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| Abstract

Oxidized zirconium surfaces have been studied by X-ray photoelectron spectroscopy
(XPS) and low-energy electron diffraction (LEED). .The aim is to provide a fundamental
understanding of the chemistry and structure of such surfaces as well as for metal-oxide
interfaces; the motivation is to help establish understanding in relation to problems associated
with nuclear reactor pressure tube corrosion.

The chemistry of a thin film (~20 A) of oxidized zirconium was studied by XPS. The
film, prepared by depositing zirconium onto Au foil in the presence of a H,O atmosphere in the
low 10 Torr range, has an outer region of ZrO, and inner regions containing a lower oxidation
state material, ZrOy, as well as Zr-Au alloy. Initially both ZrOy and the Zr-Au alloy are oxidized
by either H,O or O, at 300°C, although this process is hindered as the ZrO, layer gets thicker.
However, even with the protective oxide layer, heating in 4x10” Torr D, (with a partial pressure
of H,O at around 1x107® Torr) can result in all the zirconium being converted to the +4 oxidation
state; the process is apparently facilitated by migrating D atoms.

The evolution of structure at the Zr(ObOl) surface, after exposure to O, and an ordering
anneal at 220°C, has been studied systematically using LEED crystallography. Additionally, a
new analysis was undertaken for the clean Zr(0001) surface, which is confirmed to have a regular
hcp-type structure, with a slight contraction (about 1.6%) in the first Zr-Zr interlayer spacing with
respect to the bulk value (2.57 A). The surface formed by a 0.5 monolayer (ML) of O manifests

a (2x2)-type LEED pattern. A detailed analysis showed a novel structure with 0.25 ML of O at
octahedral hole sites in (2x2) arrays, both between the first and second metal layers and between

the second and third layers; these O arrays are displaced laterally from one another, apparently to

minimize the O...O repulsions. The incorporated O atoms induce vertical and lateral relaxations



A

in the metallic structure, which are most significant in the second metal layer. The average O-Zr
bond length of 2.28 A is close to the value (2.30 A) in bulk ZrO, which also has 6-coordinated O
atoms.

For the surface formed by 1 ML of O at Zr(0001), the LEED analysis indicates a
structural model where 0.5 ML of O is distributed randomly over octahedral holes between the
first and second metal layers, with another 0.5 ML between the second and the third layers. The
structural type changes for 2 ML of O at Zr(0001); now O bonds at 1 ML cbverage in overlayer
hollow sites of three-fold coordination, while thére is another 1 ML of O atoms in tetrahedral hole
sites between the first and second metal layers. The stacking sequence, designated as (C)B(A)AB..,
corresponds to the first three layers of anion-terminated cubic ZrO,, although some lateral
compression is needed for superposition on the regular hcp Zr structure. The absorption of O in
tetrahedral holes between the first and second metal layers results in a significz.mt expansion to
about 3.44 A. The O-Zr bond lengths are estimated to equal 2.07 A for the overlayer O atoms, and

2.22 A for the O atoms in tetrahedral hole sites.
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Chapter 1: Introduction

1.1 Motivation

There has been significant interest in the study of the oxidation .t;f metallic zirconium in
both polycrystalline and single-crystal forms [1-19]. The motivation for this interest relates to
various applications in materials science and téchnology of either the metal itself in an oxidizing
environment or the coating material ZrO, [3,5,20]. Indeed both aspects are involved when
zirconium is used as the main component of the structural material for nuclear reactor pressure
tubes insofar as an outer film of oxide is ggnerally assumed to provide corrosion resistance. In
the particular example of the CANDU reactor [21], the pressure tube material is around 97%
zirconium with niobium added to help the mechanical properties, but other impurity elements are
present too. The passivation layer is believed to be dominantly zirconium oxide (ZrO,), .and a
traditional view has been that this oxide film helps prevent the ingress of hydrogen or other gases
into the metal under the operating conditions. However, on occasion, corrosion does occur,
apparently resulting from hydrogen penetration through the oxide film and into the metal. The
consequent embrittlement of the latter can raise safety concerns and necessitate reactor shutdown
with high economic cost.

A current problem for Atomic Energy of Canada Ltd. (AECL) is that the chemistry of the
passivating layer on the zirconium alloys is not well understood, and in particular, the detailed
mechanisms for the interaction of CANDU pressure tube surfaces with its operating
environment, including O,, D,0, D, and CO,, are still unknown. To increase basic knowledge,

with the view to overcoming the occasional failure problem, AECL has been coordinating a

program directed at developing a predictive model for hydrogen ingress and corrosion in the




CANDU reactor pressure tube. To a considerable extent, this requires breaking down a complex
problem, and gaining understanding of the most important component parts. In such an
approach, one key reference point is provided by the properties of oxidized zirconium surfaces,
including atomic-level structure and chemistry at the oxide-metal interface. The existence of
basic information on mechanistic features such as dissociative adsorption, binding sites and
atomic incorporation appears essential for develyoping understanding of reactions between
oxidized zirconium surfaces and other chemical componeﬁts in the CANDU reactor

environment.

1.2 Surface Science Methods Applied to the O/Zr System

A surface, or more generally an interface, corresponds to the boundary region between
two different phases in contact. Frequently, the chemical and physical properties of the surface
region of a solid are different from those in the bulk [22]. Whereas bulk atoms are surrounded
on all sides by neighbors, surface atoms are surrounded by neighbors only on one side and thus
have unsatisfied bonding capacity. As a result, the surface free energy is higher than that of the
bulk, and surface atoms have a strong tendency to lower their energy by forming additional bonds
through adsorption or by undergoing a surface relaxation or reconstruction. Surface science
studies not only topmost atomic layers, but all near layers which may be involved in surface
restructurings or reactions. Information gained from fundamental surface science studies has
helped to increase understanding in a range of diverse fields of technological importance,
including heterogeneous catalysis, adhesion and rﬁicroelectronics [23-25].

