuum. Incident plane waves
are transformed into spherical waves which travel back
and forth through the composite layer of N subplanes, as
shown in Figure 3.10. Specifically, when the waves are
propagating into the crystal (+x direction) for the pth
time, the total scattering amplitude arriving at plane i
(Figure 3.10) will consist of the multiple forward
pi+

scattering amplitude (p) and the single back

scattering amplitude B'" (p)
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Figure 3.10: Schematic illustration of the contributions of
scattering amplitudes to the ith subplane by forward and
back scattering. Spherical waves are travelling along #x
directions for the pth time in the reverse scattering
perturbation formalism.
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rit(p) = Fit(p) + B T (p). (3.28)

Similarly, when the waves are propagating towards vacuum

(-x direction),
i (p) = Fi7(p) + BI (p). (3.29)

The iteration converges when Ti-(p) equals Ti_(p-1) for
all the N subplanes.

Mathematicaily, the reverse scattering perturbation
is equivalent to the Gaussian Seidel-Aitken iterative
algorithm for matrix inversion. If one examines equation
(3.26) again, the picking up of amplitude from the
propagation in the +x direction is similar to solving

I(p) = (2]

T(p-1), (3.30)
and for propagation in the -x direction. it is similar

to solving
- -1
Thew(P) = (At T(p), (3.31)

where A,, and A, represent the 1lower and upper
triangular matrices of A respectively. T is the column
of matrices T', p is the iteration number (i.e. the
order of perturbation) and the subscript 'new’

identifies the final results after each iteration. To
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start the iteration, it is sufficient to note that I(O)
is simply 7. Calculated T(p) from the left hand side of
eqguation (3.30) is then substituted into the right hand

side of equation (3.31) to obtain T (p) for the

sNew
outward-travelling waves. In the next order of
perturbation, Thew is substituted into the right hand

side of equation (3.30), and the procedure is repeated
until convergence of Thew is achieved.

The inversion of a triangular matrix requires much
less computing time than that of inverting the
corresponding square matrix. Therefore the reverse
scattering perturbation scheme 1is very efficient
especially when the number of iterations required for
convergence is small. This occurs when the composite
layer 1is made up of weakly scattering ion cores, or when
the distance between subplanes is large (e.g. >0.3 3).
Another advantage of this perturbation scheme 1is the
drastic reduction of computer memory required compared

with the matrix inversion method because Il can be

continuously written over r'.

3.3.2.3 Combining Matrix Inversion and RSP

Some surface models may correspond to composite
layers in which one region is composed of closely-spaced
planes of strong scatterers while another region has
only weakly scattering 1ion cores. For such layers,
c

matrix inversion has to be employed to calculate a I

for the former region, and then reverse scattering
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perturbation is applied to 'join' it with the rest of
the composite layer. Again, the major advantage is the
saving of computer core memory. One such example is
zr(0001)-p(2x2)-0 depicted in Figure 3.9(b). Here matrix
inversion is applied to the four coplanar Zr subplanes,
and reverse scattering perturbation is used between the

oxygen subplane and the 'composite' zirconium layer.

3.4 LAYER STACKING

This section discusses the stacking of various layers
with either the (1x1) type or the superlattice type
structures, but with their respective diffraction matrices
already calculated by one of the methods mentioned in
Section 3.3. In the 'combined space' method employed in this
work, only perturbative methods for stacking, namely layer
doubling and renormalized forward scattering, are used.
These methods expand the total wavefield between layers as
plane waves, hence operate in K-space. 1In general,
perturbative methods assume significant inelastic scattering
inside the crystal so that the scattering by a surface 1is

well modelled by a maximum of 20 layers.

3.4.1 LAYER DOUBLING

In the layer doubling method[11], the bulk layer
periodicity of the «crystal 1is exploited. It is most
efficient for the stacking of the bulk region where the

layers are either of AAAA... or ABAB... stacking sequence.
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In these special cases, two layers of the crystal are
considered first, then four, and for each iteration the
number of layers is doubled. The minimum interlayer spacing
that the layer doubling method can handle is approximately
]
0.5 A,
Starting with known reflection and transmission
matrices for layer A and layer B from equation (3.20), the

corresponding matrices for the composite slab C can be

calculated from[56]

-+ -+ ———— o+ I T P T
Ic =En *EtAaBELgBRIL-raBrg Bl 'ta
++ +4 4+ Fe — =1, ++
t = t, P[I - r ro P ] 't, ,
=C =B & '= ~A = =B = =~A (3.32)
-+ e _+ - - LT ST SR
Ic =Lp *tpREILaRIL-rgPraBl 'ty
-_— == T N T
tc =EtABIL-gBrall 't

where I is a wunit matrix; g+ and 2_ are diagonal matrices
which describe plane waves propagating from a reference
point in layer A to a reference point in layer B and vice
versa. If rp, represents the vector between the two
reference points, then the elements of gi are defined as{56]

P = exp(iihg-gBA). (3.33)

w0+

In the next step in the 1iteration, the matrices
calculated on the left hand sides of equation (3.32) can be

used as input matrices on the right hand sides to determine
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transmission and metric slabs

reflection matrices. of 2 layers.
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producing asym-
metric slab
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Figure 3.11: Schematic diagram of the layer doubling method

used to stack 4 individual layers (with ABAB...

registries)

into an asymmetric slab of 4 layers (after Tong[81]).
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ﬁhe transmission and reflection matrices for the 4-layer
system. The procedure is shown schematically in Figure 3.11,
The doubling process is continued until the elements of the
matrix £_+ have converged. For most metals convergence 1is
achieved after 3 to 4 iterations. The bulk treatment just
mentioned is implemented by the subroutine SUBREF in Van
Hove and Tong's programs.

Overlayers can be added onto the 'composite slab' one
at a time by calling the subroutine DBG. Alternatively,
pairs of overlayers can be ~combined first using subroutine
DBGL, and then added onto the slab. The last step in the

layer doubling scheme is to calculate beam reflectivities

Ig = (kél/kZL) |r§;|2. (3.34)

3.4.2 RENORMALIZED FORWARD SCATTERING

The stronger forward scattering compared with back
scattering in LEED[57] has already been exploited in the
‘reverse scattering perturbation method for the calculation
of diffraction matrices of composite layers in the presence
of 1inelastic scattering. Similarly, for the interlayer
scattering, the renormalized forward scattering method
treats the forward scattering exactly, but treats back
scattering as. a perturbation. This method was originally
devéloped by Pendry[104] and discussed further by

Tong[81,105) and by Van Hove and Tong[56]. The description
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given here follows that of the last authors.

The renormalized forward scattering formalism 1is an
iterative method depicted schematically in Figure 3.12(a).
The plane waves generated by the incidént beam are forward
scattered from layer to layer until they are damped out
(i.e. their amplitudes are all less than a predetermined
fraction of the incident beam amplitude). Then, starting
from the deepest layer reached by the inward-travelling (+x
direction) waves, outward-travelling (-x direction)
reflected plane waves are allowed to forward scatter by each
layer towards the vacuum. The | amplitudes of the
inward-travelling and outward-travelling plane waves just
past the nth layer can be conveniently stored in the column
vectors g;(n) and a;(n) respectively, where the subscript i
stands for the itP iteration. As shown in Figure 3.12(b),
the components in g;(n) represent amplitudes of plane waves
between the ntP ana (n+1)th layers, whereas those in g;(n)

th and  (n-1)th layers.

represent amplitudes between the n
With these notations, the amplitudes of the incident beam in

vacuum is defined as

at(0) = (3.35)

e X~ T

where 1 at the top of the column vector on the right stands
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(a) E N,, N,, and N, denote the deepest layer reached
in the 15t, 2P9  and 379 penetration, respectively.
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(b) Amplitudes of the inward-travelling waves (QI)
and outward-travelling waves (a;).

Figure 3.12: Schematic diagram of the renormalized forward
scattering method. (a)Each triplet of arrows represents the
complete set of plane waves that travel from layer to layer.
(b)Illustration of the vectors which store the amplitudes of
the inward- and outward-travelling waves (after Van Hove and
Tong[56]). :
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for the unit amplitude of the (0,0) beam. All other 21(0)
(i>1) are necessarily null vectors since there can be no
incident beams for the higher order of iteration.

The inward-travelling wave amplitudes just past the nth
layer arise from transmission of inward-travelling waves and
reflection of the outward-travelling waves at layer n, and
can be expressed as

++_+

ai(n) = t*7"P (n-1)al(n-1) + ¥ TP (n+1)a] (n) (3.36)

[

th

for plane waves penetrating the crystal for the i time.

Here n runs from 1 to Nj, where N; represents the deepest
th

layer reached in the i iteration. A similar expression can

be obtained for the emerging wave amplitudes, namely

ai(n) = t _P-(n+1)a;(n+1) + r pt(n-1)at(n), (3.37)
~ ~ ~ ~ [ T ~1

where n runs from (Ni-1) to 0. The gi are plane wave prop-
agators between appropriate reference points in neighboring
layers. The definitions of these propagators have been given
in (3.33) and are also illustrated diagramatically in Figure
3.12(b).

The iteration starts with the input of a3(0) into
equation (3.36). From Figure 3.12(a) for the first
penetration, the g:(n) are simply column vectors of =zero's
because there are no emerging waves yet. When the plane

waves reach the deepest layer, namely N, for the first
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penetration, the calculated value of gT(N,) is substituted
into the right hand side of equation (3.37) to obtain a;(n).
After the first iteration, the reflected wave amplitudes
into vacuum are stored in the 2a,(0). This procedure is
repeated to obtain the higher orders a;(0), and then the
total reflected amplitudes can be expressed as

A" = 2a,(0) + az(0) + a3(0) + «+-. (3.38)

Typically, é- converges after about 3 or 4 orders of
iteration. Some 12 to 15 layers are usually required for the
first penetration, but N; decreases with increasing order of
iteration. However, in the presence of closely-spaced
layers, non-convergence may occur. The experience with Zr is
that a minimum separation of 1.1 A is required for the
renormalized forward scattering method to work effectively.
At convergence, the beam reflectivities are given by

I = (kéx/k‘gl) |A (3.39)

9 ql®

Convergence problems may occur occasionally in the
renormalized forward scattering, and the topic has been
discussed by other authors[106]. When these poor
convergences are found only at isolated energies, the most
convenient solution in practice is to perform the
calculation again at neighboring energy points and then

interpolate the results to the desired energy. If they
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appear at several consecutive energies, then layer doubling
can be used to re-calculate them. In the event that even
layer doubling fails to rectify the situation, composite

layer calculations must be carried out.

3.4.2.1 Subroutine RFSG

The latest version of the renormalized forward
scattering scheme is implemented by the subroutine RFSG
(Van Hove[97],1983). This subroutine has been
generalized to handle a wide variety of stacking
sequences, and it receives special mention here because
it was wused extensively 1in the later stages of this
work. In this regard, Figure 3.13 refers to examples for
zr(0001)-p(2x2)-0 with two oxygen underlayers occupying
octahedral holes.

In RFSG, the surface 1is conceptually divided into
two regions, which are periodic or non-periodic in the
perpendicular direction; the 1latter is therefore the
region closest to the vacuum interface. Each region may
be composed of any combination of layers which conform
to the superlattice . or the primitive (1x1) type
structures; these 1layers have known reflection and
transmission matrices. A new feature of RFSG requires
that the elements of these matrices be stored as
1-dimension vectors. In general, there are four such

vectors to describe both types of layers, namely, E;;pi



106

3-fold rot. axis
+ mirror plane

|: vacuum
LY N N N N
NRINE O Taswe () 1 non-
— . .
NRTNP(2) /N ASNR(2), YN Y k periodic
NRTNP(3) —t—— region
W\_,:1ASNP(3) N )

ST AN DA N N
NRTP(1) f
NN Y Y A o
ASP}})\\ ~ ~ periodic
NRTP(2) : region
= NN
N2 YA
: (a)
A 4 . - - 1 7 -
NRTNP(1) = 101
sec.1 sec.1 ‘////'NRTNP(z) = 1.\\\\\* sec.1 sec.1
NRTNP(3) = 102 ’
] i L ] TS~ NRTNP(4) = 1 S
teup Lsup NRTP(1) = 101"
NRTP(2) = 102 —— | goc .o sec.?
i 4 1 -
£ LT
(b)

Figure 3.13: Schematic illustration of some important input
parameters in subroutine (RFSG) for the adsorption system
2r(0001)-p(2x2)-0 with 2 oxygen underlayers occupying
octahedral holes. (a)Side view of the layer arrangement of
the surface region, (b)Selection of appropriate diffraction
matrices with coding vectors NRTNP and NRTP.



107

++ -+ -- . +-

Lsup’ Lsup and tsup for the superlattice type; and r,,;.
++ -+ -—

t1x1» L1417 and t,. ., for the (1x1) type layers. The

corresponding transmission and reflection matrices of
all the required (but non-equivalent) 1layers of the
system investigated are transferred 1into consecutive
sections of these vectors. In the stacking procedure,
the diffraction properties of the 1layers in the
non-periodic and periodic regions are retrieved from the
appropriate sections of these vectors by two coding
vectors NRTNP and NRTP respectively (Figure 3.13(b)). A
code number over 100 signals (1x1) type layer while a
code number under 100 denotes a superlattice type layer;
the last digit of the code number refers to the section
number of the appropriate reflection and transmission
vectors. The interlayer vectors for the non-periodic
region are stored in ASNP while those for the periodic
region are in ASP. The wuser has to set up all the
mentioned vectors in the main program before <calling
RFSG. The example in Figure 3.13 is intended to <clarify
the usage of these vectors. Since the two oxygen and all

. . . . +- -+
zirconium layers are of Bravais lattice type, [ = r

and t = g++. Further, a 3-fold rotational symmetry 1is
available for this particular calculation, and all the
interlayer vectors are contained in the rotational axis.

The origins of both oxygen layers are chosen to coincide

with the rotational axis so that only one registry shift
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. . -+ ++ .
(hence only one section each in Esup and Esup) is

required.

3.5 GENERAL CONSIDERATIONS IN 'COMBINED SPACE' METHOD

3.5.1 TOTAL BEAM REQUIREMENT IN K-SPACE

In the layer doubling and renormalized forward
scattering methods, layer scattering is described by square
matrices gii whose dimension equals the number of components
in the beam expansion. As a minimum, such expansions should
include all the propagating plane waves and the first few
evanescent waves. However, with small interlayer distances,
such as for the adsorption of small atoms deep into hollow
sites of metal surfaces, a substantialiy increased number of
evanescent waves is required for convergence. By considering
the decay factor associated with an evanescent wave, such
that the amplitude decays to a fraction t over distance d,

the estimated number of plane waves required in a K-space

calculation for a minimum interlayer distance of d.;, is
given by Van Hove and Tong[56] as
n_ = (A/4an)[2(E-V,) + (1og(t)/dmin)2], (3.40)

9

where A is the appropriate unit mesh area and (E-V,) is the
electron energy inside the crystal (in atomic units). The

decay factor t is user-selected. A reasonable value is about
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Energy(eV) dnin (&)
0.90 0.70 0.50
50 187 271 493
100 211 313 511
150 253 349 553
200 301 373 : 577
250 337 413 619
(a)
Energy(eV) . dmin(i)
0.90 0.70 0.50
50 | 39 54 93
100 43 62 97
150 51 68 104
200 60 72 108
250 66 79 116
(b)

Table 3.1: The variation of the number of plane waves
required with incident energy and the shortest interlayer
distance (d;;,) for the multiple scattering calculation of
2r(0001)-p(2x2)-0; t=0.002. (a) Unsymmetrized beams; and (b)
Beams symmetrized with respect to a 3-fold rotation axis and
mirror plane(xz) symmetry operations.
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0.002; for this wvalue Table 3.1(a) shows the variation ng

with both energy and d.;, for the adsorption system
zr(0001)-p(2x2)-0.

Although Ng is a function of A, E and d

parameter can dominate because of the dependence on d

min’ the last

. -2
min °

Thus Ng increases rapidly with decreasing interlayer

distance. For example, if dmin = 0.3 i, over 200 plane waves

are required at a starting energy of 50 eV and a relatively

small unit mesh area A of 10 A2, "Normally, once the

tt

dimensions of M go beyond the 102 range, the K-space

methods become very time-consuming and numerically unstable.