There is a large variety of surface sensitive techniques available for the study of elemental

composition, chemical state and structure of the outermost layers of a solid. Table 1.1 lists some
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techniques with relevance to the O/Zr system. Each approach has its own advantages and
emphasizes different aspects of the system concerned. Among these techniques, Auger electron
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) [26,27] are extremely
important for chemical analysis and for identifying surface species present; on the other hand,
low-energy electron diffraction (LEED) [29-31,36] is the most developed technique for
determining ordered surface structure.

The current evidence is that the interaction of oxygen with zirconium surfaces at room
temperature yields almost complete dissociation, and that with heating surface to bulk diffusion
occurs rather than desorption [1,3]. LEED observations for low oxygen exposures on the (0001)
surface of single crystal zirconium showed the existence of a (2x2)-type LEED pattern, and that
the surface evolves through two different (1x1)-type structures at higher coverage [14,15j. A
preliminary LEED crystallographic analysis [14] indicated that the structure which exhibits a
(2x2)-type pattern involves oxygen incorporation into octahedral sites. However, uncertainty

remained on whether the incorporated O atoms induced some reconstruction in the metal layers.
As well, the depth of O incorporation was still in question. Work function studies [12,17]
indicated that oxygen can migrate into subsurface sites even at 90 K, and that they do not migrate

deeper below the surface for temperature less than about 230°C [17]. At room temperature,
Griffiths [12] found that the interaction of oxygen with Zr(0001) decreased the work function (¢),
and that a (2x2) LEED pattern of optimal sharpness was formed at the minimum in A¢. Using
nuclear reaction analysis (NRA), Zhang et al. [17] also found that the sharpest (2x2) pattern
corresponds to an oxygen coverage of 0.5 monolayer (ML), and that the formation of the lowest-

coverage (1x1) structure corresponds to 1 ML coverage of O. Although initial studies have been



made, an overall picture for the structural evolution with coverage was lacking for this system;
definite structural details are clearly needed for the three surface structures involved.

The oxidation of zirconium has been a subject of continuing interest over the past 15
years. AES studies by Tomita et al. [9] and Sanz et al. [11] have supported the view that below
300°C, the oxidation proceeds through three stages, specifically, dissociative chemisorption,
nucleation of oxide on the surface and growth of an oxide layer. XPS has indicated different
chemical states of zirconium during the oxidation process; for example, Sen et al. [6] and De
Gonzilez et al. [7] suggested the formation of the oxides Zr,0O, ZrO, Zr,03, ZrO,, although
using quantitative AES analysis, Tomita et al. [9] emphasized the presence of nonstoichiometric
oxygen solution in zirconium instead of the formation of real compound suboxides.
Nevertheless, all [6,7,9] seem to agree that lower oxidation states for Zr ekist in the region
between oxide (ZrO,) and metal. However, little is known about the chemistry of this oxide-
metal interface, especially with regard to its stability in oxidizing and hydriding environments.

Initial work has been done for the interaction of H, and H,O with the (0001) surface of
single-crystal Zr [37,38] using a variety of surface science techniques, including thermal
desorption spectroscopy (TDS). However, so far most effort has been applied to heavily
oxidized polycrystalline samples [39-44]. For example, the behavior of CANDU nuclear reactor
material in such environments has been studied with secondary ion mass spectroscopy (SIMS),
NRA and other materials characterization techniques [40-43] to help establish that the corrosion
of the underlying metal relates to H ingress through the zirconium oxide film. AES and electron
energy loss spectroscopy studies [3] have revealed that atomic hydrogen can reduce a
polycrystalline ZrO, sample at 890°C with desorption of H,O. Additionally, infrared
spectroscopy (IR) studies [43,44] have identified OH vibrations when H, was introduced to ZrO,

at room temperature. Although observations have been made, the mechanistic behaviors of



hydrogen in zirconium oxide are still far from being understood, and there remains a paucity of
information for the oxide-metal interface in the presence of H. Such knowledge is required for
developing models of the CANDU pressure tube in its operating environment.

The O/Zr system represents a challenge for studying with surface science techniques
whether starting from well-characterized samples of either Zr or ZrO,. For the first, the
preparation of clean, well-defined samples is complicated by-both (i) the bulk phase change
(from o-zirconium (hcp structure) to B-zirconium (fcc structure)) at 863°C which prevents
heating samples to much above 800°C in practice, and (ii) the extrerhely high reactivity of this
metal. Both effects complicate the cleaning of this metal for surface science study. On the other
hand, appropriate macroscopic samples of ZrO, are not available. The familiar large cubic
crystals of ZrO, are impurity stabilized (e.g. with Y, Ca), but crystals of pure ZrO, (the mineral
baddeleyite) are heavily twinned [45] and are too small for surface science study. Therefore, for
these applications, the oxide samples have to be specially prepared. Many previous studies of the
reactivity of zirconium metal with oxygen have been made on thick oxide films prepared by
oxidizing macroscopic zirconium under high oxygen exposures, but they can suffer from the fact
that the interface between the oxide and underlying bulk metal occurs too deep down to be well
probed by electron spectroscopic techniques. Such observations provide background to the

starting point for the research described in this thesis.

1.3 Objectives for This Work

The work in this thesis aims to contribute to an understanding of the atomic-level
structures and chemistry of oxidized zirconium surfaces, and to help establish approaches to meet

the challenges of studying such systems, particularly in relation to the problem noted for the



CANDU reactor pressure tube. It is hoped that information gained from this research will
provide a reference for the more mechanistic studies in the future which should contribute to the
establishment of a predictive model for the pressure tube corrosion.

Three specific objectives are identified for this work:

(1) To identify factors involved in the different oxidation states seen by XPS when thin ZrO,
films are grown on Zr metal, and when they are exposed to reactive envirénments involving
H.

(2) To determine detailed structures identified during the interaction of oxygen with the Zr(0001)
surface in the 0.5 to 2 ML (monolayer) regime.