In this work, effective limits of 4 are set at 0.5 A. For

min

smaller 4 composite layer calculations in L-space were

min’

used.

3.5.2 USE OF SYMMETRY AND BEAM SETS

The number of plane waves required 1in K-space
calculations can be reduced if the incident electron beam
coincides with one or more symmetry elements of the surface.
Under such conditions, individual beams related by the
symmetry elements can be represented by a symmetrized
wavefunction. In the adsorption system guoted in Table 3.1,
there is a 3-fold rotational and a mirror plane(xz) symmetry
at normal incidence. The beams related by such symmetry
operations are indicated by the same labels in the
reciprocal lattice as shown in Figure 3.14(a). In the

calculation, only one of these symmetry-related beams needs
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Figure 3.14: LEED pattern from 2r(0001)-pf
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to be input. The <corresponding number of symmetrized
wavefunctions used at various energies are listed in Table
3.1(b), and a comparison with Table 3.1(a) demonstrates the
appreciable reduction in the number of beams required when
symmetry is utilized.

The presence of an adsorbed layer with a unit mesh area
S times that of the substrate produceé S times as many
diffracted beams as the substrate at a given energy. Since
the multiple scattering programs used here cannot deal with
incommensurate superlattices, S is assumed to be an integer.
Thus, with an adsorbed layer, it would appear that ggé and
géﬁb with dimensions S times that of the clean substrate
have to be calculated for the adlayer and the substrate
respectively. This is indeed the case for ~§§. However, for
the substrate layer, one can separate the beams into S sets
such that within each set all beams are interrelated by the
(1x1) type reciprocal lattice vectors. One such example is
shown in Figure 3.14(b). An important property of these beam

sets 1is that the substrate layers, with their (1x1)

periodicity, cannot diffract a beam from one beam set into a

++

M<ub block

beam in another beam set[56]. As a result,

diagonalizes according to
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~§ab = . ? (3.41)

=z
i+
n i+

where the subscript "in" refers to the integral beam set
from the substrate atoms, and "fi" refers to the ith'
fractional beam set. The calculations of the smaller
matrices gii on the righf hand side of equation (3.41) ‘are
simple compared to that of Egé' Furthermore, with the use of
symmetry, some of the fractional beam sets may merge into a
single set. One example can be found in Figure 3.14(b),
where the three fractional beam sets (labelled 2, 3 and 4 in
the figure) cannot be distinguished under a 3-fold
rotational and a mirfor plane symmetry operations. So in the
multiple scattering calculation for that particular system,

only one of these three sets 1is input together with the

integral beam set.

3.5.3 SELECTION OF METHODS

Before setting wup a multiple scattering calculation,
one has to consider its feasibility, computing cost and
flexibility. The last two factors become important when many

adsorption models require testing on a 'trial and error'
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basis.

Feasibility in the 'combined space’' method is mainly
determined by the perturbative (K-space) part of the
calculation. When the number of beams, N, required after
symmetrization is over 100, convergence may not be assured.
This situation can occur with large unit cell mesh areas or
with small interlayer spacings. The latter may be countered
by constructing composite layers, which 1lead to the
inversion of matrices of dimensions PL? where P is the
number of subplanes and L is the number of phase shifts.
However if PL? exceeds about 200, the inversion step 1is
numerically unstable. This limit can be slightly higher when
computations are made in double precision. Currently in this
laboratory, we are limited to models with N<100 or PL?<200.

The building blocks of the 'combined space' method
consist of the construction of 1layer diffraction matrices
and the subsequent stacking of these layers. The computing
effort for the former depends on N, P and L, while, for the
latter, the important parameters are N and the number of
layers (M) required to mimic a surface region for a LEED
calculation. Van Hove and Tong[56] have scaled the computing
times for different methods within each building block and
they are summarized in Table 3.2 together with their
characteristics.

In general, the most computationally expensive step 1is
the evaluation of the 1layer diffraction matrix for a

composite layer. Priority 1is therefore given to Bravais



Building Method Computing Comments

block time scale

Layer Bravais lattice layer  L?3N? dminZO.SX

diffraction

matrix: Composite layer by L3P3N? Exact, large core size
matrix inversion(mi) required if P24
Composite layer by L?P2N2 Possible convergence
reverse scattering problem; smaller core size
perturbation(rsp) than (mi)
Composite layer by Between (mi) core size comparable to
combining (mi) and and (rsp) (mi)
(rsp)

Layer Renormalized forward N2M dmin21‘0X: versatile

stacking: scattering subroutine (RFSG)
Layer doubling N31nM dminZO.SK; many working

matrices required.

Lotz

Table 3.2: Relative

number of beams after symmetrization (if any)

= number of phase shifts '
= number of subplanes in the composite layer

number of layers considered in the surface scattering

computing times

for the

building blocks

in the 'combined

space' multiple scattering calculations (After Van Hove and Tong[56]).

gl
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lattice layers whenever the minimum interlayer spacing dnin
is 20.5 X, although cases can be 1identified where a
composite layer calculation 1is considered even when the
Bravais lattice layer calculation is possible.

Perturbative multiple scattering calculations between
layers are generally less computationally demanding than the
calculations of the layer diffraction matrices. However if
many adsorption models involving different interlayer
spacings between the adsorbate and the substrate have to be
tested, which is true for LEED crystallography, the cost of
stacking becomes important. In this regard the fastest
method, namely renormalized forward scattering, is preferred
whenever the interlayer spacings are above 1.1 A. Also the
subroutine RFSG provides more flexibility on the layer
periodicity. Layer doubling, on the other hand, has to be
used to stack layers with interlayer spacings from 0.5 to
1.0 A. However, the present layer doubling subroutine
SUBREF can only stack bulk layers with 1- or 2-layer
periodicities. 4-layer periodicity (ABCDABCD....) can be
handled by first combining AB and CD with subroutine DBGL,
and then stacking the two 'composite' layers with SUBREF.
3-layer periodicity, such as shown by the fcc(111) surface,
poses a problem in the layer doubling scheme. A solution
involves excluding all symmetry except for one mirror plane.
In this case, the surface can be visualized as having
1-layer periodicity with the same sloping interlayer vector

(contained in the mirror plane) linking atomic centers in
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consecutive layers. If the smaller interlayer spacing occurs
only between the adsorbate and the top substrate layer, then
the symmetries can be preserved either by doing a composite
layer calculation as mentioned 1in the preceding paragraph,
or by layer doubling the two layers with the subroutine DBGL
and stacking them with the faster RFSG subroutine.

Convergence problems occur on occasion with
perturbation methods for cases of strong multiple
scattering. Obvious non-convergence can usually be indicated
by the appearance of spurious peaks in several I(E) curves
from the same calculation. This 1is largely due to the lack
of conservation of electron current in perturbatién methods.
These problems can be évoided by increasing the damping
and/or increasing the lattice vibrational amplitude which
effectively reduces the ion core scattering factor. Although
these two procedures affect the relative intensities of
reflection maxima slightly, the peak positions are almost
unchanged[106]; these results are acceptable for structural
determinations in LEED crystallography. For identifying the
less obvious convergence problems, Moore et al.[107]
suggested plotting the sum of the emergent beam intensities
versus the topmost interlayer spacing at a particular
energy; any non-convergence would lead to a sum displaced
from an otherwise smooth curve. The problem is then
rectified by careful reselection of input beams.

The 'combined space' approach has especially been

employed in the studies of oxygen adsorption on 2Zr(0001)
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(Chapter 6), and in the theoretical study of the stability
of fractional order beam intensities from superlattices.
With careful set-up of the main program and monitoring of
occasioﬁal convergence problems, this approach provides an
affordable alternative to exact calculations. Equally
important is the consistency obtained from this approach;
different subroutines applied to the same adsorption system
have yielded almost identical results. Table 3.3 summarizes
the functions of some important subroutines frequently used

in this work.
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Subroutine

Function

ADREF1

DBG

DBLG

MPERTI

MTINV

MSMF

RFSG

RINT

SUBREF

adds an overlayer onto a substrate, by
layer doubling, producing a vector of
reflected amplitudes.

combines 2 layers by layer doubling,
producing 1 reflection matrix (usually as
the 'new' substrate).

combines 2 layers by layer doubling,
producing all reflection and transmission
matrices.

generates diffraction matrices by reverse
scattering perturbation and partial matrix
inversion if requested.

generates diffraction matrices by matrix
inversion for composite layers.

generates diffraction matrices for Bravais
lattice type layers.

stacks layers by renormalized forward
scattering, producing a vector of
reflected amplitudes.

produces beam intensities from beam
amplitudes.

stacks bulk layers with 1- or 2-layer
periodicity by layer doubling, producing a
reflection matrix only.

Table 3.3:

Functions of several important and freguently

used subroutines in the 'combined space' multiple scattering
calculations provided by Van Hove and Tong[56,97].
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4.1 THE UHV CHAMBER

The success of the 'clean-surface approach' to surface
studies has been brought about, to a large extent, by the
commercial availability  of ultra-high vacuum (UHV)
facilities. The need for using UHV can be appreciated by
reference to a result from the kinetic theory of gases. The
number of molecules striking a unit area of a surface in

unit time is given by[107]

n = 3.52x1022(MT)-'/2p molecule cm-2 s- 1, (a.1)

where P is the pressure 1in torr, M is the molecular weight
of the gaseous molecule, and T is the temperature in K. A
typical low Miller-index metal surface has approximately
10'5 adsorption sites per cm?, so a gas such as 0, at room
temperature can fill wup all the adsorption sites in about
one second at 10-® torr, assuming a constant sticking
coefficient of one. However, at a pressure of 10-'° torr, a
monolayer is formed in =160 minutes. Although the sticking
coefficients for most gases are below unity, the above
comparison does 1indicate how important UHV 1is to keep a
surface in a well-defined state for the duration of an
experiment.

The work in this thesis was carried out 1in a Varian
FC12 vacuum chamber. This particular chamber is made of
demagnetized stainless steel and is equipped with numerous

ports utilizing conflat flanges. Figure 4.1 shows the layout
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Figure 4.1: Schematic diagram of the FC12 UHV chamber and
some of - its important assessories. AES = Auger electron
spectroscopy; CMA = cylindrical mirror analyzer.
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of the UHV chamber and the major analytical tools available.
The accompanying pumping system for the FC12 chamber and the
facilities for start-up pumping are schematically outlined
in Figure 4.2. The total pumping system consists of four
types of pumps which ‘include two sorption pumps, a diffusion
pump, an auxiliary titanium sublimation pump, a central ion
pump (200 Ls-') and a small ion pump (20 Ls-') for the gas
inlet line.

A sorption pump consists of zeolite in a container
cooled by liquid nitrogen. The zeolite has large effective
surface area and it can physically absorb large amounts of
gas, thereby reducing the pressure of the chamber to the
10-? torr range from atmospheric pressure very quickly. A
diffusion pump ﬁorks by entrainment of gaseous species near
the pump inlet by high wvelocity streams of wvapor of a
non-volatile liquid (e.g. polyphenyl ether) ejected from a
boiler. The streams of vapor later condense on water-cooled
walls and flow back down to £he boiler while the gaseous
species are pumped away by a rotary pump. A liguid nitrogen
cold trap is usually connected between the UHV chamber and
the diffusion pump to prevent any possible back diffusion of
the non-volatile 1liquid. Both the ion and titanium
sublimation pumps are examples of 'getter type' pumps. Ion
pumps depend on a discharge to produce ions from the gas to
be pumped. These 1ions are then trapped by magnetic fields
and directed on to reactive 'getter' plates made of titanium

which remove the ions by the formation of stable solid
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compounds. Noble gases are pumped by burial, although that
mechanism is not very effective. Titanium sublimation pumps,
on the other hand, simply evaporate films of titanium which
have very high adsorption rates for reactive gases. The
burial route is again slow. Thus 'getter type' pumps are
generally not used directly after argon bombardment (Section
4.2.2), but instead the diffusion pump is wused to 'rough
out' the system until the pressure is down to a level (e.g.
10-7 torr) which the ion pump can handle.

In the start-up procedure, the initial pumping is
performed by one or both sorption pumps to reduce thé
pressure of the chamber to the 10-3% torr range. At this
stage the well-trapped (liquid nitrogen) diffusion pump |is
used to pump the chamber down to around 10-7 torr. Finally
the central ion pump is switched on and the chamber is baked
at 200-250°C for 12-15 hours. The chamber is then allowed to
cool to room temperature, and 1in the absence of leaks, the
pressure should reach the 10-'° torr range. Degassing all
the filaments and switching on the titanium sublimation pump
for about half an hour should reduce the pressure further,
evenAto the mid-10-'' torr range.

Although it does not occur very often, leaks can occur
between the seals. When the leak results in a pressure 2107
torr, it can wusually be detected by a helium detector
(varian 925-40). Smaller leaks can be detected by squirting
methanol on to the slit between the flanges where the leak

is suspected; a sudden drop 1in pressure resulting from a
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Figure 4.2: (a)Pumping system associated with the FC12 UHV
chamber. (b)Start-up procedure for pump-down from
atmospheric pressure to UHV.
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temporary freezing of the methanol would indicate the
presence of a leak. Detailed information'on pumping methods,
measurements of pressure and related topics are given 1in
several reviews on UHV techniques[108-110].

The following facilities are also available in the FC12
chamber: a set of 4-grid LEED optics (Varian 981-0127); a
single pass cylindrical mirror analyzer (Varian 981-2607); a
glass viewport directly opposite to the fluorescent LEED
screen; an ion gun (Varian 981-2043) for cleaning by 1ion
bombardment; a glancing incidence electron gun (Varian
981-2454) gun for Auger electron spectroscopy; a molydenum
sample holder with a resistive heating block mounted on a
sample manipulator (Varian 981-2530) which allows (x,y,2z)
linear translation and two degrees of rotational freedom
(since the FC12 chamber 1is built for multi-technigue
analysis, the sample is held on the manipulator 21" off the
vertical axis); a quadruple mass spectrometer (EAI 150A) to
monitor the composition of the residual gases; a variable
leak valve for letting 1in gases; and a nude ion gauge for
pressure measurement.

Magnetic fields in the chamber are annulled by three
orthogonal sets of Helmoltz coils, using a Hall probe to set
zero field at the sample position. Zero field can further be
checked by observing the specular beam 1in the LEED
experiment: the position of the (0,0) beam will not change,
even at the lowest energies, 1if the region between .the

sample and the LEED screen is field-free.
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4,2 SAMPLE PREPARATION AND CLEANING

4,2.1 CRYSTALLOGRAPHIC PLANE ORIENTATION

The surface studied with LEED in ' this laboratory is
usually in the form of a thin <circular disk with diameter
around 5 mm and thickness between 1 and 2 mm. The following
procedure is taken to obtain a desired crystallographic
plane. ~ A high-purity single crystal 1is mounted on a
goniometer with plastic cement and aluminum powder. The
purpose of the latter is to make electrical contact between
the crystal and the goniometer for the spark erosion step
after orientation. Better electrical contéct can be achieved
by tying the crystal with a copper wire, one end of which is
wrapped to the base of the goniometer. The crystal |is
oriented to the desired plane using back reflection Laué
X-ray diffractography{[t11]. This involves analyzing a
pre-oriented diffraction photograph and subsequently
correcting the angle through the manipulation of the
goniometer micrometers{112].

After orientétion, slices of the desired plane are cut
from the rod using the spark erosion technique ('Agietron',
Agie, Switzerland). The crystal disk 1is then mounted in an
acrylic resin ('Quickmount', Fulton Metallurgical Products),
and glued to a polishing Jjig[113], which has alignment
micrometers that allow the sample orientation to be
adjusted. The whole assembly can be fitted on to the track

of the X-ray diffractometer enabling minor adjustments to be
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made to compensate for the errors in alignment introduced
during the cutting stage (typically £2°). After
re-adjustment, the jig is put on to a planetary lapping
system (DU 172, Canadian Thin Films Ltd.) for polishing. The
crystal is mechanically polished with progressively finer
diamond paste, starting usually at 9 u and finishing at 1 u.
The polishing from 3 u down is done manually with artificial
deer skin (Microcloth, Buehler 40-7218) to minimize damage
to the surface. After the 1-g polish, the surface 1is
normally smooth enough for an optical face alignment by back
reflection of a Ne/He laser fixed on an optical bench as
shown in Figure 4.3. When the reflected laser beam makes an
angle less than half a degree with the incident beam, the
polishing is considered satisfactory. The whole assembly is
then moved back to the X-ray diffractometer, and a Laué
photograph taken to ensuré that the optical face coincides
with the desired crystallographic plane to within 3°.

At this stage the crystal 1is retrieved from the resin
by dissolving the latter in acetone. Any smearing introduced
by the 1-u polish can be smoothed out by gentle polishing
with 0.05 u alumina on typing paper for 30 to 60 seconds.
The crystal 1is then rinsed with de-ionized water 1in an
ultrasonic bath, and thoroughly degreased with
trichloroethylene. The crystal 1is often acid-etched or

electropolished to yield a shiny surface.
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4.2.2 SURFACE CLEANING IN UHV CHAMBER

Argon ion bombardment is the most common method for
cleaning a crystal surface under UHV. The damage done by
bombardment is relieved by annealing. When the crystal is
first placed in the chamber, the most abundant impurities on
the surface are frequently oxygen and carbon. These can be
removed by Ar* bombardment, preferably at room temperature
to avoid their possible diffusion 1into the bulk[114] at
elevated temperatures. Argon ions with energies in the range
of 1 to 2 keV are wused for the bombardment. In the early
stages, the high energy end of the range is used to sputter
off the impurities; this may take as 1long as 30-50 hours,
depending on the type of crystal and its process history.
Whenever possible low energy ions are preferred to minimize
damage or profiling of the surface. To carry out the Ar*
bombardment, the central ion pump is switched off and argon
gas is leaked into the chamber until the pressure is in the
mid-10-% torr range. The ion current on the surface should
be around 4 to 6 wA. During the bombardment, the sublimation
pump is kept switched on. Since the sublimation pump is not
effective in removing argon via the burial route, it
essentially pumps away impurities knocked off from the
surface of the sample in a differential manner. After
several hours of bombardment, the sample should be checked
to assess progress in cleaning. For this the whole chamber
must be pumped down, first with the diffusion pump and then

with the ion pump. At this stage an Auger spectrum is taken
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to assess surface cleanliness. If impurity levels are still
high, Ar* bombardment is repeated using fresh argon gas.

Eventually when the Auger .spectrum indicates an
essentially cleaﬁ surface, the sample can be heated to drive
impurities from the bulk to the surface, and to anneal out
damage to the surface caused by the ion bombardment
procedures. These are repeated cyclically until no
appreciable impurities can be detected by Auger electron
spectroscopy and the surface is sufficiently well-ordered to
show a sharp LEED pattern. If the bulk impurities were not
effectively driven out in the preliminary stages of cleaning
they would likely appear during the annealing steps prior to
the first investigations with LEED. A resistive heater
(Vvarian 981-2058) with tantalum clips is used for annealing
and heating of the sample. The sample temperature is
measured with a 0.005" alumel-chromel thermocouple
spot-welded to the edge of the crystal disk. It is important
to know the melting point and any phase transition
temperature of the particular crystal before any heating
procedure is undertaken.

Residual hydrocarbon 1impurities knocked off from the
sample may not be pumped quickly by the ion or sublimation
pumps. However, it is found that leaking oxygen into the
chamber at 10-® torr for several minutes can reduce the
amount of these residual gases, presumably by cracking them

down into some reactive forms,.
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4.2.3 SURFACE COMPOSITION BY AUGER ELECTRON SPECTROSCOPY

Surfaces studied with LEED can be coﬁveniently assessed
with Auger electron spectroscopy. The latter, as already
mentioned in Section 2.3.4, is useful not only for detecting
and identifying impurities, but also for estimating the
relative coverages of adlayers under investigation. In this
laboratory, electron beams are employed as the excitation
source for Auger electron spectroscopy. As a result, weak
Auger electron signals are superimposed on a much larger
general background[67,115). Two electrostatic analyzers of
the retarding field and dispersive types[116] are available
for the detection of the Auger signals.

A retarding field analyzer uses the hemispherical grids
of the conventional LEED display system as shown in Figure
4.4, In such a set-up, the electron gun, the sample, and the
grids G! and G4 are all earthed, while the screen is biased
at +300V to collect electrons emitted from the sample. The
electron gun delivers an electron beam with a typical energy
~2 keV and a current of =20 pA. A variable retarding voltage
V. is applied to grids G2 and G3. This voltage is ramped by
a multi-channel analyzer (Fabritek 1062) 1linked to a
programmable power supply (Kepco OPS 2000). The total

current collected from the screen 1is a function of V A

r‘
derivative spectrum can be obtained by superimposing on V. a
small modulation Vmsinwt (frequency w =1 KkHz). Provided
that v is small (e.g. <10 V), the amplitude of the

component of the collector current at the modulating
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frequency is Vv (d1/dv.), and the amplitude at the second
harmonic is -0.25VZ(d%1/avZ)[117]. 'Therefore, by detecting
with a lock-in amplifier (PAR HR8) the current received by
the collector screen at the appropriate frequencies, the
derivatives (dI/dv.) and (d?1/dvl) are readily obtained as a
function of V.. The second derivative essentially eliminates
the slowly varying background current and gives a spectrum
with prominent Auger peaks as shown in Figure 2.12. The
output from the lock-in amplifier after each sweep can be
stored in the Fabritek and signal averaged until the signal
to noise ratio is satisfatory. A typical spectrum requires
about 10 scans, and takes 3-5 minutes. A tuned pre-amplifier
based on the design by Nathan and Hopkins[118] is used to
isolate the high voltage applied to the collector screen.
The use of two retarding grids (G2,G3) provides better
energy resolution in general. The earthed grid (G4) is wused
here to remove the capacitance between the retarding grids
and the collector screen which would otherwise generate
unwanted signals.

The retarding field analyzer has been popular because
it directly uses a 4-grid LEED optics. In addition, it has a
very high collector efficiency: between 10-20% of the Auger
electrons emitted from the sample can reach the screen. The
major disadvantage of a retarding field analyzer is that its
sensitivity is restricted by high 'shot noise'. The latter
is proportional to /TE;, where I, represents the total

collected current contributed by electrons having energies
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greater than E, the Auger energy of interest. The high 'shot
noise' reduces the signal to noise ratio because the latter
is dependent on I,;/VIg, (where I,g 1s the current from
those electrons with energies E+AET).

The signal to noise ratio can be enhanced by up to 102
by using a dispersive type analyzer, which operates via
velocity selection. With such an analyzer, only electrons
within a narrow energy spread AE are collected. The signal
to noise ratio now scales as IAE/VTZE'.and is clearly much
more favorable than that for a retarding field analyzer.

The dispersive type analyzer used in this laboratory is
a cylindrical mirror analyzer (CMA). The CMA is wused in
conjunction with a glancing incidence primary beam which can
improve the surface sensitivity. Figure 4.5 shows a
schematic experimental set-up for  Auger electron
spectroscopy using the CMA and the glancing angle electron
gun. A typical primary beam here has an energy around 2-3
keV, a current of 100-200 pA, and a cross-sectional area <1
mm?., The CMA consists basically of two co-axial cy;inders of
radii r,(inner) and r,(outer) (Figure 4.5), with entrance
and exit grids cut in the inner cylinder[119]. The inner
cylinder is grounded while a variable repulsive voitage vV,
is applied to the outer cylinder. Only a narrow band of
electrons with mean energy E have trajectories which can
pass through the exit grids and be detected by the channel

electron multiplier. The rest will collide with the walls of

TAE is determined by the instrumental resolution.
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the cylinders and eventually die out. The front end of the
electron multiplier 1is usually earthed, but 1is set to a
potential +300V when electrons with kinetic energies less
than 50 eV are .to be detected. A pre-amplifier is used to
isolate the higher voltage (2-2.5 kV) on the electron
multiplier[120]. In order‘to obtain a derivative spectrum of
the type shown in Figure 2.12, a small modulation voltage
vV, sinwt (=3V at 5-10 kHz) is superimposed on V.. In contrast
to the RFA, the output from the lock-in amplifier with the
CMA is set at the modulation frequency(67], and it yields
directly derivative Auger spectra as shown in Figure 2.12.
Due to the improved signal to noise ratio, a single scan is
able to give a spectrum, in 1less than 30 seconds, which 1is
superior to those obtained with the retarding field
analyzer; The increased speed enables the experimenter to
scan different parts of the sample surface .quickly. In
adsorption studies, the increasing adlayer coverage in an
adsorbate uptake curve can be continuously monitored by the

growth of an Auger peak.

4,3 THE LEED EXPERIMENT

4,.3.1 LEED OPTICS

Figure 4.6 shows the electron optics used in the FC12
chamber. There are two main parts, namely the electron gun,
which directs electrons with variable energies on to the

sample, and the detector, which energy-analyzes the back
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scattered electrons. Details on LEED optics and quantitative
measurement of LEED beam intensities can be found in a
review by Lagally and Martin[12].

The electron gun (Varian 981-2125) produces an electron
beam by thermionic emission from a tungsten cathode; these
electrons are accelerated and focussed through anode plates.
When the gun is well-tuned, it gives a collimated beam with
a cross-sectional diameter <0.75 mm in the energy range
between 10 and 300 eV. The energy spread of the electrons is
determined mainly by the filament temperature T. For a
Maxwellian distribution, the width at half-maximum is given

by

AE = 2,54KkT, (4.2)

where k 1is the Boltzmann constant. Although filament
materials with low operating temperatures can be used for
LEED guns, considerations of chemical stability and lifetime
have encouraged the wuse of tungsten filaments. These
filaments operate at around 2300K, thus giving a AE of
approximately 0.5 eV. The beam current increases almost
linearly with energy below about 100 eV, and then levels
off. This wvariation has to be recorded for normalizing
measured LEED spot intensities (otherwise the 1intensities

would appear artificially reduced at low energies).
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4.3.2 DISPLAY OF THE LEED PATTERN

The electrons back scattered from the crystal surface
are traditionally displayed on a fluorescent screen which is
situated behind the 4-grid system. The 1latter can also be
used for the detection of Auger electrons (Section 4.2.3).
In a LEED experiment, the sample is positioned at the common
center of curvature of the concentric grids and fluorescent
screen. The final anode plate of the electron gun, Gi1, G4
and the sample are usually grounded to ensure that both the
incident and reflected electrons travel in an
electrostatically field-free space.

The accelerating voltage Vp for the electron gun is
variable, while the potential for both G2 and G3 (the
repelling grids) 1is set to —Vp+AV, where AV is a small
positive voltage. With such a repelling potential, only the
elastically scattered electrons and a small fraction of
inelastically scattered electrons, hhich have lost an amount
of energy less than eAV, can pass through the grids. The
latter lead to a general background on the fluorescent LEED
screen. The background intensity can be reduced by setting

the repelling potential at V but it results in much larger

p’
diffracted beam widths[121]). Since typical grids have an
electron transparency of about 80%, the use of two repelling
grids reduces the number of electrons reaching the screen.
However the advantage of 4-grid optics, over a 3-grid system

with one repelling grid, is especially apparent when used as

a retarding field analyzer for Auger electron spectroscopy.
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Nevertheless for LEED also, the two repelling grids do offer
better energy resolution which enhances the contrast in
diffraction patterns.

Visual display of a LEED pattern 1is accomplished for
the electrons which pass through G4. They are accelerated by
a positive potential of about 5 keV on to a phosphor-coated
metal screen. Thus each elastically diffracted beam produces
a spot on the screen, and the whole pattern can be observed
through a glass window directly opposite to the screen. Part
of the LEED pattern will be blocked by the legs of the
manibulator and the large sample holder in this traditional
set-up. One solution involves using an inclined mirror[122]
to view the image of the pattern through a side viewport.
Alternatively, de Bersuder[123] reduced this problem by
viewing the LEED pattern from the rear of a glass phosphor

screen; rear-viewing systems are now commercially available.

4.4 QUANTITATIVE MEASUREMENT OF LEED SPOT INTENSITIES

Diffracted beam intensity is conveniently defined as

the elastic reflectivity
I = i/io, (4.3)

where i and i, are the diffracted and incident beam currents
respectively. To obtain an I(E) curve for a particular beam,
I is measured over a range of energy at a fixed direction of

incidence.
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In early LEED studies, the diffracted beam current i
was often measured directly by wusing a movable Faraday cup
collector[1,124])]. This method of measurement is very
accurate and provides high sensitivity (detectable current
=10-'* A, which is several orders lower than that of 4-grid
and screen system). The major disadvantage of this approach
is that it 1is slow, especially for the non-specular beams
whose directions vary as the energy of the incident beam is
changed.

With hemispherical grid systems[125], a variety of
methods have been developed for estimating I from the
brightness of the spots on the fluorescent screen[12]. These
indirect methods assume in general that the luminance is
linearly proportional to the electron current striking the
screen. The brightness of the spots can be measured directly
with an external spot photometer[126], or indirectly from a
photographic plate{[127] containing the negative image of the
spots. The latter technique was modified by Frost
et al.[128] who used a computer-controlled Vidicon camera
to digitize the darkness of the negative image of the spot.
The data acquisition time in the spot photometer technique
is comparable to the Faraday Cup method. The photographic
methods, on the other hand, can cut down the actual LEED
experimental time dramatically. Records can be taken at 2 eV
intervals from 40 to 300 eV in just a few minutes, thereby
greatly reducing possibilities for contamination or beam

effects occurring while the surface 1is being studied.
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However this method 1is inconvenient from another point of
view, The developing of the films, and the subseqguent
analysis, can take a day or so. That means in practice that
the experimenter would not learn until perhaps two days
later of whether the data were satisfactory, or whether, for
example, errors in orientation had occurred to render the
whole exercise meaningless.

Recent advances in low-light-level TV cameras, and
faster microprocessors, had opened new possibilities for
direct scanning and digitization of the brightness
distribution on the LEED screen through the viewing window.
Such on-line methods can accumulate data in a minute or so,
and produce I(E) curves shortly after via an oscilloscope or
a printer. These shorter experimental times are very
significant for 1limiting the effects of beam-surface
interactions.

In this work both the photographic method described by
Frost et al/.[128] and an on-line TV camera method were

used. They are discussed in the following sections.

4.4.1 PHOTOGRAPHIC METHOD

This method uses a Nikon F2 camera (85 mm-f1.8 with K2
extension ring) placed in front of the viewport. Kodak Tri-X
35 mm black/white film (ASA 500) is used. The aperture of
the lens is normally set at £1.8 or £2.8 with exposure time
varying from 1 to 4 seconds depending on the brightness of

the spots. The shorter exposure time is usually adequate for
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LEED patterns from clean metal surfaces. With overlayers,
the intensities of the spots may be reducéd, so that longer
exposure times are required. /

When the screen is phétographed at 2 ev intervals from
40 to 300 eV, the total time required 1is less than 10
minutes even with 4-second exposures. The procedure requires
recording of incident beam current at each energy point for
later normalization of the measured intensities. The film is
developed in a tank wusing Acufine developer for 5 to 10
minutes at 75° to 80°C with gentle agitation. Some
experimentation with time and temperature 1is needed for
different LEED patterns. However, over-long developing times
will lead to saturation of the LEED spot images. After
fixing (Kodak rapid Fixer, =5 min.), the film is immersed in
distilled water at room temperature for about 10 minutes and
then dried. This provides a permanent record of the
diffraction patterns.

The digitization of the LEED spots involves placing the
photographic negative on a light table and scanning with the
Vidicon camera. The position of each spot is identified by
the co-ordinates of a cursor displayed on the TV monitor;
the cursor can be moved by the user via a joystick. The
circular region with a user-selected diameter centering on
each spot is digitized (Vidicon and Digitizer, Spatial Data
System, Galena, California) and the density values are

integrated subject to a background subtractiont. The summed

TBackground subtraction will be discussed in Section 4.4.3.
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intensities at each energy are divided by the appropriate

incident beam current. An optional grid transparency

correction{129,130] can be done off-line. The I(E) curves

are usually smoothed by a 3-point smooth routine. A

schematic diagram for the arrangement of the

computer-controlled digitization process is shown in Figure

4,7. The integrated intensities are then stored on cassette

tape and can be transferred to the mainframe computer

(Amdahl 470 v8) via paper tape.