(3) To identify approaches for determining mechanistic aspects of the interaction of H-containing
molecules with interfaces associated with real pressure tube material.

The thesis is organized as follows. Chapter 2 introduces Vthe general principles and
experimental setups for the XPS and AES ‘techniques, and Chapter 3 reports new XPS studies on
the stability and reactivity of thin films of oxidized zirconium deposited on an inert substrate.
Chapter 4 reviews approéches for determining surface structure using LEED crystallography,
while Chapters 5 and 6 report LEED analyses for the structural evolution of O incorporated into
the Zr(0001) surface. Specifically, structural determinations are given in Chapter 5 for the clean
Zr(0001) surface and for the surface with 0.5 ML of O, while those for the 1 ML and 2 ML
surfaces are given in Chapter 6. Finally, Chapter 7 offers some suggestions for further studies on

the O/Zr system in terms of the overall objectives noted above.



Chapter 2: Electron Spectroscopy for Chemical Analysis

2.1 Introduction

Analysis of a surface region for its chemical composition represents a particularly crucial
characterization in surface science, and such information, along with geometrical structure,
represents the most fundamental knowledge needed to understand the properties of a particular
surface system. Two key analytical techniques in surface science are provided by Auger electron
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) [26], for which brief
introductions are given in this chapter. Research in Chapter 3 discusses work with XPS, but
since Auger spectra can be produced at the same time, it is convenient to introduce them together
now.

The experiment of XPS involves irradiating a sample surface with an X-ray beam and
determining the distribution of kinetic energies for the emitted photoelectrons. To a first
approximation, the kinetic energy of a photoelectron is
Ex=hv - E, 2.1
where hv is the photon energy and E; is the binding energy of the electron in the sample. Since

different elements have different sets of electronic binding energies, elemental identification is
possible through measurement of photoelectron kinetic energies. Figure 2.1 schematically shows
the production of such a photoelectron, and in addition shows two possible de-excitation
mechanisms for the atomic core hole produced. One is X-ray emission, and the other is Auger
emission produced by a two-electron, radiationless process. The probabilities for Auger electron
and X-ray production vary with the atomic number Z and the binding energy associated with the

core vacancy, but Auger production always dominates if the core binding energy is 2 keV or less
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[46]. Figure 2.1 includes the production of a KL;L; Auger electron whose kinetic energy, in a
first approximation, is

Exri, =Ex—EL —EL, (2.2)
where Ex, Ey , Ep are the binding energies for the levels involved. Strictly some account is

needed for relaxation and correlation effects [47], but the point for our purpose is that each
element agai‘n has its characteristic set of Auger electron kinetic energies. These energies for one
element are easily distinguishable from those of other elements, and this allows for elemental
identification from measured spectra.

Figure 2.2 indicates the basic dependence of inelastic mean free path (IMFP, A) as a
function of energy for various materials. The IMFP can be defined as the average distance
traveled by an electron in the material without energy loss; empirical values of the IMFP have
been provided by Seah and Dench [49]. Frequently the measured kinetic energies of
photoelectrons or Auger electrons are in the 100 to 1000 eV range, and, as shown in Figure 2.2,
electrons in this energy range have a high probability to experience inelastic scattering in a solid.
Inelastic mean free paths of 6 to 20 A are typical in this energy range and this makes XPS and
AES surface sensitive techniques.

The origin of XPS can be traced back to the earliest investigations of the photoelectric
effect [50], and measurements of the kinetic energy distributions for electrons resulting from X-
ray irradiation of solid materials were reported over 70 years ago [S1]. However, it was only
during the middle of this century that developments, especially by Siegbahn, led to the current
awareness of this technique. He coined the acronym ESCA (electron spectroscopy for chemical
analysis) to underline the fact that both photo and Auger electron peaks appear in the ‘XPS’

spectrum [52]. In 1972, Brundle and Roberts performed XPS studies on carefully prepared
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surfaces under ultrahigh vacuum conditions [53], and that work first established XPS as a surface

analytical technique.

2.2 Auger Electron Spectroscopy (AES)

Auger electrons can be emitted from a solid, through the mechanism indicated in Figure
2.1, resulting from interaction with either an X-ray or energetié electron beam. The latter is used
in AES measurements to complement the LEED. research reported later in this thesis. Figure 2.3
(a) shows an Auger spectrum in the form of number 'of electrons (N(E)) versus kinetic energy
(E), measured from a thin film of oxidized zirconium deposited onto a gold foil. The emission of
Auger electrons appears as small features superimposed on the large background of secondary
electrons, and the usual practice is to generate the dN(E)/dE function (Figure 2.3 (b)). This helps
make weak features more readily identifiable over regions for “which the background is
essentially constant. Changes in Auger spectra (e.g. peak shape and position) can occur when the
‘local bonding environment around the atom being analyzed changes [54]. However, since the
Auger process involves three energy levels, these changes are generally less easy to interpret than
is the case with XPS [55].

The peak-to-peak distance in differentiated Auger spectra for a particular element give a
measure of relative surface concentration provided the original peak shapes are constant [56].
But the Auger current also depends on the various experimental parameters used, such as
incidence angle, energy of primary beam, and modulation voltage. Therefore, surface
concentrations can be compared this way only when the measurement device, and all its working

parameters are held constant [26].
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Figure 2.3
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In this thesis, Auger spectra are initially used for qualitative analysis, and this depends on
assigning peaks to particular elements with the aid of listed Auger energies [57]. Additionally,
the ratio of peak-to-peak distances for adsorbate and substrate is frequently used as a measure of

relative coverage for the adsorbate.

2.3 X-ray Photoelectron Spectroscopy (XPS)
2.3.1 Qualitative Analysis

The XPS experiment involves energy analysis of photoelectrons émitted from a sample
after irradiating with soft X-rays. An example of a survey scan spectrum is illustrated in Figure
2.4 (a). This spectrum was measured from a cleaned gold foil, .and it exhibits sharp peaks, which
correspond to the binding energies of the elastically emitted photqelectrons. These peaks directly
manifest the core electron structure of the material (e.g. the 4s, 4p, 4d and 4f levels). At higher
resolution, doublet structure is seen for photoelectrons from states with nonzero orbital angular
momentum (i.e. p, d, f core levels) as a result of spin-orbit coupling. An example is given in
Figure 2.4 (b) for a narrow scan spectrum for the Au 4f level. The different peaks are assigned
by the j values (i.e. 1/2, 3/2 for p orbitals, 3/2, 5/2 for d orbitals, etc.); and the peak areas are
determined by the respective (2j+1) number of states. Acéordingly Figure 2.4 (b) shows the 4fs;,
and 4f7/2 peaks with the peak intensity ratio of 3:4.

Figure 2.5 shows a survey scan from a thin film of oxidized zirconium déposited onto a
gold foil. Now structure is seen from different elements; more generally peaks can be assigned
by comparing with standard compilations [26,58], but, as noted in Figure 2.5, Auger peaks may
also be observed. Additionally considerable background is present, for example, as a result of

photoemission by Bremsstrahlung radiation. Throughout prominent structure is accompanied by
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a high binding energy tail, which corresponds to photoelectrons which have undergone inelastic
scattering on their outward path, so emerging with lower kinetic energy.

In addition to elemental analysis, the presence of the same type of atom, but in different
chemical states, can be identified through interpretations of chemical shifts. This follows
observations that binding energies of the inner core electrons are influenced by changes in the
valence electron environment. An example is shown in Figure 2.6 for a narrow scan of a Al2p
spectrum from an aluminum alloy with a native oxide layer; the peak at 71.5 eV is identified as
from metallic aluminum, while that at 74.1 eV is from the oxide. This interpretation follows the
expectation that Al in the oxide will have a net positive charge, and hence a higher binding
energy, compared with the metallic Al. More generally, the distinct chemical states give rise to
overlapping peaks. Then- a curve synthesis process is required to identify the different

contributions from a measured spectrum; this is discussed further in Section 2.4.3 and Chapter 3.

2.3.2 Quantification
The intensity of a photoelectron peak is generally taken to be proportional to the area of

the peak determined after background correction to remove contributions from inelastically

scattered electrons. The sampling depth for these electrons is conventionally taken to be 3A; that

is the depth from which 95% of the signal is contributed. For the time being we assume that the
photoelectrons are collected in the normal exit direction.
The number of photoelectrons collected by the analyzer per unit time depends on the X-

ray flux (F), the photoelectron cross section (), the number of relevant atoms per unit volume

(D), the area of the sample from which the photoelectrons are collected (A), the instrumental
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detection efficiency (T) and the inelastic mean free path (A). The contribution to the intensity

from an incremental thickness dx in the sample (Figure 2.8 (a)) is:

dI=f6DA Texp (- —ji—)dx | 2.3)
Simple integration from x=0to x=eo for a semi-infinite homogeneous sample then gives:
I= [ foDAT exp(- —j—;—)dx = foDATA 2.4)

A commonly used approach for comparing relative compositions of two elements in a

sample is to group the instrumental factors f, A, T, as well as ¢ (for each particular photoelectron

peak), into a sensitivity factor S. Such factors, expressed relative to the F 1s peak, are available
for the MAX200 spectrometer where the transmission function from the manufacturer corrects
for the particular instrumental conditions used for each measurement [60]. Then the composition

ratio for two elements in a sample can be expressed as :

D2 I2/52 Al . .

In principle, one can use tabulated values of A; and A; for the appropriate photoelectrons in the
material of interest {49]. For semiquantitative work, a common practice is to take the ratio of

A1/A; as effectively constant so that the ratio I;/I;, from the measured peak intensities, can help

estimate the elemental composition ratio D1/D, within the depth probed.

2.3.3 Angular Dependent Measurement
Surface sensitivity can be enhanced by varying the take-off angle (0, angle between the
plane of the surface and the axis of the energy analyzer) as illustrated in Figure 2.7. For normal

take-off (0 = 90°), the sampling depth is 3A while at grazing angles of emergence, the sampling
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depth is reduced to 3Asin®. Therefore contributions in spectra from surface species are more

pronounced by making measurements with low take-off z{ngle.
Figure 2.8 (b) illustrates a sample consisting of an overlayer (thickness d) on top of a

substrate material. In relation to measurements associated with varying take-off angle 6,

Eq.(2.3), after correcting for angular effects, integrates to yield:

—d : .

[ =fc, D ATA exp (——— 2.6

s ss s p(Aso 1n6) (2.6)

I,=fo,D,ATA, [1-exp(——)] \ ' Q2.7)
A, sin0 , V

0
for photoelectron intensities from substrate and overlayer respectively. In Eq. (2.6) and (2.7), As
and A, are inelastic mean free paths for photoelectrons originating in, and traveling in, the
substrate and overlayer respectively, while A, is the inelastic mean free path of photoelectrons
from the substrate traveling in the overlayer. The ratio I,/I; increases strongly as 6‘ decreases,

and Eqgs. (2.6) and (2.7) can be useful in interpreting the relative orientation or composition
gradients for different species for the assumed model [61]. Further, Eq. (2.6) can be modified to

compare I values for different 6 against that for normal exit (8 = 90°) to yield:

1n[ L©® }: < 1 ,4d (2.8)

I[(90°) | Ay, sin® A,
Then the overlayer thickness (d) can be determined from the slope of In[I(0)/1(90°)] versus
1/sin@, provided information is available for As,.