The applicability of the photographic method depends on
two general assumptions:

1. the optical density for a spot on the film negative is
proportional to the amount of 1light that causes the
darkening; and

2. the intensity of a spot on the fluorescent screen is
proportional to the impinging electron flux.

Spots with comparable maximum intensity in the energy range

considered are analyzed with the same settings of black and

maximum levels. The analysis procedure is therefore faster,
but it is also important that individual spots span as much
as possible of the grey scale; this will yield better

peak-and-valley resolution in the subsequent I(E) curves.

4.4.2 TV _CAMERA METHOD

The TV camera method to measure relative intensities
directly from a LEED screen was first introduced by Heilmann

et al.[131). Since then various modifications involving
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video recording[132] and closed-circuit TV[133] have been
described. The tape recording method is fast, requiring only
several seconds to store a hundred 'frames' of LEED pattern
which can be analyzed later. However, the quality and
resolution of reasonably-priced commercially available video
recorders and tapes set a major limitation on the
applicability of this approach. 1In recent years, A/D
.converters and microprocessors have improved so much that
Heilmann et al . [134] have described the scanning and
digitization of particular LEED beams at some 500 data
points in only about 10 seconds. This can truly be said to
define an on-line method. The need for faster LEED data
acqguisition arises both from the need to minimize
beam-surface interactions, and to be able to test
experimental settings quickly prior to making measurements
(i.e. to overcome the serious problems noted above for the
photographic method).

I was working on the development of a video recorder
type system for this laboratory when we became aware of a
commercial video ‘LEED analyzer (Data-Quire Corp., Stony
Brook, N.Y.). Funds were then obtained to purchase the
latter which was incorporated into our new TV system. The
LEED measurement facilities based on this VLA 1is shown
schematically in Figure 4.8. The most important part of the
system 1is a 32K microprocessor (Motorola 6800). This
digitizes the video signals from the camera via an A/D

converter and also controls the LEED gun voltage via a D/A
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converter,

The TV camera used 1is of the intensified silicon
intensifier target type (COHU 4410/ISIT). An ISIT camera
basically consists of a photocathode tube and a silicon
target. When light passes through the camera lens on to the
photocathode tube, electrons are produced. In conventional
Vidicon cameras, the current from these eleétrons is a
measure of the light intensity. In an ISIT camera these
electrons are further accelerated on to the silicon target,
where more secondary electrons are produced, thereby
resulting in higher currents for given conditions than can
be obtained with a Vidicon camera. Consequently, an ISIT
camera is some 103 times more sensitive than a conventional
Vidicon camera. This enables the incident current to be kept
to low levels to minimize any heating or electron stimulated
desorption effects[135-137].

In a LEED experiment the TV camera 1is positioned in
front of the LEED fluorescent screen 1in such a way that it
gives a picture of the LEED pattern that covers
approximately the whole area of the video monitor screen.
For fixed values of the incident beam (energy, direction of
incidence) and for fixed conditions of the surface, the
latter picture is defined as a frame. Such a frame consists
of 256x256 picture elements (or pixels). The intensity of
each pixel can be digitized in a grey scale of 0-255. 1In
North America, only 1/60 second is required for a single

scan of all 65,536 pixels of each frame. The scan starts at
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the upper left corner and moves left to right first along
the topmost horizontal line exactly one éixel wide, and then
continues down to scan all 256 horizontal lines in order. It
is possible, at least in principle, to digitize the desired
LEED spots within the time taken to scan the whole frame.
This is indeed the case 1in the latest system used by
Heilmann e¢ al.t134]. However, the digitization rate of the
central processor unit of our VLA is much 1lower than the
scanning rate, so a slightly different approach is taken to
'buy time' for the digitization process. The digitization is
done columnwise: only one of the 256 pixels on the same
horizontal line 1is digitized 1in a single scan. In other
words, it takes as many scans as number of pixels to
digitize a row of such pixels, whereas only one scan is
required to digitize a column of (any number of) pixels in
each frame. A frame can therefore be viewed as being made up
of 256 columns of pixels, and the complete digitization of
the latter requires 256/60 seconds.

To further reduce the data acquisition time, only the
user-selected 10x10 pixel windows superimposed on desirable
LEED spots observed on the video monitor screen are
digitized. For an isolated window, 10 scans (because there
are 10 columns of pixels), which will be called a pass
(10/60 seconds), are required to digitize the 100 pixels
inside. In general n such passes, or n/6 seconds, are
required to digitize n selected windows on the TV monitor,.

However, due to the columnwise digitization, windows not
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lying on the same horizontal scanning path (10 pixel wide)
ﬁan be digitized 1in the same pass. Thus to speed up the
digitization procedure, it is sometimes necessary to rotate
:the TV camera in such a way that the desired windows lie on
non-overlapping horizontal paths. Figure 4.9 illustrates how
-eight windows on a square net can be measured in one pass
with the appropriate rotation 1instead of three passes
otherwise. On average, the data acquisition time for n spots
would be 167¢y/n msec. The time-saving routine is particularly
useful when multiple scanning is desired to enhance the
signal to noise ratio. Comparing to the system used by
Heilmann et al/.[134], the measurement of a single spot by
the VLA takes almost 10 times as 1long. The former system,
however, measures only a maximum of 4 spots per run; whereas
the VLA can measure up to 49 spots per run. So when
measurements are required from a LEED pattern of 25 spots,
the VLA takes only about twice the time in data acquisition
as does Heilmann et al.'s system.

At each pass, the position of the pixel with the

maximum intensity I inside each window is noted together

max

with the value of I The sum of the intensities of the

max*

100 pixels are stored as the 'hundred sum' or HSUM. In
addition, the computer also stores the number (N) of those
pixels which have intensities higher than a wuser-selected

fraction of 1 and the summed intensity of these pixels

max’

is called the NSUM. The quantities I " HSUM, NSUM and N

max’

are further 1illustrated 1in Figure 4.10. The HSUM's are
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(a) 3 passes required for the digitization of 8 LEED
spots on a 'perfect' square net. The particular
routes chosen by the computer tend to optimize
the time-delay between digitization of each
spot.

pass ]

(b) 1 pass reqguired for the digitization of the same
spots as in (a) with a slight rotation of the TV
camera. '

Figure 4.9: Schematic illustration of the number of passes
required for digitization of 8 LEED spots in a square net.
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usually used to represent the relative intensities in I(E)
curves. With a careful preset fraction, the NSUM's and the
N's can be wutilized to estimate suitable background
corrections. This procedure will be discussed in Section
4.4.3.

Once a frame is digitized, one of thé parameters of a
LEED experiment is changed to give the next frame. In this
work, the interest is especially in I(E) curves, so the
normal procedure is to change the energy of the incident
beam (e.g. by 1 or 2 eV). The change can either be positive
or negative, but spot positions in the new frame will have
changed slightly from the preceding frame (assuming of
course that the change in energy is small). The VLA provides
two tracking modes for the spots, which are available at the
user's discretion. One of these is the computer-controlled
mode: the new spot positions on the screen are calculated by
the computer from information on unit mesh dimensions and
directions entered by the user at the beginning of the run.
The other tracking mode is referred to as the 'dynamic
correction' mode; it uses the positions of those pixels with
I nax in the preceding frame as the centers of the new
windows. There 1is a user-selectable threshold intensity
value to trigger 'dynamic correction'; when I .. is below
this threshold intensity, the calculated mode must be used
exclusively. The 'dynamic correction' mode should be used

with caution when either the LEED pattern is generally weak,

or when bright spots arising from fluorescent screen burns
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are present. In the first case, the feedback tracking may be
distracted by the general background light, while in the
second the cursor may latch on to the bright spots when the
actual LEED spots are close to the former.

Subsequent treatments of data for normalization, grid
transparency correction and 3-point smoothing are done

off-line.

4.4.3 BACKGROUND SUBTRACTION

In the photographic method, as traditionally used 1in
this laboratory, a fairly elaborate background subtraction
scheme could be included because analysis time is not a
crucial factor in this approach. Here a circular LEED spot
is assumed to have a radius r which is user-selectable but
is constant for all the spots 1in the same run. The
background intensity is then estimated as the average of the
intensities of all the pixels 1lying on a thin annulus with
width Ar and mean radius (r+Ar/2). The product of this
background density and the area of the spot is subtracted
from the spot's integrated intensity to give a 'background
free' value.

Somewhat similarly in the on-line system described by
Heilmann et a!/.[134], a window of nxn pixels is assumed. A
hardware adder sums the intensities of n pixels on each
parallel line in the window, and stores the line-sum Lih(for
the ith line). The procedure is repeated for n lines in the

window, and the total intensity is then the sum of L.
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through L. . The background is defined as n(L,+ L, )/2 and is
subtracted from the total intensity. The above procedure is
represented schematically in Figure 4.11. With the uée of
the hardware adder, the time required for the background
subtraction step is relatively short. The above pro¢edure
assumes that the spot is well-centered in the window, which
can be achieved by calculated and/or dynamic tracking modes.

Due to the comparatively low digitization rate and the
lack of a hardware adder, this procedure is not available
with our video LEED analyzer. Although profiling of a spot
can be done by software, background subtraction with
Heilmann et al.'s scheme would inevitably put a severe
strain on both the speed and the core space of the central
processor when the VLA 1is wused for multi-beam analysis.
Currently two rather simple methods, which were originally
propbsed by Strozier and Jona[138), are used with our VLA
for estimating background corrections. The philosophy of
approach partly takes note of the fact that there is no
universal definition of background intensity in LEED. In any
event, for both the methods we currently use, the
subtraction step is done off-line.

The first approach used with our VLA defines the
background B as the intensity of the area between two
neighboring LEED spots. In its implementation, the windows
are moved (initially by the wuser, then by the calculated
tracking mode) to these areas after the digitization of the

LEED spots of interest for the appropriate energy range.
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HSUM of these windows is taken as B. To reduce the time
spent on acquisition of background intensities, only a few
representative areas need be scanned. Figure 4.12(a)
1llustrates how two such areas may be selected for a nine
spot LEED pattern. In this example, X and Y represent
background between strong/weak and weak/weak pairs of LEED
spots respectively. Thus only one background intensity 1is
recorded for each type of related bairs of beams. In this
approach, it is preferable to select areas not lying on the
same horizontal path; this 1is to exploit the columnwise
digitization process.

An unsatisfactory feature of this approach arises when
two neighboring spots have very markedly different
intensities. 1In such cases, the initially-determined
background correction B, such as from the area marked X 1in
Figure 4.12(a), will be dominated by the brighter spot as

shown in Figure 4.12(b). Weighted backgrounds, such as
b, = BI,/(I,+I,) and b, = BI,/(I,+I,) (4.4)

may then be more appropriate. 1In equation (4.4), I, and 1I,
are the total intensities of the two LEED spots, and b, and
b, are the corrected background values. This simple method
‘has the 1limitation that when the spots are very close
together, there may not be enough room to accommodate the
window for measuring B. When that occurs, another method can

be used.
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Figure 4.12: LEED spot background intensity approximated by
HSUM of a window between neighboring spots.
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The second method uses the NSUM and N introduced in
Section 4.4.2. While HSUM represents the total integrated
intensity of the 100 pixels in a window, NSUM gives only the
sum of the intensities of those N pixels whose intensities
are greater than a pre-determined fraction of the maximum
pixel intensity (Imax) in the window. The background for a

LEED spot with these sums and N is defined as
B = (HSUM - NSUM)/(100-N). (4.5)

The numerator in equation (4.5) corresponds to the shaded
areas in Figures 4.13(a) and 4.13(b). The denominator
represents the number of pixels in the shaded area. 1In
effect, B gives an approximation to the averaged ‘intensity
in the 'tails' of the intensity distribution curves shown in
Figure 4.13. It is evident from the same figure, that the
applicability of this method depends on the choice of an
optimum fraction for NSUM. The latter is user-selected and
has values of 1/2, 1/4, 1/8,..... Before any data
acquisition, the wuser should scan the whole LEED energy
range to determine the appropriate value for the NSUM if
background subtraction with equation (4.5) is desired. The
value of B is unstable when N is very close to 100. This
occurs when the selected fraction 1is a low value such as
1/16 or 1/8. To avoid this, a value of 1/2 is generally
used. However, some 'injustice' will be done to the sharper

spots such as the one shown in Figure 4.13(a). Here, the
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Figure 4.13: Schematic illustration of the use of HSUM and
NSUM for the estimation of background. The shaded 'tails' in
(a) and (b) represent the difference (HSUM-NSUM). The
average background is defined as this difference divided by
the number of pixels that make up the tails. (c) and (4)

represent two types of spot where HSUM=NSUM, and eguation
(4.5) is not applicable.



162

spot would have an apparently low intensity since a
significant part of its 'real’ infensit& is taken as the
tail. Equation (4.5) 1is not applicable when N equals 100.
This is the case when the spot 1is either extremely bright
(Figure 4.13(c)) or has a relatively flat intensity
distribution curve (Figure 4.12(d)). Bright spots can be
avoided by lowering the gain of the 1ISIT camera.
Unfortunately, this will lead to an across—-the-board
reduction in LEED spot intensities. As a result some weaker
spots may be 1lost. At the present time, there 1is no good
solution for the 'flat-top' spots, although the latter were
rarely observed in this work.

' Figure 4.14 compares the (0,1) beam from a clean
surface of Rh(111) obtained by the VLA, with and without
background corrections. Smoothing is deliberately omitted so
that any abnormal features resulting from the two simple
background correction schemes may be 6bserved. In general,
background correction according to equation (4.4) levels the
base lines of I(E) curves satisfactorily; but it does not
greatly affect the positions and shapes of peaks. Background
subtraction utilizing NSUM enhances the sharpness of peaks
appreciably; but this scheme may lead to unexpected
appearance of peaks and valleys, possibly due to ‘'unfair'
subtraction from very bright spots. One such subtraction is
evident at the 150 eV peak in Figure 4.14 (curve c), where
the large peak turns into a small dip. Therefore caution has

to be taken when wusing NSUM for estimating background
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Figure 4.14: Experimental I(E) curves for (0,1) beam of
clean Rh(111) surface (6=0°, no smoothing). (a)No background
subtraction. (b)Background subtraction using equation (4.4).
(c)Background subtraction using equation (4.5).
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corrections.



CHAPTER 5

STABILITY OF LEED FRACTIONAL ORDER BEAM INTENSITIES
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5.1 INTRODUCTION

While making multiple scattering LEED intensity
calculations for O adsbrbed on the 2Zr(0001) surface, I
observed a strong tendency for corresponding fractional
order beam I(E) curves to be closely constant with changing
adlayef coverage, specifically from quarter monolayer (2x2)
structures to half monolayer (2x1) structures. This appears
as an interesting observation which apparently contrasted
with an indication by Shih et al.[40] that these
translational symmetries could be distinguished by LEED
crystallography for models of dissociated CO on the (0001)
surface of titanium. Nevertheless the observation here
reinforces and extends similar observations by Yang
et al.[139), and it further provides support for some
approximate schemes of multiple scattering calculation such
as the quasi-dynamical method[140,141], diagonal dominant
method[142], unit cell reduction method[139,143] and beam
set neglect method[51]. The lastv method, which was
introduced by Van Hove et al., is especially useful in
making tractable the calculation of LEED intensities from
surface structures with large unit meshes.

When I(E) curves for related fractional order beams are
closely independent of coverage, for constant adsorption
site, there 1is an implied 1insensitivity of the LEED
technique to surface coverage. In one sense this may be seen
as a disadvantage, but equally, 1insofar as these beams are

independent of the wunit mesh area, multiple scattering
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calculations may be made with smaller unit mesh areas. The
latter would reduce the beam requirement in K-space. Yang
et al.[139] concluded that the stability in the fractional
order I(E) curves with changing coverage requires a constant
substrate environment around each adsorbed atom and
negligible scattering between the adsorbed atoms.

Given a potential wusefulness for the stability in
fractional order beam intensities as discussed by VYang
et al.[139], further investigation of the range of its
applicability appears .useful. This requires consideration of
the effects of changing scattering strengths for the
adsorbate and substrate atoms. 1In general the closer the
adsorbate atoms are to one another, the more important
should be the scattering within the adsorbed layer[106], and
therefore according to Yang et al.[139] the greater are
likely to be the differences in corresponding I1(E) curves
with changing coverages. This brings out the importance of
new observations for the adsorption of O on 2r(0001)
surface, since for three-domain p(2x1) models neighboring O
atoms are then relatively close (i.e. separated by just the
substrate interatomic distance), and therefore larger
multiple scattering contributions may be anticipated. Thus
further comparisons between p(2x1) and p(2x2) structures
should be helpful for illuminating the range of
applicability of the fractional order beam stability first

discussed by Yang et al/.[139].
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Comparisons between sets of calculated intensity curves
can be assessed with the methods developed for comparing
experimental and calculated I(E) curves in LEED
crystallography. Therefore the next section reviews the LEED
reliability indices which are used in this chapter, as well
as in the next for structural analyses for oxygen adsorbed

at the 2r(0001) surface.

5.2 COMPARISON OF I(E) CURVES: THE RELIABILITY INDICES

In LEED crystallography, I1(E) curves calculated with
different models are compared with the corresponding
experimental I(E) curves until a 'best fit' is obtained.
Traditionally such comparisons were made by visual
inspections, but this approach becomes increasingly unwieldy
in general. The need for some mathematical functions which
can systematically make these comparisons is well
documented([144). The reliability indices (or R-factors)
proposed by Zanazzi and Jona[145] and by Pendry[146] are

described in the following.

5.2.1 ZANAZZI-JONA R-FACTOR

Zanazzi and Jona[145] have proposed a mathematical
index which compares I(E) curves with regard to all features
which seem important from the experience of visual

comparisons. For a single beam, these authors used
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Jw(E) |1} - cI!|dE
r = c t , (5.1)
J1.GE

where I, and Iy refer to experimental and theoretical
intensities respectively; the primes indicate first
derivatives. The integrals are over the energy range where
the experimental and theoretical data overlap, and the
function w(E) is defined as

|1g - cIf|

w(E) = ° ) (5.2)

ITel * [Telnax

Here double primes indicate second derivatives, |Ié|max is
the maximum value of |I_ |, and c is a scaling factor which
is taken as the ratio of the mean experimental and

calculated intensities such that

_ J1.8E

c . (5.3)

) f1,dE
For a single beam, the function r in equation (5.1) has the
property that the lower its wvalue, the better is the match
between the experimental and calculated I(E) curves.

The use of the scaling factor c makes r independent of
the absolute value of intensities of the I(E) curves.
However, r is not dimensionless, and because of this Zanazzi

and Jona proposed the reduéed index
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Lzj = r/ro, (5.4)
where r, has been given the numerical value o0f 0.027, which
represents an average from a set of random curves. For
comparing intensity curves from several diffracted beams,

one R-factor discussed by Zanazzi and Jona is

= ii i
sz = Z AE rzj/ZAE ’ (5.5)

where i runs over over all the individual beams. This

represents an average of the r values of the individual

2]
beams, weighted according to the energy range (AE) over

which the comparison with experiment has been made.

5.2.2 PENDRY R-FACTOR

Pendry[146] proposed an alternative multi-beam R-factor
which avoids the use of second derivatives, and apparently

has a clearer significance for high values. This is
- i _ yiye2 iy2 iy2
R, = ZJ(Ye Yy) dE/Z JU(¥g)? + (¥1)2]dE, (5.6)
i i

where again the summations are over the different beams 1i.
The Y are functions of energy formed from the I(E) curves,

and they are defined as
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Y = L/(1 + L?V,,), ' (5.7)

where the L are logarithmic derivatives
L(E) = dlnl/dE (5.8)

for both Yé and Y%, respectively derived from the
experimental and theoretical I(E) curves. In (5.7), Vo; is
the imaginary part of the constant 'muffin-tin' potential
used in the multiple scattering calculations.

A comparison of identical sets of I(E) curves would
yield a value of R_ equal to zero, but the denominator in

1%

equation (5.7) tends to restrict R, to about one when a
comparison of random sets of I(E) curves are made (assuming
the product YéY% have random signs and magnitudes). Rp
emphasizes the positions of peaks and troughs in the curves
being compared; moreover all maxima and minima receive

essentially equal weights in the comparison.

5.2.3 NORMALIZATION OF R-FACTORS

sz and Rp have the property that the smaller their
value, the better the agreement between two sets of 1I(E)
curves; in case of identical sets, the R-factors would be
zero. Van Hove and Koestner[146] discussed several other
(simpler) reliability indices for LEED, but, for all, these

authors introduced normalization constants to ensure that

the indices generally fall between 0 and 1. Van Hove and
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Koestner proposed that a normalization constant of 1/2 is

appropriate for R_. and R_, and R-factors reported in this

zj
work have all been normalized with this additional factor.

5.3 (2X1) VERSUS (2X2)

During the LEED study of oxygen adsorption on Zr(000t),
a diffraction pattern corresponding to a (2x2) surface
structure was observed. The LEED pattern (and the I(E)
curves) exhibited an apparent 6-fold symmetry at normal
incidence; this 1is due to "the existence of two sets of
domains arising from either the A or B termination
characteristic of a hcp(0001) surface (Figure 5.1). Figure
5.2 details that the observed (2x2) diffraction pattern may
arise from a (2x2) surface structure or from a superposition
of patterns from the three types of rotationaily related
(2x1) domains which may be present simultaneously on the
surface (models in real space are specified in Figure 2.9).

In order to assess whether LEED crystallography alone
is 1likely to be able to distinguish (2x1) and (2x2)
structures on a hcp(0001) surface, a series of multiple
scattering calculations were performed for the adsorption of
several atomic species on the Ti(0001) and Zzr (0001)

surfaces.

5.3.1 THE CALCULATIONS

I(E) curves were calculated for surface models with

Bravais lattice layers (Section 3.3.1) of adsorbate and
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Figure 5.1: (a)Side view and (b)top view of the two
possible domains resulting from the truncation of the bulk
structure of a hcp(0001) surface. The two domains are
related to each-other by a 180° rotation.
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substrate atoms, and the layers were stacked by the
renormalized forward scattering method (Section 3.4.2).
Normal incidence was used. in all cases. Thus a 3-fold
rotational and a mirror plane(xz) symmetry could be assumed
for the (2x2) models, and just a mirror plane(xz) symmetry
for the (2x1) models (beam 1labelling is detailed in Figure
5.2). For (2x1) structures, a calculation for Jjust one
domain is sufficient at normal incidence; the diffracted
beams of the other two domains can be obtained by 120°
rotations. In both (2x2) and (2x1) calculations, diffracted
beams which are related by a 180° rotation were averaged
with equal weightings to correspond to the situation that
real hcp(0001) surfaces generally consist of equal
populations of domains with A and B terminations.

The adsorption systems studied included
1. oxygen on Ti(0001);
2. titanium on Ti(0001);
3. tellurium on Ti(0001);
4. oxygen on 2r(0001); and
5. zirconium on zZr(0001).
Two adsorption sites (3h and 3f) were considered for each
adsorption system; an additional site (6u) was considered
for system (1). The adsorption site labels 3h and 3f
identify sites of 3-fold coordination (3h/3f distinguishes
whether each adsorbed atom is directly above an atom in the
second substrate layer/an octahedral hole in the substrate),

while 6u corresponds to the model in which the adsorbed
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atoms incorporate 1into the octahedral holes between the
first and second substrate layers. The interlayer spacings
used were Zr-2Zr 2.57 i, Zr-0 1.30 ﬁ, Ti-Ti 2.34 X, Ti-O 1.30
i, Ti-Te 2.07 X; phase shifts (to /=7) for titanium and
zirconium were deduced from band structure atomic
potentials[96], whereas those for oxygen and tellurium were
from Demuth et al.[98]. The imaginary part of the
'muffin-tin' potential (V°i) was given a constant value of

-5 eV for all systems.

5.3.2 R-FACTOR ANALYSES AND DISCUSSION

Calculated I(E) curves for four integral order beams
((o,0), (1,0), (1,1) and (Z,O)) and seven fractional order
beams ((1/2,-1/2), (1/2,1/2), (3/2,-1/2), (3/2,-3/2),
(3/2,1/2), (5/2,-3/2) and (5/2,-1/2)) for the corresponding
(2x1) and (2x2) structures were compared with the normalized

versions of R and Rp[144]. The results for comparisons of

2]
corresponding (2x1) and (2x2) I(E) curves for seven surface
structures and their total energy ranges of the I(E) data
are summarized in Table 5.1,

For comparing the I(E) curves from corresponding (2x1)
and (2x2) models, the Zanazzi-Jona R-factor (sz) may be
most suitable since it attempts to compare I(E) curves with-
regard to all significant features. The comparisons in Table

5.1 indicate very 1low values for and hence close

sz,
similarity between corresponding I(E) curves from the (2x1)

and (2x2) models. This statement holds true for different



Surface Inteqral beams Fractional-order beams

AE R, 3 Ry AE Rz Rp,
Ti(0001)-0 (3h) 714 0.020 0.105 952 0.010 0.025
Ti(0001)-0 (6u) 714 0,011 0.046 978 0.012 0.036
Ti(0001)-Ti (3h) 352 0.007 0.060 492 0.0089 0.049
Ti(0001)-Te (3h) 710 0.026 0.126 868 0.051 0.119
Ti(0001)-Te (3f) 710 0.041 0.135 868 0.047 0.143
zr(0001)-0 (3h) 364 0.028 0.120 508 0.005 0.033
2r(0001)-2r (3h) 364 0.013 0.122 508 0.019 0.130

Table 5.1: Comparisons of calculated I(E) curves for integral and fractional-
order beams for surface structures with (2x1) and (2x2) translational symmetries
on hcp(0001) surfaces according to the reliability indices of Zanazzi-Jona (Rz-)
and Pendry (R_). The energy range of I(E) data for each comparison is identified
by AE (in eV).

LL
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structural arrangements and for a variety of 1ion core
scattering factors. Nevertheless, there 1is a general
tendency for the fractional order beam R-factors to increase
with the scattering strength of the adsorbed species. This
trend is demonstrated by the series of O, Ti and Te adsorbed
on the 3h site of Ti(0001) surface. 1Inspection of the
fractional order beam I(E) curves (Figures 5.3 to 5.6) of
corresponding (2x1) and (2x2) . structures indicates
increasing, albeit small, differences from oxygen to
tellurium. Since the ion core scattering shows a general
increase with atomic number, tellurium is assumed to have
the highest scattering strength in this series of ad-atoms.
The fact that tellurium has a hard sphere radius slightly
larger than that of titanium suggests that neighboring Te
atoms are too close together for a real (2x1) structure to
be formed; nevertheless appreciable multiple scattering in
the adsorbed layer may be expected from a model calculation.

For integral beams the situation is slightly different.
For the (2x1) and (2x2) models of Ti (or Zr) on the (0001)
surface of Ti (or Zr) (with the appropriate bulk topmost
interlayer spacing), the I(E) curves of integral order beams
become very similar to the corresponding beams from the
(1x1) bulk-like surface. As a result, for example, sz
decreases for the integral beams on replacing O on Ti(0001)
by Ti or replacing O on Zr(0001) by Zr. Figure 5.7 shows the
(2x1) versus (2x2) comparison for the (1,1) beam from O on

2r(0001), and from Zr on 2Zr(0001). The latter pair of I(E)
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Figure 5.3: Comparison of calculated I(E) curves for the
(1/2,-1/2) beam for the corresponding (2x1) (dotted 1line)
and (2x2) (solid line) structures for adsorption of (A) O,
(B) Ti and (C) Te, at the 3h site on the Ti(0001) surface.
Single beam Rp and sz are indicated for each pair of 1I(E)
curves.
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Figure 5.5: Same as Figure 5.3, except for the (3/2,-1/2)

beam.
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curves are almost visually indistinguishable, which is also
indicated so by a very low value of sz.

Pendry's R-factor (Rp) emphasizes positions of. peaks
and troughs, and its values tend to be considerably larger

than the corresponding values of ; apparently R can

Rz37 p
exaggerate the effect of small differences 1in I(E) curves

because unlike R it does not put extra weights on

z]
prominent peaks. This is most evident from Figure 5.7. Here
sz increases almost 10 times while Rp is only doubled, from
a pair of nearly visually indistinguishable curves to a pair
of curves showing easily detectable differences in shape.
That suggests sz is more usefuyl for comparing I(E) curves
which match comparatively well (e.g. for refinement stages
of a LEED analysis) whereas Rp is better for the initial
stages of a surface crystallographic study.

This work developed from a LEED crystallographic
investigation for oxygen adsorbed at a 2r(0001) surface
(Chapter 6). It was found that with normal incidence
experimental intensity data for seven (3 integral and ¢
fractional order) diffracted beams multiple scattering
calculations were unable to distinguish between the (2x1)
and (2x2) translational symmetries for a variety of 1local
coordination models, although an early report by Shih
et al.[40] did suggest that there may be sufficient
differences in calculated I1(E) curves for the (2x2) and

(2x1) models of dissociated CO on Ti(0001) to distinguish

between such models. This 1is interesting since C 1is not
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Figure 5.7: Comparison of calculated I(E) curves for the
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likely to be a stronger scatterer than O; however small
differences may accumulate with a moré extensive set of
intensity data. Therefore the observation of Shih et al.
may have been possible because of the relatively large
amount of experimental data that they had available
(specifically, 10 beams over 2 directions of incidence).
Further study could be useful to .assess whether resulting
differences in R-factor values (for comparisons between
experimental and the corresponding calculated I(E) curves
from each coverage) could be large “enough to distinguish
between the two coverages. It is possible that the
similarity of I(E) curves from the (2x1) and  (2x2)
structures may be most pronounced at normal incidence where
the multiple scattering within the overlayers is small; this
is because atomic scattering factors for scattering angles
close to 90° are generally small, This suggests a strategy
for LEED analyses for such systems. First use normal
incidence data to determine the local adsorption site for
the ad-atom, then use data for shallow angles of incidence

to determine the unit mesh of the adlayer.

5.4 APPROXIMATE SCHEMES FOR MULTIPLE SCATTERING CALCULATIONS

The stability of the fractional order beam I(E) curves
with different adsorbate coverages implies that (1)
intralayer multiple scattering (at least in the adlayer) is
~weak compared to interlayer scattering, and (2) the wunit

mesh area of the adlayer can be reduced, but so as to keep
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an appreciable number of beams in common with the situation
for the original structure. These two aspects have been used
in wvarious attempts to simplify multiple scattering

calculations for more complex systems.

5.4.1 APPROXIMATIONS IN L-SPACE

At or near normal incidence, intralayer multiple
scattering can often be . relatively weak because such
processes require at least two large-angle (290°) scattering
events[139], whereas only one such event (back scattering)
need occur with interlayer multiple scattering. Thus the
effect of intralayer scattering may, to a reasonable
approximation, be treated kinematically. The latter
treatment yields a diagonal intralayer scattering matrix X
(equation (3.23)), which restricts angular momentum mixing
between neighboring atoms to the same (/m) pair (! and m are
the angular momentum quantum numbers -for characterizing
spherical waves). One of the most time-consuming steps in
the calculation of the diffraction matrix gii involves the
inversion of the matrix []1-X] (see equations (3.22) and
(3.23)); but the kinematical treatment leads to just the
trivial inversion of a diagonal matrix. In the
quasi-dynami cal met hod (QDM)[140,141], a stronger assumption
is made that intralayer multiple scattering can be neglected
in all layers. Indeed for moderately weakly scattering
crystals, such as Si and Ge, the quasi-dynamical and full

dynamical methods give similar intensity curves[147]. For
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strongly scattering atoms in more-compact structures, this
approximation is less satisfactory([148]. The results of this
work suggest that QDM may be more generally applicable if
the neglect of intralayer multiple scattering is restricted
to the adsorbed layers, regardless of scattering strengths.
A higher order approximation of intralayer multiple
scattering is considered in the diagonal dominant method
(DDM), which was proposed by Shih and Tam[142]. 1In this
method, angular momentum mixing between two atoms is allowed
only when m=m'; it therefore gives rise to a sparse (but
banded) intralayer scattering matrix X. The inversion of the
latter is computationally much 1less demanding than the
corresponding full matrix. Shih and Tam have shown that the
results from DDM for several ionic crystals agree very well
with exact calculations, although the comparison has been

limited to normal incidence calculations.