Egs. (2.6) and (2.7) provide the basis for the most commonly used approaches of angular

dependent XPS, including those made in this thesis. However other important developments

should be mentioned briefly. First, there has been interest in developing quantitative information




x=0
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for more heterogeneous (i.e. less ideal) systems, and algorithms have been proposed for
determining concentration-depth profiles from ADXPS measurements using least-squares fitting
[62], and the Tikhonov regularization [63] and maximum entropy [64] methods. A recent review
was given by Cumpson [65]. Second, the background to Eqgs (2.6) and (2.7) effectively assumes
that there are no preferred directions in the sample. This is not the case with single crystals
where strong forward focusing gffects are detected, and provide the basis for photoelectron
diffraction [66]. The full background theory is like that for LEED (Chapter 4). The use of
angular resolved measurements to determine locai structural arrangements has great potential
importance, particularly with third generation synchrotron rﬁadiation sources. Recent reviews

have been given by Fadley et al. [67], Egelhoff [68] and Chambers [69].

2.4. Instrumentation for XPS
2.4.1 Ultrahigh Vacuum (UHV)

Modern surface science requires the ﬁse of ultrahigh vacuum (UHV), in which pressure is
maintained below the 10® Torr region. This requirement is especially to keep a surface in an
essentially constant state during the time for doing an experiment. According to the kinetic
theory of gases [70], for CO or N, (with M=28) at room temperature and a pressure of 10 Torr,
a surface can be completely covered by an adsorbed monolayer (ML) in about one hour if each
colliding molecule sticks to the surface. In practice, sticking coefficients are often less than
unity, but it is clear that background pressures (especially for reactive gases) around 10™'° Torr or
less are necessary for well-controlled research over reasonable time spans. Low pressure is also
needed to ensure that any particlés, such as electrons and ions, being used in the experiment have

a sufficiently long mean free path in order to travel from sample to detector without being
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affected significantly by collisions with gas phase molecules. Additionally, in general,
conducting experiments in UHV helps to achieve longer instrument lifetimes, especially for
fragile components such as filaments, channeltrons and channel plates.

The XPS studies reported in this thesis were carried out in a major UHV facility which is
composed of four interlinking chambers (Figure 2.9) for sample entry, analysis, sample
preparation and high pressure sample treatment. The work described in Chapter 3 particularly
used the analysis and preparati.on chambers. After a full bakeout, the base pressure of each of
these two chambers can be maintained below 2x10°'° Torr, and it represents an important feature
of this facility that samples can be transferred between these two chambérs under continuous
UHV. The analysis chamber is based around a Leybold MAX200 spectrometer (described
below), but it also has an ion gun for sputtering and ion scattering spectroscopy (ISS), an electron
gun to enhance Auger spectra and a separate electron flood gun to aid studies on insulating
samples. The preparation chamber has an evaporation source for growing thin films, a variable
leak valve for introducing gas to the sample and a quadrupole mass spectrometer for detecting
residual gas. Samples can be heated by means of radiative heating, and cooled by liquid N, in
both chambers.

The pumping system used in the XPS facility is shown in Figure 2.10. The chambers are
initially rough pumped to the 10° Torr range by rotary pumps, then pumped to the 107 Torr
range or below by the turbomolecular pumps. The base pressures are achieved after baking at

around 130°C for 12 hours or more, followed by the degassing of all filaments. A supplementary

ion pump is available for the X-ray source system.
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2.4.2 Spectrometer

Major components of the Leybold MAX200 spectrometer used in this work include a
dual anode X-ray source, a five-motion manipulatof and a EA 200 hemispherical electrostatic
energy analyzer (a separate AlIKo. monochromator is also available although it was not used in
this research). The spectrometer collects data digitally and is interfaced to a HP 1000 based
microprocessor. The latter uses Data System DS 100 software for selecting instrumental
parameters, and for operations of data acquisition and processing [60]. A sample held on the
PTM 60 UHV manipulator can be subjected to x, y, z translations and two rotations (6 and ¢)
under computer control, so that sample analytical positions can be reproducibly recovered after
operations during a study (e.g. after sample transfer to the preparation chamber).

X-réys are produced from anodes bombarded by electrons accelerated through about 15
kV after emission from a heated filament. The dual-anode source (schematically indicated in
Figure 2.11) in the MAX?200 spectrometer provides a choice between the two X-ray lines: MgKo
(1253.6 eV) and AlKo (1486.6 eV). It has two filaments and two anode surfaces, one of
magnesium and one of aluminum, and switching from one source to the other can be done in a
few seconds. The 2 pm thick aluminum foil window is transparent to the photons, and is
sufficiently thin that the X-ray flux is not significantly attenuated, but it prevents stray electrons,
radiative heating and contamination from the anode region reaching the sample.

Energy analysis is done with the EA 200 hemispherical electrostatic energy analyzer, for
which its key components are shown schematically in Figure 2.12. It consists of a vacuum

housing and three major internal components: (A) the input lens system for receiving

photoelectrons ejected from sample, (B) the 180° hemispherical capacitor with nominal radius
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Figure 2.11 Schematic diagram showing a dual-anode X-ray source.
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Figure 2.12
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EA 200 spectrometer: (A) input lens system (with Al to A3 apertures), (B)
hemispherical capacitor (with outer and inner radii of Ry and R, and nominal
capacitor radius of Rg) and (C) detector assembvly (C1 to C18 are discreet

collectors and MCP is the microchannel plate assembly).
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(Rg) of 150 mm for performing electron energy analysis and (C) a multichannel detector with 18
discrete channels capable of count rates above 107 s

The input lens system has two stages. The first lens stage (including a variable angular
aperture Al and image aperture A2) defines the analysis area and acceptance angle by imaging
the sample onto the image aperture A2; it simultaneously restricts the acceptance angle by the
angular aperture Al. Electrons passing through A2 are focused onto the input slit B1 of the
hemispherical capacitor by the second lens stage, where they are retarded for subsequent energy
analysis in the hemispherical capacitor. In addition the second lens stage defines the capacitor
acceptance angles by a fixed aperture A3.

In the hemispherical capacitor a deflecting potential AV is applied between the two
concentric hemispheres of radii R; (190 mm) and R, (110 mm). Electrons travel on the central
circular trajectory and reach output plane (B2) at the nominal radial position Ry, where Ry =
(Ri+R)/2 (i.e. 150 mm in the EA 200), provided their kinetic energy E, satisfies
eAV=Ey (R;/R;— R,/ R)) (2.9)
where AV is the deflecting potential [71,72]. Electrons with higher kinetic energy are focused
further outside Ry and those with lower energy are focused further inside, on the plane B2.
Images of electrons possessing different energies within the capacitor are concentric circles, and
the radial image position R for electrons with kinetic energy Eyi, in the hemispherical capacitor is
given, in a first order approximation, by [73]

R =Rg+ D(Ep) X (Exin-Eo) (2.10)
with D(Ep) being the hemispherical capacitor dispersion for the selected pass energy, Ey. This

offers the possibility for multichannel detection, with simultaneous recording of an energy band

around the nominal pass energy, Eq.
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If the capacitor is allowed to accept the half angle o in the dispersion direction, then, in a
first order approximation, the FWHM (full width at half maximum) of the energy analyzer
resolution AEq is [26]

AEqpe. ! By = (s1+ 82) /2Rg + 0*/4 2.11)
where s, is the radial width of the input slit at plane B1, s; is the radial width of each collector
channel at the exit plane B2. Since s, sz, Ry and o are restricted by the spectrometer
construction, the relative resolution of the spectrometer varies with Eg, but a measured line width

also has contributions from the inherent line width of the atomic level involved (AEj,.) and from

the natural line width of the exciting radiation (AEoue). The observed line width in a measured
spectrum satisfies
FWHM ot = (AE source + AE analyzer + AE jine) /> 2.12)
provided all contributions have the Gaussian form [26].

To perform an energy analysis under constant resolution, electrons entering the analyzer
are pre-retarded by the lens system to a pass energy Eo. This energy is chosen according to the

level of resolution needed. Then the deflecting potential of the analyzer (AV) is set according to

Eq. (2.9) for that particular pass energy. The actual scanning of the kinetic energies is done by
ramping the retarding field voltage during the pre-retardation process. In principle, a lower pass
energy gives better analyzer resolution, but the signal intensity drops off rapidly with retardation.
Therefore, for each situation, an appropriate pass energy is chosen to give the optimal balance

between resolution and intensity. In this work, survey scans used a pass energy 192 eV while the

higher resolution spectra used 24 eV.




Signal sensitivity is improved by having an electron multiplying component between the
exit plane of the hemispherical capacitor (B2) and the collector electrodes. In the EA 200, a set
of two microchannel plates is used in a chevron arrangement (Figure 2.12), .and this leads to an
amplification in the electron signal by about 10”. Electrons from the second microchannel plate
are postaccelerated onto the nearest collector electrode, and each charge pulse is normalized to
the original single electron count. Multichannel detection is performed by appropriately
arranging several collector electrodes, in shape similar to the entrance slit B1 and with the centers
on concentric circles in the exit plane B2. The radial distance between neighboring collectors is
selected according to Eq. (2.10) to meet the requirement of constant kinetic energy difference
between neighboring channels. As the kinetic energy of the electrons arriving at each collector is
known from Eq. (2.10), the numbers in each channel (with the same kinetic energy), can simply
be added up to give a measufed spectrum (i.e. total number of electrons for each kinetic energy).

The kinetic energy of a photoelectron measured in the spectrometer (Ey’) is referenced to
the vacuum level of the spectrometer. In turn the binding energy E, of tﬁe electron in the sample
is referenced to the Fermi energy of the sample. For a éonducting sample in electrical contact
with the spectrometer (equal Fermi energies), Eq. (2.1) needs modification to

E, =hv —E, - Wy, (2.13)

The spectrometer work function, W,, can be corrected by calibration with standard samples; in
general, it remains constant while the spectrometer is held under UHV. Eq. (2.13) therefore
enables photoelectron kinetic energies to be converted to binding energies. The spectra shown in

this thesis have been calibrated against the gold 4f;, peak, whose binding energy is 84.0 eV.
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2.4.3 Data Analysis

Treatments of raw spectra directly from the measurement process are needed before
performing a spectral interpretation. First, structure of interest in a spectrum must be background
subtracted and there are several methods available [74-77]. Figure 2.13 schematically indicates
an example of subtraction using the non-linear approach proposed by Shirley [74]. This method
assumes that in a photoelectron peak, which dominantly involves elastically scattered electrons,
there are contributions from inelastic processes, and that at any part of the sbectral peak, the
number of inelastically scattered electrons isAproportional to the number of elastically scattered
electrons at higher kinetic energies. The subtraction is applied to an energy region of
Enin<E<Emax, for which the operator chooses the lower and upper energies. The correction for

inelastic contributions is determined by the iterative algorithm:
L] Emax '
ny . (E)= n(E)—n(Emax)—SjE n, (E)dE : : (2.14)

where n(E) is the measured count rate and the n'k(E) identify count rates after subtraction of

background contributions (the latter have subscripts, for example ‘k’ indicates the background

corrected value according to the kth iteration). The reference background level is provided by

n(Emax); S is a constant which is fixed by the requirement that n'k (Efin)=0. The process starts

with n'l (E)=0 and continues until n,,,~ n| ; it normally converges after three or four iterations.
After subtracting background, the peak area associated with the elastically scattered contributions
can be determined by integration.

As noted in Section 2.3.1, a particular high-resolution spectrum may contain overlapping
contributions from different chemical states for the same atom. Then curve syntﬁesis is required

to identify individual components. To do this one needs to select functions that can represent the
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Figure 2.13 Notation for non-linear background subtraction, method proposed by Shirley.
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component profiles; the objective is to find the combination of component functions that sum to
give a close representation of the background-corrected experimental spectrum. The individual
component functions are fixed by functional form, as well as by variables such as position,

intensity and width. The most effective approach is to use the mixed Gaussian/Lorentzian form
as a function of energy [26]:

f(E) = peak height / [1 + M(E-Eo)*/B*] exp{(1-M) [In 2(E-E,)*1/p?} (2.15)
where Ej is the individual component peak energy, the parameter B fixes the FWHM, and M is a

mixing ratio (1 for pure Lorentzian; O for pure Gaussian).