5.4.2 APPROXIMATIONS IN K-SPACE

The similarity between the calculated I(E) curves for
the corresponding (2x1) and (2x2) structures immediately
shows that the area of the unit mesh of the adsorbed layer
can be halved without significantly affecting the results of
the calculations. A very useful consequence of this fact 1is
the reduction in the number of beams required in a multiple
scattering calculation, because the number of beams required
is directly proportional to the wunit mesh area 1in a

particular adsorption system (equation (3.40)). In this work
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normal incidence is assumed, and therefore the scattering
problem for the (2x2) structure can utilize a higher surface
symmetry (namely a 3-fold rotation and a mirror plane) which
leads to fewer symmetrized beams compared to the (2x1)
calculation. In general, however, a smaller unit mesh area
is more favorable when off-normal incidence is considered.

The unit mesh size reduction method has been further
tested in this laboratory for the system
Cu(100)-p(2x2)-s{149]). Preliminary results have indicated
that even at off-normal incidence (6=14°) I(E) curves for
fractional order beams from p(1x2), p(2x1) and c(2x2) (for
constant 1local structure) are almost identical to the
corresponding I(E) curves from the full p(2x2) calculation.

From a physical standpoint, the unit mesh size
reduction method essentially breaks the surface structure
into smaller adsorption nets; and the reciprocal lattices of
the latter then combine to mimic that of the original
surface structure. From a computational standpoint, this
procedure is equivalent to ignoring all but two sets of
diffracted beams (the concept of beam sets has been
discussed in Section 3.5.2) in the multiple scattering
calculation for beam intensities.

More broadly, the full beam sets are required to define
the long range 2-dimensional periodicity of the adsorbed
layer, but they are less important insofar as beam
intehsities are concerned. The latter have been

shown[51,139] (and further supported by this work) to be
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determined primarily by short-range order (i.e. local atomic
environment). For a commensurate (pxg) sﬁperlattice, pg beam
sets are formally required for the calculation of its layer
diffraction matrix (Section 4.5.2) in an exact multiple
scattering calculation, thereby taking into account all the
possible scattering paths between pairs of diffracted beams.
By restricting the number of non-zero-angle scattering
events to just one or two, Van Hove et al/.[51] noted that
an emergent integral order beam 1is not affected by any
fractional order beams; whereas an emergent fractional order
beam is affected only by beams which belong to its own beam
set or to the integral order beam set. This is the basis for
their proposed beam set neglect (BSN) method for the
calculation of the diffraction matrix gii for the
superlattice. In this method, a fractional oraer beam set is
coupled with the integral order beam set to form a
mini-diffraction matrix for the adlayer. The subsequent
stacking of layers to obtain diffracted beam intensities for
this particular set of fractional order beams is the same as
the full dynamical treatment. This procedure can be repeated
"for all the other fractional order beam sets. The p(2x1)
calculations in this work thus represent a special case of
this generalized scheme; the diffraction matrix for the
p(2x1) structure can be taken as one of the mini-diffraction
matrices of the p(2x2) structure, but because of symmetry,
only one such matrix 1is required. In general, for a (pxQq)

superlattice structure, instead of calculating a
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superlattice diffraction matrix of dimension pgn (where n is
the average number of beams ﬁn each beam set), the beam set
neglect method simply calculates (pg-1) smaller matrices of
dimensioﬂ 2n. The savings in computing effort is
significant, especially 1in LEED studies involving a very
large superlattice, and for off-normal ‘incidence where
symmetrization of beam séts is minimal. This method has been
applied satisfactorily to a LEED analysis of benzene
adsorbed on the Rh(111) surface[51], although more tests are

needed to assess its general applicability.

5.5 CONCLUSION

This work has extended an observation of Yang
et al.[139], and shown that corresponding I(E) curves for
surface structures with (2x1) and (2x2) translational
symmetries on hcp(0001) surfaces can be remarkably similar.
For a (2x1) structure, atoms in the adsorbed layer are
separated by just the substrate interatomic distance, but
the previous statement is found to hold closely even over a
range of scattering strengths. Overall this study adds
further support to several approximate schemes for
simplifying multiple scattering calculations, at least for
the exploratory investigations of systems with long repeat
distances. Since the comparisons here are made for curves
which are basically rather similar, the Zanazzi-Jona and

Pendry R-factor procedures could be compared in ways that
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rarely have been tried before (for example, the values of
sz are low compared with the more usual comparisons between
experimental and calculated I(E) curves). Finally this work
emphasized again[150] that an appreciable number of LEED
I(E) curves are still required when the objective is to
distinguish between fine differences in a structural
analysis (and this includes distinguishing (2x1) and (2x2)

structures on hcp(0001) and fcc(111) surfaces).
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OXYGEN ADSORPTION ON ZR(0001)
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6.1 INTRODUCTION

Zirconium ranks twelfth among the elements in
abundance. It has found applications in construction for
nuclear reactors because it has a 1low absorption cross
section for neutrons as well as a high resistance to the
corrosive environments inside a reactor. The outstanding
cbrrosion resistance of zirconium and 1its alloys is due to
the formation of a protective but very thin film of oxide on
the metal surface. In fact the ease of oxide formétion makes
zirconium a useful getter material for oxygen, which is
widely used in the electronics industry. The generally high
reactivity of zirconium toward gaseous species also makes it
an important constituent of many catalytic alloys[151].
There is a growing interest in the adsorption properties of
zirconium due to its technological applications. Several
studies of the chemisorption of small gaseous molecules on
zirconium surfaces under UHV environments have been
reported[69,152-158], but most of these are concerned either
with polycrystalline zirconium or with thick films of oxide.

Structural information of adsorbates on metal surfaces
represents a fundamental requirement for developing
atomistic models both for simple chemisorption .and
ultimately for surface reactivity with the =~ adsorbing
species. Despite the numerous technological applications of
zirconium metal and 1its alloys, no structural data are
currently available for adsorption systems that involve

surfaces of zirconium., This may be attributed in part to the
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difficulties in obtaining a well characterized =zirconium
surface (Section 1.4). The present LEED crystallographic
study aims to reveal the atomic geometry of oxygen
adsorption on the (0001) surface of zirconium at relatively
low oxygen coverages. Specifically the intensities of LEED
beams from Zr(0001)-(2x2)-0 and from Zr(0001)-(1x1)-0 were
measured and analyzed. This study is potentially
challenging, not only because of the difficulties of working
with zirconium, but also because some uncommon structural
results may be expected following studies by Shih
et al.[41] for nitrogen adsorption on the (0001) surface of
another group 4 hcp metal, namely titanium. The latter study
suggested that N atoms form an wunderlayer structure by
occupying all octahedral hole sites between the first and
second Ti layers. Then the first three layers of the surface
region correspond closely to three successive (111) layers
of TiN. Since ZrO has the same NaCl type crystal lattice as
TiN, it 1is 1logical to ask whether oxygen adsorption on
zr(0001) surfaces would yield the same phenomenon of
underlayer formation, and this is one of the motivations for
the present LEED crystallographic study.

The present work was initiated by observations made by
Moore[130] at the end of his Ph.D. thesis, where several
I(E) curves were reportéd from the (2x2) and (1x1) LEED
patterns. However, initial calculated I(E) curves obtained
in the early stages of this work yielded poor agreement with

Moore"s measured I(E) curves. I then undertook a re-analysis
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of Moore's photographic record of the LEED patterns. That
confirmed the original I(E) curves, except for the
(3/2,-3/2) beam (see Figure 5.2 for beam notation) for the
(2x2) pattern, where the energies were 40 eV higher than the
correct values. With the corrected measured I(E) curves,
only slightly better agreement with calculated curves was
achieved.

Similar LEED patterns to those formed with oxygen
adsorption on Zr(0001) have been reported for oxygen on
Ti(0001)[159], but no structural results have yet been
published. Indeed once my work was at an advanced stage, we
learned that Shih and Jonal[159,160] had been unable to
complete a LEED crystallographic analysis for O on Ti(0001).
The latter system has since been studied by a wide variety
of surface techniques[161], yet so far there has been no
consensus on the question of oxygen overlayer versus
underlayer. let alone structural data. From the results
reported for oxygen adsorption on titanium and on
aluminum[162], it can be concluded that the initial stages
of oxidation of electropositive metal surfaces may not be
straightforward, but that only makes the present studies
more worthwhile,

In this work separafe LEED experiments and several AES
studies were carried out with an independent zirconium
sample to establish that the experimental data are
reproducible. The I(E) curves for the (1x1) pattern were

also measured with the new TV camera method while this
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thesis was being written, and they show a high degree of
reproducibility with the previously measured data. The
latest version of the multiple scattering calculations
computer programs provided by Van Hove[97] in 1983
facilitated model calculations for many complicated surface
models, some of which have been found to give better
agreement with experimental intensities from the

Zzr(0001)-(2x2)-0 structure.

6.2 EXPERIMENTAL

6.2.1 SAMPLE PREPARATION AND CLEANING

-

Initial zirconium specimens were cut by spark erosion
from 99.97% purity single crystal rods (grown by A. Akhtar,
Dept. of Metallurgy, U.B.C.) of 1" diameter. The normal to
the cutting plane was oriented to within 1° of the (0001)
direction in the crystal. After cutting, the samples were
mechanically polished with increasingly finer diamond paste
(9-1 u), and finally with 0.025 u alumina paste for about 1
minute. The samples were degreased thoroughly with
trichloroethylene, and then chemically etched in acid (45%
HNO,, 50% H,0,, 5% HF, by wvolume[163]) for 30-60 seconds.
This procedure resulted in a shiny surface without obvious
smearing when viewed with a 10X magnifier. The crystal slice
was mounted on a Varian resistive heater and a
chromel-alumel thermocouple was spot-welded to the sample

edge.
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Figure 2.12(a) shows an Auger spectrum measured with
the cylindrical  mirror analyzer (16 kHz  modulation
frequency) from a Zr(0001) surface on entering the FC12
chamber. Large quantities of C and O were indicated by the
Auger peaks at 272 eV (C,5,) and 510 eV (0;,,) respectively.
The Mo peaks came from the sample holder cup, which |is
sometimes struck by a small part of the electron beam from
the glancing incidence gun. Argon ion bombardment (0.8-1.2
kev, 4-5 pA) was then carried out at room temperature until
impurities other than C were reduced to below the detectable
amounts. At this stage, the sample was annealed at about
600°C for 30 minutes to drive most of the bulk carbon and
also sulfur to the surface. This was followed by several
cycles of Ar* bombardment (with decreasing primary energies
to minimize damage to the surface) and annealing until both
C and S were at their minimum coverages. Sulfur cannot be
detected directly by AES with the present resolution because
the sulfur Auger peak at 150 eV (or S,;s,) overlaps with the
zirconium Auger peak at 147 eV (2Zr,,,). However the presence
of sulfur can be detected indirectly by monitoring the peak
ratio of Zr,,,/2Zry,. The use of the Zr,, peak as a reference
was prompted by my observation that it was unattenuated when
the Zr(0001) surface was exposed to 1large doses of H,S.
After a total of about 50 hours of Ar* bombardment, the peak
ratio Zr,,,/Zre, reached a limiting value of approximately
1.35, which compared well with published data for a cleaned

zirconium surface[164]. Carbon contamination could not be
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removed to undetectable levels, and the minimum C,,,/2r,,,
peak ratio obtained was about 0.1, which is believed to
correspond to carbon coverage of 1less than 3% monolayer

(discussed further in Section 6.5).

6.2.2 MEASUREMENTS OF I (E) CURVES

Exposure of a clean Zr(0001) surface to research grade
oxygen (Matheson 99.99% purity) at a pressure of
approximately 5x10-° torr at temperatures below 100°C gave
rise first to the formation of a faint (2x2) LEED pattern
with diffuse diffraction spots, after an exposure of about 1
Langmuir (1 L = 10-% torr s). However the spots became
brighter and sharper when the sample was annealed at about
250°C for 2-3 minutes. Annealing at temperatures above 400°C
for a few minutes resulted in a depletion of oxygen, which
is presumably due to diffusion of oxygen into the bulk as
has been observed in adsorption studies on polycrystalline
zirconium[157]. With increasing oxygen exposure, the (2x2)
pattern became fainter and eventually a (i1x1) pattern
appeared, whose diffracted beam I(E) curves were different
from those of the clean surface. For even greater oxygen
exposures, the LEED pattern remained (1x1) but became
diffuse with an increasing background. The latter stage
possibly signaled multi-layer adsorption, as has been
proposed for reactive adsorbates on surfaces of
electropositive transition metals such as titanium and

zirconium{165].
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The sharpest (2x2) LEED pattern was obtained after the
sample was annealed at 250°C for 5 minutes, and then cooled
to room temperature. The Auger peak ratio Ogq,0/2r;;4 Wwas
then about 0.9, and this corresponds to 0.37 monolayer O
coverage, according to a calibration method with CO (Section
6.5). For the sharp (1x1) pattern, after the sample was
annealed at 250°C for about 3 minutes, the ratio Og;,0/2r 74
was 2.0, which corresponds to 0.8 monolayer oxygen coverage.

Diffracted beam intensities for both oxygen structures
were measured at normal incidence by the photographic method
at 2 eV intervals. Before the introduction of the TV camera
method to this laboratory, normal incidence was established
by adjusting the sample manipulator micrometers until, by
visual inspection, the appearance and disappearance of the
supposedly symmetrically equivalent beams were synchronized
as the incident energies were varied. Figure 6.1 shows the
I(E) curves of the six 'equivalent' (1,0) beams, as well as
the average of these curves for 2Zr(0001)-(2x2)-0, at normal
incidence adjusted by the above visual method. With
experience, this method works reasonably well, and an
assessment is made in Figure 6.1 by reporting values of R

p
and R,. for the 1individual beams in comparison with the

z]
averaged beam. In the later stages of this work, the normal
incidence adjustment could be made more objective with the
use of the video LEED analyzer; I(E) curves of equivalent

beams were then compared on-line to assess the accuracy of

normal 1incidence. With the photographic method, I
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Figure 6.1: Comparison of experimental I(E) curves of six
'equivalent' (1,0) beams (solid lines) obtained at normal
incidence for 2Zr(0001)-(2x2)-0 with the averaged curve
(dotted line). Single-beam Rp and sz are also given for
such comparisons.
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re-measured I(E) curves for seven ' diffracted beams
designated (1,0), (1,1), (2,0), (1/2,-1/2), (1/2,1/2),
(3/2,-1/2) and (3/2,-3/2) for the (2x2) structure, and for
the two diffracted beams designated (1,0) and (1,1) for the
normal incidence (1x1) structure (beam notation follows that
of Figure 5.2). Measured I(E) curves from different beams
which are expected to be equivalent from symmetry and for
equal populations of the possible rotationally related
domains (Figure ©5.1) were averaged to take up minor
deficiencies in alignment[54], but all essential structure
was apparent in the individual beams. My data agreed closely
with those of Moore; the high reliability of the
experimental data is suggested by the representative
comparison in Figure 6.2 for I(E) curves of the (3/2,-1/2)
beam measured in this work and by Moore for the
2r(0001)-(2x2)-0 diffraction pattern.

During the writing of this thesis, I(E) curves for the
two diffracted beams of the (1x1) pattern were again
measured in a collaborative project on a different zirconium
single crystalt. I prepared the new Zr(0001) surface, and P.
Wong completed the LEED measurements with the VLA; the
resulting intensity data compare well with previous
measurements. Figure 6.3 shows I(E) curves for the (1,1)
beam measured by the two methods. The positions of major

peaks and valleys compare rather favorably, which is

T The single crystal was kindly provided by P.R. Norton,
AECL, Chalk River Nuclear Laboratories.
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normal incidence.
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supported by a reasonably low value of Rp. The slightly

higher value of sz is a result of differences 1in peak
shape; I(E) curves measured by the VLA ténd to yield broader
peaks and valleys. This may be a consequence of the rather
simple background subtraction scheme employed in the VLA

method; specifically the intensity of the areas between

neighboring spots were used for background estimation.