Functions of the type in Eq. (2.15) are used for the individual components in the curve
synthesis process as carried out by the DS 100 software in the MAX200 system. A relatively
simple example of the curve synthesis process is illustrated in Figure 2.14 for a Zr 3d spectrum
from an oxidized thin film of zirconium. Two dominant peaks are apparent, consistently with the
3/2, 5/2 doublet, but closer scrutiny of the right hand peak suggests there are two overlapping
components: one gives the main peak at 182.9 eV and the other the shoulder at about 181.0 eV.
Two doublets are therefore assigned for this spectrum with parameters that are varied to optimize
the fit to the experimental curve. The components in each doublet maintain the required 3ds; to
3ds/, area ratio of 2 to 3, and the spin-orbit splitting is fixed at 2.4 eV. The curve synthesis is
done iteratively by optimizing the fit between the measured curve (after background subtraction),
and the sum of the optimized component functions. The latter is done by least-squares fitting;

the quality of fit is evaluated by the function:

1
1 X (Ymea,i_Yﬂt,i)2 2

= 2.16
X meZ Y (2.16)

mea,i

i=1




INTENSITY ( Arb. Units)

BINDING ENERGY (cV)

Figure 2.14 High resolution scan of Zr 3d photoelectron peak from an oxidized zirconium film.




where the sum is over the N data points in the spectral region to be fitted. In Eq. (2.16), Ypea, is
the measured counf rate at the ith data point, Yg; is the corresponding value in the fitted
envelope, and N equals N — N, (Ng; is the number of parameters to be fitted). Parameters in
the curve analysis are varied by the conditions that the y value is minimized, and that visual
comparison indicates a close agreement between the simulated and measured spectra. If a given
number of functions of the type in Eq. (2.15) cannot converge to a reasonable correspondence,
more functions can be added; however this must be done according to basic physical and

chemical principles.
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Chapter 3: XPS Studies of Thin Films of Oxidized Zirconium

3.1. Introduction

The oxidation of zirconium surfaces has importance in relation to nuclear technology, as
noted in Chapter 1. A particular aspect of this subject concerns the chemistry applying within the
region of the oxide-metal interface, where a range of oxidation states may be present.
Information on how this region is affected by reactive gases is extremely limited. In this chapter,
we report a new direction for investigating the stability and reactivity of the oxide-zirconium
interface in oxidizing and hydriding environments. The studies were carried out over a range of
temperature including 300°C, the operating temperature of the CANDU reactor [78,79].

The use of electron spectroscopic fechﬁiques to probe the chemistry of oxidized
zirconium can be affected by surface charging, anci by oxygen diffusion into the bulk metal at
temperatures above 230°C [16,17]. To overcome these problems, we used the approach of
studying thin films of qxidized zirconium grown on a gold substrate. This has several
advantages. First the insulating properties are supﬁréssed so that the chgrging problem can be
avoided. Second, the inert substrate helps to ensure that the oxygen stays with the zirconium in
the film even at elevated temperatures. Third, since the total amouﬁt of zirconium present is
restricted (unlike the situation with a bulk sample), this allows wider-ranging control of the
amount of oxygen in the sample in relation to the amount of zirconium. Compared with other
noble metals, gold appears suitable as the substrate for this work since the intermiJ‘(ing between

Zr and Au is relatively less prominent [80,81]. As well, the Au 4f;; line provides a convenient

reference for calibrating other photoemission lines (cf. Section 2.4.2) throughout the study.
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3.2. Experimental

All experiments were carried out in the UHV facility, which is composed of an analysis
chamber, a preparation chamber and a transfer chamber, as described in Section 2.4.1. Thin
films of oxidized zirconium were prepared in the preparation chamber. The effective base
pressure of this chamber was 6x10'° Torr with water as the dominant component in the ambient
gas, a feature that was deliberately built into the experimental design by not completely baking
the preparation chamber. The resulting ambient enabled a zirconium oxide film to be formed by
depositing zirconium sufficiently slowly on to the gold substrate. This is consistent with earlier
observations using secondary ion mass spectrometry (SIMS) that when zirconium is exposed to
H,O in the 10-10°° Torr range, the main product is the metal oxide rather than the hydride [82].
The gold foil was cleaned prior to zirconium deposition by repeated cycles of Ar” sputtering (2.5
kV, 10 mA) and annealing (500°C, 20 minutes) until no impurities could be detected by XPS.
Figure 3.1 shows schematically the zirconium evaporation source used in this work. It contained
a pair of copper electrodes covered by a protective quartz tube. Tungsten wire (99.98%, diameter
0.5 mm) co-wrapped with thin Zr wire (99.9%, diameter 0.01 mm) was coiled to form the
filament, and mounted across the electrodes through which AC power was applied to the
filament; the evaporation rate could be controlled by changing the voltage. The melted
zirconium coated the tungsten filament evenly and provided a stable evaporation rate. To
minimize contamination in the deposited film, the source was initially outgassed for about 40
hours at slightly below the operating temperature. For most studies discussed, the source

operated at about 1700°C and produced approximately 1 A per minute. For these operating

conditions, the pressure in the preparation chamber increased to around 5x10® Torr, but the

39




40

"201n0s uoneIodeAs WNUODIIZ 9y} JO WeIdeIp oNeWLYdS | ¢ 2InSi]

\on: L z1en

e | @

A1ddng 19mo( .

/
3pon23|3 Jaddo)




quadrupole mass spectrometer showed that water was still the dominant component. After
preparation, a sample could be heated and exposed to gases introduced through the leak valve
into the preparation chamber. At each appropriate point in the preparation procedure, the sample
could be transferred under continuous UHV to the analysis chamber for detailed determination.
From this initial sample, a series of successive treatments were made, as detailed iq Table 3.1,

and the designaﬁons Al to A6 define the various sample surfaces studied by XPS.