6.3 STRUCTURE ANALYSIS OF ZR(0001)-(2X2)-0

6.3.1 MULTIPLE SCATTERING CALCULATIONS

I(E) curves for an extensive set of adsorption models
were obtained using the 'combined space' approach to
multiple scattering calculations. The specific methods used
for different categories of surface models are discussed
below. The following details the non-structural parameters
which were kept constant for all surface models considered.
The potential was expressed in the usual 'muffin-tin' form.
The real part of the constant potential (VOr) between the
atomic spheres was set initially at -10.0 eV, and the
imaginary potential (Voi) was fixed at -5.0 eV. For atomic
potentials, zirconium was chafacterized by phase shifts (61,
up to [=7) derived from a band structure potential{96], and
for oxygen the superposition potential obtained by Demuth
et al.[98] was used. The Debye temperature (6p) used for
zirconium was 270K (an average value from the compilation by

Schneider[166]), and for oxygen 843K (a value suggested by
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other LEED analyses involving oxygen adsorption on metal
surfaces[56,97]). The experimental temperature was estimated
at 300K.

The dramatic increase in sticking probability for
oxygen molecules on polycrystalline zirconium surfaces from
room temperature to temperatures even below 100°C observed
by Hoflund et a/.[152), and the appreciable charge transfer
from zirconium to adsorbed oxygen reported by Tapping[156]
are indicative of dissociative chemisorption[167). The LEED
patterns observed 1in this work are believed to involve
atomic adsorption, and no molecular models were tested in
the multiple scattering calculations. Figure 6.4 shows
several possible adsorption sites for oxygen atoms on top of
or underneath the topmost layer of a 2Zr(0001) surface
conforming to the hcp structure or the reconstructed fcc
structure. The surface models considered in the calculations
included oxygen overlayer (Zr-O interlayer spacing from 1.4
to 0.0 X), single oxygen tetrahedral underlayer (both a; and
b, in Figure 6.4, with the shorter Zr-O interlayer distance
being varied from 0.7 to 0.4 A), as well as single, double
and infinite (i.e. bulk) oxygen octahedral underlayers.

Due to the large number of adsorption models tested,
they cannot be described .adequately by simple designations
such as those used in Chapter 5. A generalized nomenclature
for surface models included in this work 1is explained as
follows. The symbols A, B, C (with reference to Figure 6.4)

identify close-packed zirconium layers which are laterally
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Figure 6.4: Side view of the 2Zr(0001) surface with (a) hcp
and (b) reconstructed fcc stacking sequences to show some
~ possible oxygen adsorption sites. Upper and lower case
letters represent the registries of 2r and O layers

respectively. Except for b, and ay, all underlayer O atoms
occupy octahedral holes.
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displaced so that the hcp and fcc structures follow
respectively the familiar stacking sequences ABABAB.. and
ABCABC... Lower case symbols in parentheses have analogous
meaning for oxygen, except that the calculations are made
for O 1layers which have (2x2) or (2x1) translational
symmetry with respect to the zirconium substrate; (c), (c')
indicate two such layers which are displaced laterally from
one another by the vector sum of the substrate unit
translational vectors parallel to Zr(0001). A sequence of
layers from vacuum to the bulk is specified by listing the
appropriate symbols from 1left to right. The bulk layer
periodicity is indicated by the number of dots trailing the
list: if there are n such dots, the last n symbols are to be
repeated infinitely to represent the bulk.

Using this system of nomenclature, the surface models
(3h, 3f and 6u) of Chapter 5 are described as (b)AB..,
(c)AB.. and A(c)BA.. respectively, and the surface model
which involves oxygen underlayers occupying octahedral holes
in the bulk of a fcc lattice is written as
A(c)B(a)C(b)...... and so on. Unless otherwise stated, the
neighboring Zr-Zr interlayer spacing is held at the value
for zirconium metal (2.57 A). An oxygen underlayer occupying
octahedral holes of the lattice is assumed to be midway
between two successive Zr layers. For a tetrahedral-hole
oxygen underlayer, there are two different Zr-O interlayer
spacings; the shorter one was varied from 0.4 to 0.6 A,

while the longer one takes a value which gives the metallic
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Zr-Zr spacing when combined ‘with the shorter one.

The close similarity of corresponding I(E) curves for
the (2x2) and (2x1) models (with constant local environment
for the oxygen atoms as discussed in Chapter ©5) was
exploited in the multiple scattering calculations. In each
case, the translational symmetry which leads to the more
economical calculations was used. The general guidelines for
choosing between the (2x2) and (2x1) models are as follows.
1. For composite layer calculations which involve both 2r

and O in the same composite layer, the oxygen adlayers
are assigned a (2x1) translational symmetry. Such a
choice limits the number of subplanes in the composite
layer to two (compared to five if a (2x2) translational
symmetry is assumed for oxygen).

2. For calculations which involve only Bravais lattice
layers, the (2x2) translational symmetry is assumed for
oxygen whenever the resulting surface model preserves
the 3-fold rotational axis and mirror plane symmetry of
the clean surface at normal incidence; otherwise the
calculations assume the (2x1) translational symmetry for
oxygen, where the highest possible symmetry for the
surface region is just a mirror plane.

Therefore, calculations for surface models with two or more

layers of oxygen were done with the (2x1) model except when

the successive oxygen layers possess the same registry (e.g.

in A(c)B(c)....). The 1input beams for the (2x1) and (2x2)

calculations followed the beam labels of domain (B) for
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Figure 5.2(a) and Figure 5.2(b) respectively.

The stacking of layers was performed by the
renormalized forward scattering method for Zr-O interlayer
spacings (dy._,5) greater than 1.15 A, and by the layer
doubling method for d,._, less than 1.10 A. Calculated I(E)
curves of beams which are related by a 180° rotation about
the normal were averaged with equal weightings to take into
account the effects of domains due to the two terminations

of the bulk (Figure 5.1).

6.3.2 RESULTS AND DISCUSSIONS

Figure 6.5 compares the experimental I(E) curye of the
(1/2,1/2) beam with the corresponding I(E) curves from
representative model calculations. The latter are arranged
according‘to the extent of oxygen incorporation into the
bulk. The overall agreement between calculated and
experimental I(E) curves 1is not very good; this is
especially true for the overlayer models. More structure 1in
calculated I(E) curves is observed for models which involve
underlayer oxygen, and these structures become more
pronounced as the number of oxygen underlayers is increased;
this is presumably due to more multiple scattering of the
LEED electrons by oxygen atoms. These statements are
generally true for the other beams.

Comparisons of the complete set of experimental 1I(E)
curves (four fractional and three integral order) with the

corresponding set from each surface model calculation were
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Figure 6.5: Comparison of the experimental 1I(E) curve of
the (1/2,1/2) beam with the 'best' curves from selected
model calculations for 2r(0001)-(2x2)-0 at normal incidence.
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performed using the reliability index (Rp) proposed by
Pendry[145] multiplied with a normalization constant of 1/2
proposed by Van Hove and Koestner[146]. For a particular
surface model, several sets of I(E) curves corresponding to
different Zr-O interlayer spacings (er—O) were calculated.
Each set of these I(E) curves was compared with
corresponding curves from experiment, with rigid shifts of
the calculated curves with energy (in steps of 2 eV) for
fine-tuning the value of the real part of the constant
potential Vo, between the atomic spheres. To obtain the
minimum value of R for a particular surface model, the

P
values of R_ at various er-O and Vo, combinations were

p

interpolated and plotted as contour lines; these lines
therefore represent discrete values of Rp as a function of
both er—O and Vo - Figures 6.6-6.8 show such contour plots
for surface models which involve one, two and bulk
underlayers. Table 6.1 reports minimum values of Rp obtained
from contour plots, and the corresponding er—O and Vo, for
a series of model calculations in which the incident energy
is varied from 40 to 180 eV. Surface models for very short
dgr-0 (including O atoms coplanar with 2r) and the
tetrahedral underlayer models were tested for a restricted
energy range, and the calculated I(E) curves appear very
unfavorable, hence these models are not included in the
R-factor analysis presented in Table 6.1.

The models investigated in Table 6.1 can be categorized

as: (i) O overlayer, (ii) single O underlayer, (iii) double
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Surface Rp er-O(i) Vo, (eVv)
(b)AB.. (hcp) 0.410 0.99 -16.0
(c)AaB..(hcp) 0.380 1.03 -13.9
(b+c)AB. . (hcp) 0.365 1.10 -9.5
(c)Aa(c)BA.. (hcp) 0.373 1.25 -18.6
A(c)BA.. (hcp) 0.360 1.35 -14.5
C(b)AB.. (hcp) 0.332 1.36 -14.0
A(b)caB.. (hcp) 0.360 1.26 -13.4
A(c)BCA...(fcc) 0.363 1.36 -14.2
A(c)B(c)AB..(hcp) 0.350 1.37 -14.5
A(c)B(c')AB.. (hep) 0.352 1.28 -14.8
C(b)a(b')CcaB.. (hcp) - 0.350 1.27 -16.0
B(c)A(b)CAB.. (hcp) 0.337 1.33 -13.6
C(a)B(c)AB.. (hecp) 0.332 1.34 -12.4
A(c)B(;)CAB...(fcc) 0.324 1.34 -16.0
A(c)B(c)....(hcp) 0.350 1.35 -10.4
A(c)B(c')....(hcp) - 0.328 1.29 -14.0
A(c)B(a)C(b)......(fcc) 0.306 1.33 -14.0

Table 6.1: Minimum values of multi-beam R with the
corresponding 2r-O interlayer spacings (dg._5) and Vo,
obtained from the comparisons of experimental and calculated
1(E) curves based on oxygen adsorption models listed in the
first column for 2r(0001)-(2x2)-0 at normal incidence.



217

O underlayer, and (iv) bulk O structures. In principle O
adsorption in octahedral holes may occur within the
unreconstructed hcp structure for zirconium (i.e. ABAB..
stacking sequence), within a reconstructed hcp structure
(i.e. ACABAB..), or within structures which include varying
degrees of fcc reconstruction (e.g. from top layer
reconstruction CABAB.. through to the complete fcc
structure). The examples in Table 6.1 give some
possibilities for each category, and three interesting
trends appear: (a) overlayer models vyield very high values
of minimum Rp; the smallest value is 0.365, which is greater
than the largest values in the other groups; (b) the average
values of minimum Rp decrease with increasing numbers of O
underlayers, the values being 0.354 for category (ii), 0.340
for category (iii) and 0.328 for (iv); (c¢) within categories
(ii)-(iv) the lowest value of Rp occurs for the simplest fcc
type reconstruction which spans the depth of O atoms, that
is C(b)AB.. for category (ii), A(c)B(a)CAB... for (iii) and
A(c)B(a)C(b)...... for (iv). The high values of R, for all
the overlayer models support the view that chemisorption
occurs via some form of O underlayers; this is consistent
with a conclusion for oxygen adsorption on polycrystalline
titanium[161].

The lowest value of Rp found so far for the
Zzr(0001)-(2x2)-0 surface structure is 0.306 for the model in

which O atoms occupy octahedral holes within the fcc

reconstructed form of zirconium. Figure 6.9 compares the set
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of 1I(E) curves calculated from the surface  model
A(c)B(a)C(b)...... (with the optimum d,._4 and Vo ) with the
corresponding curves from experiment. The calculation
assumes a bulk-like structure, although in practice LEED
provides information on just a restricted number of ZIr
layers (e.g. 3-5); in any event, from the initial exposure
given, substantial O incorporation seems unlikely to extend
significantly deeper than the depth probed by LEED. Although
Figure 6.9 reports the best correspondence found to date
between experiment and calculation for the 2r(0001)-(2x2)-0
structure, the match-up 1is still less than ideal.
Nevertheless the favored model does have some reasonable
features. For example, the reported value of er—O equal to
1.33 A seems quite plausible, since it suggests that the
interstitiai O atoms expand the Zr-Zr interlayer spacing by
just 3.5% from that in zirconium metal. Further, the
resulting LEED-determined 2Zr-O0 bond distance of 2.29 A
agrees closely with the value 2.31 A given by X-ray
diffraction for bulk 2ZrO[168]. 1Incidentally the latter
compound has the sodium chloride lattice structure, and
.therefore (i) O atoms in 2r0O have the same local
coordination as indicated by LEED for the interstitial
Zr(0001)-(2x2)-0 surface structure; and (ii) the Zr atoms in

Z2rO form the fcc arrangement.
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6.3.3 STRUCTURAL REFINEMENT

Although the LEED analysis reported here apparently has
some consistency with other structural information, the
discrepancies in LEED intensities (particularly for the
(1/2,-1/2) beam where so far no adsorption models tested
yield a satisfactory match-up with the experimental curve)
still make this a challenging surface structure. Some
ingredients required for structural refinement are discussed
in the following. The trend of better correspondence with
increasing number of oxygen layers opens the possibility
that the original atomic scattering factor used for oxygen
may not be adequate, and that this deficiency is
artificially compensated for by the presence of more oxygen
layers in the model calculations. Since the LEED analysis
indicates a bulk-like oxide structure, that may suggest it
would be more appropriate to use an atomic potential for
.negatively charged O, derived from self-consistent crystal
lattice or cluster structure. A preliminary investigation of
this was undertaken in the analysis of the 2r(0001)-(1x1)-0
structure (Section 6.4.2). Even 1if the surface structure
used for Figure 6.9 is basically correct, some warping of ZIr
layers would be likely 1in the presence of (2x2) O layers.
That would introduce both an extra parameter, and a
complication in the multiple scattering calculations.
Nevertheless it is a refinement that should be considered in
future work. With incorporation of O into the bulk it seems

inevitable that there would be some degree of random
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occupation of O in the octahedral holes. A final refinement
is to consider the possibility of variation of structure in
different surface domains, perhaps with different levels of
fcc reconstruction.

Although the first two ingredients for refinement
listed above (i.e. negatively charged O and 1ZIr layer
warping) can be investigated with further multiple
scattering calculations, assessments of the other two
ingredients (disorder, different domains) will apparently
require analysis with the LEED fine-beam angular spot
profile technique[65]). That the fourth ingredient may be
relevant is perhaps tentatively suggested by the close
correspondence (as judged by optimal values of Rp)vfor the
different models considered in Table 6.1. Incidentally all

the models optimize R_ with Zr-O interlayer spacings in the

P
range 1.28 to 1.37 ﬁ; the corresponding set of Zr-O bond
lengths match the interatomic distance in bulk ZrO to within

about 2%.

6.4 STRUCTURE ANALYSIS OF ZR(0001)-(1X1)-0

6.4.1 MULTIPLE SCATTERING CALCULATIONS

The nomenclature of surface models follows the
convention for the (2x2) analysis, except that it is now
understood that the oxygen adlayers have (1x1) translational
symmetry. The non-geometrical parameters wused in the (1x1)

calculations were exactly the same as those used for the
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(2x2) analysis.

The bulk Zr-2r interlayer spacing used was 2.57 A. For
oxygen underlayers occupying octahedral holes in the bulk,
each O layer was assumed to be midway between two successive
Zr layers, unless otherwise stated. For surface models with
both O overlayer and O underlayer (e.g. (b)A(c)BA.. and
(c)A(c)BaA..), dy.-o for the O underlayer was fixed at 1.35 A
(an average value from the (2x2) analysis), while that for
the overlayer was varied from 0.7 to 1.4 A. For the
tetrahedral wunderlayer calculations, the shorter Zr-0
spacing was varied from 0.6 to 1.1 X, while the longer 2Zr-0
spacing was varied from 2.1 to 1.6 A in such a way that the
maximum spacing between the two topmost 2Zr layers did not
exceed 2.7 A.

The same criteria for selection of either the
renormalized forward scattering or the layer doubling method
described in Section 6.3.1 were applicable. The notation for
input beams follows that of the integral beams of the (2x2)
reciprocal lattice depicted in Figure 5.2(b). I(E) curves
were calculated at normal = incidence, and were

domain-averaged before comparing to experimental curves.

6.4.2 RESULTS AND DISCUSSION

Figure 6.10 compares the experimental I(E) curve for
the (1,0) beam with the corresponding curves calculated from
surface models ranging from O overlayer to bulk o)

underlayers. The first observation 1is that I(E) curves
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Figure 6.10: Comparison of the experimental I(E) curve of
the (1,0) beam with the 'best' curves from selected model
calculations for Zr(0001)-(1x1)-0O at normal incidence.
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calculated from models in which an O overlayer is present
show little structure in the energy range of comparison. The
same observation has been reported for fractional beams in
the (2x2) analysis. The second observation is that I(E)
curves calculated from models with single, double, or
infinite (i.e. bulk) O layers occupying octahedral holes
appear to be visually similar almost regardless of the
number of O layers. This suggests that the calculated . beam
intensities for integral beams are mostly contributed by the
substrate Zr atoms, which is presumably the result of the
greater scattering strength of Zr compared with O. The
latter group of I(E) curves also indicate  better
correspondence with the experimental curve, although the
'match' is less than ideal.

Table 6.2 reports the minimum values of Rp and their
corresponding d5,._o and V., obtained from the comparisons of
experimental I(E) curves (for (1,0) and (1,1) beams) with
those from model calculations. These values were derived
from contour plots, which are described 1in Section 6.3.2,
The models investigated in Table 6.2 can again be
categorized as: (i) overlayer, or combinations of overlayer
and a single underlayer,(ii) single underlayer, and (iii)

multi-underlayers. Category (i) has high average R values,

p
which tend to support the conclusion that O overlayers do
not form on Zr(0001) at low exposures, thereby showing some
consistency with observations from different techniques for

studies of oxygen chemisorption on the Ti(0001)
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Surface Rp er-O(i) Vor(eV)
(b)aB.. (hcp) 0.388 1.30 -14.0.
(c)AaB..(hecp) 0.332 1.47 -10.0
A(b,)BA.. (hcp) 0.365 0.70%,2.00% -8.0
(b)a(c)BA.. (hep) 0.330 1.40%,1.35°% -8.0
(c)A(c)BA..(hcp) 0.294 1.00%,1.35% -8.2
A(c)BA..(hcp) 0.264 1.38 -7.4
C(b)aB.. (hcp) 0.265 1.39 -7.0
A(b)caB.. (hcp) 0.240 1.37 -7.4
A(c)B(c)AB.. (hcp) 0.280 1.37 -6.2
A(c)B(c)AB.. (hcp) 0.283 1.37 -6.2
C(b)a(c)BA.. (hcp) 0.300 1.37 -8.3
A(b)C(a)BA.. (hcp) 0.300 1.37 -8.6
A(c)B(a)C(b)...... (fec) 0.306 1.33 ~14.0

'Top Zr layer to O layer; 20 layer to second 2r layer;

3For O overlayer; *For O underlayer.

Table 6.2: Minimum values

corresponding Zr-O interlayer

of

multi-beam R
spacings

(er-O)

with the

and Vo,

obtained from the comparisons of experimental and calculated
I1(E) curves based on oxygen adsorption models listed .in the
first column for Zr(0001)-(1x1)-0 at normal incidence.
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surface[162]. Unlike the (2x2) analysis, the smallest values
of Rp fall in the group of single O wunderlayer in which O
atoms occupy the octahedral holes between the first two Z2r
layers. However not much weight should be given to this
conclusion considering the fact that the experimental 1I(E)
data are only available for two beams. Nevertheless
information at this stage 1is still wuseful since it sets
limitations on possible models for further analyses.

The lowest value of Rp found so far for the
2r(0001)-(1x1)-0 surface structure is 0.240 for the surface
model A(b)CAB.., in which the O atoms occupy octahedral
holes between the first two Zr layers, while the registry of
the second layer is shifted so that the second, third and
fourth Zr layers resemble three fcc(111) layers. The latter
shift of‘registry again indicates that some degree of fcc
reconstruction is favored for the incorporation of oxygen
into the bulk of zirconium. Figure 6.11 compares the two
experimental I(E) curves with the corresponding curves
calculated from A(b)CAB.., while the R-factor contour plot
for this model is depicted in Figure 6.12. Although the
value of Rp for this model calculation is quite
satisfactory, this study only yields preliminary results for
the Zr(0001)-(1x1)-0 system since a very limited beam set
was available. For a complete analysis, more experimental
data (e.g. off-normal incidence 1I(E) curves) are required.

Nevertheless for the favored model, the first three atomic

layers correspond to the (111) layers of 2rO, which |is
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Figure 6.11: Comparison of experimental I(E) curves (dotted 1lines) for two
diffracted beams from 2r(0001)-(1x1)-0 with the corresponding I(E) curves
calculated for the adsorption model A(c)CAB.. at normal incidence with d;._5 at
either 1.37 or 1.41 A,
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Figure 6.12: Contour plot of multi-beam R for
2r(0001)-(1x1)-0 versus V,,. and Zr-O interlayer spacing for
the adsorption model designated A(b)CAB.. at normal
incidence.
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consistent with the conclusion for Ti(0001)-(1x1)N reported
by Shih er al.[41]. Moreover, the reported value of er-O
equal to 1.37 A seems guite plausible. This value suggests
that the interstitial O atoms expand the Zr-Zr interlayer
spacing by 6.6% from that in zirconium metal. The resulting

LEED-determined Zr-O bond distance of 2.31 & agrees exactly

with the value given by X-ray diffraction for bulk 2ro[168].

6.4.3 VARIATION OF PHASE SHIFTS

With the preliminary knowledge of the possible
formation of ZrO (at 1least in the top three layers), it
seems appropriate to assign some negative charge to oxygen
and to repeat the multiple scattering calculationé for the
surface models A(c)BA.., C(b)AB.. and A(b)CAB.. to see |if
any improvement can be obtained. For this purpose, five
additional sets of phase shifts were considered for 0 and Zr
corresponding to ionic charges of 0.00, 0.50, 1.00, 1.50 and
2.00 (here it is understood that the charge is positive for
Zzr and negative for O). The ion core potentials for each of
these species were derived following Matheiss[93] for a
sodium chloride type 2ZrO lattice (Figure 3.4), in which O
has the same local environment as in the adsorption model;
the input wavefunctions for atomic Zr and O were obtained
from Clementi and Roetti[169], and the. exchange terms (a)
used were 0.70 and 0.74 for Zr and O respectively. The
'muffin-tin' radii for 2r (r,.) and O (r,) were estimated by

matching the radial distributions of the potentials for 2Zr
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Charge ro(i) rZr(ﬁ) Potential (eV)
0.00 1.01 1.30 -13.12
0.50 1.05 1.26 -11.12
1.00 1.09 1,22 -9.06
1.50 1,11 1.20 -6.14
2.00 1.13 1.18 -4.78

Table 6.3: Variation of 'muffin-tin' radii for O (rjy) and ZIr
(ry,.) with ionic charge on O (negative) and 2r (positive)
respectively from calculations of ion core potentials for
the two species in a ZrO crystal lattice. The values of the
potential at hte 'muffin-tin' radii for each 2r0O 1lattice
with the specified ionic character for the two species are
also given.
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Surface | Ry er—O(X) Vo, (ev)
(i) o°
A(c)BA..(hcp) 0.330 1.41 -6.0
C(b)AB..(hcp) 0.360 1.39 -4.5
A(b)CAB.. (hcp) 0.340 1.39 -6.0
(ii) o _
A(c)BA..(hcp) 0.316 1.20 -5.0
C(b)AB.. (hcp) 0.326 1.38 -6.0
A(b)caB.. (hcp) 0.307 1.38 -5.5
(iii) 0-2
A(c)Ba..(hcp) 0.330 1.15 -5.0
C(b)AB..(hcp) 0.300 1.20 -8.0
A(b)caB.. (hcp) 0.360 1.39 -5.0

Table 6.4: Minimum values of multi-beam R_ for 2zr(0001)-
(1x1)-0 at normal incidence. The corresponging values of
er—O and V,,  were obtained from the comparisons of
experimental and calculated I(E) curves, for adsorption
models in which the three topmost layers correspond to the
three (111) layers of 2rO lattice. O phase shifts used were
derived from ion core potentials of (i) 0°, (ii) O-' and
(iii) 02 in a 2r0 lattice.
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and O. The nuclei of these species were fixed at 2.31 A
apart, and the distribution curves of potentials were drawn
in opposite directions until they crossed each other. The
latter crossing point to the respective centers of the two
species then defined the 'muffin-tin' radii. Table 6.3
summarizes values so obtained for the 'muffin-tin' radii and
the associated potential (in each case the latter may be
seen as a first approximation for Vo ).

Multi-beam  minimum Rp resulting from multiple
scattering calculations utilizing three sets of these new
phase shifts for O are given in Table 6.4. Although no
improvement on minimum R_ is indicated 1in this study, the

p
trend in the average value of minimum R_ for the three

P
surface models suggests that some partial negative charge on
O may be more favorable. The 'muffin-tin' radii for O given
in Table 6.3 appear unusually large. In future studies it

may be preferable to calculate the 1ion core potentials 1in

clusters with some self-consistent charge adjustment.

6.5 INTERPRETATION OF ADSORBATE COVERAGES

In order to determine the oxygen uptake characteristics
of the Zr(OOOﬁ) surface, research grade oxygen (Matheson
99.99% purity) was leaked into the FC12 chamber through a
leak valve (with both the titanium sublimation pump and the
main ion pump operating) at room temperature, at a pressure
of 5x10-% torr 1indicated by an 1ionization gauge 1in the

chamber. No detectable changes were observed 1in the mass
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Figure 6.13: A plot of Auger peak ratio Og,0/2r,54 and
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Langmuir, 1 L = 10-¢ torr s) to the (0001) surface of
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(2x2) and (1x1) patterns are also given.




235

spectra, or in surface contamination levels as indicated by
AES. The Auger peak height ratio Os,0/2r,;, was measured as
a function of oxygen exposure, as shown in Fiqure 6.13., No
breaks were apparent in this curve around the coverages that
correspond to the (2x2) and (1x1) LEED patterns. The other
observation (not shown in the figure) was that the curve did
not level off even at the high oxygen exposure (=20 L)
considered 1in the experiment, although the slope did
decrease. This behavior may be attributed to the ease of
formation of oxygen multi-overlayers on group 4 hetal
surfaces[164], or to the fact that the 2r,,, peak (&hich
corresponds to an MVV Auger transition) is attenuated with
high oxygen coverages[157].

The lack of apparent breaks in the oxygen uptake curve
means that there are no reference coverages for calibration
of the O0g5,0/2r,,4 ratio. The fractional monolayer oxygen
coverages given in Figure 6.13 were actually calibrated
using CO wuptake data of Moore[130], which are shown in
Figure 6.14. Here Cy,5/2r,,, and Os,0/Zr,7, Auger peak
height ratios are plotted against CO exposure. In contrast
to the oxygen exposure experiment, the wuptake curve of CO
shows a sharp break at saturation coverage, where a (1x1)
LEED pattern appearsT. The same uptake behavior was also
observed for heteronuclear molecules (e.g. CO, NO and N,0)

on polycrystalline zirconium surfaces by Foord et al.[157].
tThis pattern was also observed in this work, and some
preliminary I(E) data were collected at normal incidence. It
is hoped that analysis can be done in the future when the
oxygen problem is fully solved.
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Figure 6.14: A plot of Auger peak ratios Og,0/2r,7, and
C,72/2r,,4 as a function of CO exposure to the (0001)
surface of zirconium. The wvalues of Og10/2C 172 and
C,y72/2Zr,74 at the intersections of the tangents of the steep
part and of the flat part of the curves are used as
reference for half monolayer each of O and C respectively
(after Moore[130]).
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These authors suggested- that these molécules chemisorb
dissociatively on the metal surface, probably with an
initial 'head-on' physisorption at specific sites; once
these sites are occupied (e.g. by a monolayer of CO)
subsequent chemisorption is slow. 1If an additional
assumption is made that C and O atoms are in the same plane
(which is suggested by the preliminary, but incomplete, LEED
analysis of Ti(0001)-(2x2)-C0[40])), then the saturation
coverage corresponds to half monolayer each of C and O
atomsT. By extrapolation of the tangent of the rapidly
rising part and of the relatively leveled part of the ubtake
curve (Figure 6.14), saturation Auger peak ratios for
C,72/2Zr,74 and Os,0/Zr,,, are found to be approximately 1.9
and 1.2 respectively.

The 1level of carbon contamination for a cleaned
2r(0001) surface (Section 6.2.1) was estimated by dividing
the minimum recorded value of C,;,/2r,,, (about 0.1) by 3.8,
which gives the approximately 3% of a monolayer referred to
earlier,

Using Og10/2ry74=1.2 to indicate a half monolayer of O,
the peak height ratios for oxygen uptake curve in Figure
6.13 were all divided by 2.4 to yield the fractional
monolayer coverage on the right hand y-axis. The (2x2)-0
pattern was observed for oxygen coverages between 0.3 and

0.65 monolayer, while the (1x1) pattern was observed from

T 1In principle C could form an overlayer while O forms an
underlayer, in which case the saturation coverage
corresponds to one monolayer each of C and O.
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0.65 to greater than monolayer oxygén coverages. The
sharpest (1x1) LEED pattern was obtained at about 0.8
monolayer coverage, and therefore that is apparently
consistent with a single underlayer of O atoms conforming to
the (1x1) translational symmetry. The Auger data for the
(2x2) pattern are not as clear cut as those for (1x1). Here
the sharpest pattern was observed for oxygen coverage around
0.37 Wonolayer. With this value alone, it is difficult to
decide whether O atoms conform to the (2x2) or (2x1)
translational symmetries, which correspond to 0.25 and 0.5
monolayer of O atoms respectively. Perhaps the. (2x2)
translational symmetry is favored, however, since then it is
possible to form almost two underlayers of O atoms in

relatively fully occupied domains.

6.6 CONCLUSIONS AND FUTURE WORK

This study has yielded preliminary structural data for
the 2r(0001)-(2x2)-0 and 12Zr(0001)-(1x1)-0 surfaces. This
represents the  first surface structural information
available for oxygen chemisorption on a hcp metal. In both
structures considered here O atoms are indicated to occupy
octahedral holes between Zr layers which in turn reconstruct
to show fcc packing. Although the favored modéls have some
consistency with the bond length in bulk ZrO, and with the
previously reported underlayer formation in
Ti(0001)-(1x1)-N, the sﬁrface structures for O on Zr(0001)

still appear challenging.
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Now that the geometrical structures for these two
oxygen adsorption structures have become clearer, it seems
appropriate to have further experimental I(E) curves (e.q.
measurements carried out at off-normal incidence) to enable
more detailed comparisons with calculated I(E) curves. to
refine both geometrical and physical parameters. To resolve
the problem of (2x2) versus (2x1) translational symmetry for
adsorbed oxygen, experimental I(E) curves collected at
shallow angles of incidence should be especially useful. 1In
this regard, it will also be helpful to measure the angular
spot profiles of fractional order beams as a function of
oxygen exposure. The full width at half maximum (FWHM) of
the profiles is expected to increase as the degree of order
decreases; correspondingly a (2x2) to (2x1) transition
should be indicated by a rise in the FWHM. A preliminary
study of this is currently' being wundertaken with our
VLA[170]), but a fine-beam spot profile analyzer (SPA) would
be very helpful to probe aspects of disorder and domain
structure over greater dimensions than we can do currently.
As to the extent of O incorporation into the bulk, the
oxygen signal from XPS can be monitored as a function of
incidence angles of the X-ray beam. The number of layers
probed by the primary beam will increase as the incidence
direction moves towards the normal. Such studies should give
a semi?quantitative depth profile for oxygen.

The calibration of oxygen coverage using the CO uptake

data (Section 6.5) can still be improved. To answer whether
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the O and C atoms are in the same plane, the C,;,/0s5,0 Auger
peak ratio could be measured as a function of Ar*
bombardment of the 2r(0001) surface that gives a (1x1)-CO
pattern. A decrease of the ratio would presumably indicate C
overlayer and O underlayer (assuming C and O have similar
sputtering yields). The use of nuclear microanalysis and
Rutherford backscattering should be particularly helpful for
clarifying coverages and structural conclusions proposed in

this work.
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