For XPS measurements, the MgKa excitation source was operated at 15 kV and 20 mA,
and the emitted photoelectrons were collected from a 2x4 mm” area. At each stage of the study,
high-resolution narrow-scan spectra were measured for the Zr 3d, O 1s and Au 4f core levels at a
24 eV pass energy. Core binding energies were referenced to the Au 4f;, peak at 84.0 eV.
Angle-dependent spectra were obtained by varying the angle (0) between the plane of the sample
surface and the axis of the detector. Throughout, after operations of sample treatment and
transfer, samples were assessed to ensure that the results below were not artefacts introduced by

contamination (checked by XPS) or any charging effect (checked by the bias pofential technique

described by Leung et al. [83]).

3.3. Results
3.3.1 Characterization of Freshly Deposited Film

Figure 3.2 shows Zr 3d and Au 4f;,, photoelectron spectra measured at 6 = 90° and 30°
from the freshly deposited film. The deposition was done for 30 minutes with the source
operating at ébout 1700°C. More than one chemical state is indicated for both Zr and Au, and

the curve synthesis followed the procedures described in Section 2.5. The Zr 3d spectra were

interpreted with three doublets, and the following discussion notes in particular the 3ds;,
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Table 3.1

Successive sample treatments used in this work.

Designation Preparation treatment

Al Zirconium was deposited at 5x10” Torr (ambient dominantly H,O)
for 30 min onto clean Au foil to give the initial oxidized film

A2 Heat sample Al to 250°C for 5 min with ambient H,O at about
1x107? Torr, and then to 320°C for a further 2 min.

A3 Expose sample A2 at 300°C to O, at 4x10” Torr for 10 min

A4 Heat sample A3 in low 10” Torr H,0 atmosphere at 300°C for 30
min, and then at 400°C for another 30 min.

AS Expose sample A4 at 300°C to D, at 4x10” Torr for 1 hr

A6 Heat sample A5 at 500°C (effectively in low 10° Torr H,O

atmosphere) for 5 min
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Figure 3.2  Zr 3d and Au 4f;, spectra for take-off angles equal to 90° and 30° for the freshly

deposited oxide film as in sample Al.




components. The component at 182.9 eV is assigned to ZrO,. This binding energy agrees
closely with that reported by Maurice et al. [84]; the latter authors studied the oxidation of a very
thin film of zirconium and they had direct structural evidence for the formation of ZrO,. The
component at 180.8 eV is assigned to a lower oxidation state material, ZrOx (where x is
intermediate between O and 2), which has also been proposed previously [4,6,7]. The third
component at 179.9 eV has a shift of 1.2 eV from the metallic Zr 3d core level (178.7 eV [4]).
The Au 4f;, spectra show two components; that with binding energy 84.0 eV is the regular gold
reference, vs./hile the other component is shifted to higher binding energy by 0.7 eV.

The area of the Zr 3ds,, peak at 179.9 eV decreased progressively upon annealing in a
background of around 1x10® Torr H,O (to form sample stage A2), and this peak could no longer
be detected after the sample was heated in an atmosphere of O, at 4x107 Torr (to form sample
stage A3). A corresponding behavior was observed for the higher binding energy component of
the Au 4f;, peak. The intensity ratio of these two components (Zr 3ds;; at 179.9 eV and Au 4f;,
at 84.7 eV) remained constant during the heating process. These observations suggest that these
two components originate from a Zr-Au alloy. It is noted that the magnitudes of the binding
energy shifts (compared to values for the pure metals) found here are comparable to values
measured in known alloy systems, for example the Zr 3d shifts of 1.14 and 0.85 eV reported for
Zr-Pd and Zr-Cu alloys, respectively [85]. Moreover, calculations of binding energy shifts, using
the method of Martensson et al. [86,87], predict shifts of 1.30 and 0.81 eV for Zr 3d and Au 4f,
respectively, which are reasonably close to the values 1.2 and 0.7 eV observed here. The full
width at half maximum (FWHM) for the shifted component (1.4 €V) in the Zr 3d spectrum is
less than those for the oxide components (1.9-2.0 eV), and essentially equals that for the pure

metal. Taking all these factors together, we believe that the Zr 3ds, peak at 179.9 eV and the Au
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4f;,, peak at 84.7 eV arise from a Zr-Au alloy phase in the interface region. Other examples of
intermetallic compound formation at zirconium interfaces include those observed in the
Zr/W(100) and Zr/Pt(100) systems [88,89]. Table 3.2 summarizes the binding energies and
FWHM values used for the components in the decomposition of the measured spectra, and Table
3.3 reports ratios of component areas with varying take-off angle, 8. The ratio of the ZrO,
component to each of the Au, ZrOx and Zr-Au alloy components increases quite markedly with
decreasing 0, and this is consistent with the ZrO, being located in the outermost region of the
film. The ratios of ZrOx and Zr-Au alloy to Au increase more slowly with increasing surface
sensitivity, and generally the trends for ZrOx and Zr-Au alloy with changing 6 are similar (see the
relatively constant I, to I, _,, ratio in Table 3.3). We therefore propose that between the ZrO,
and Au substrate there are regions of ZrO, and Zr-Au alloy, as illustrated schematically in Figure
3.3. The thickness of the film was estimated to be ‘about 20 A. This was done by following the

attenuation of the Au 4f component (procedure indicated in Section 2.3.3) and assuming a mean

free path of 24 A in ZrO, [49].

3.3.2 Stability of Film in Different Environments

Sample Al was annealed in an environment which was dominantly water at about 1x107
Torr. The initial heating was for 5 minutes at 250 °C, and then the sample was heated for a
further 2 minutes at 320 °C (to give sample stage A2). Figure 3.4 (b) includes Zr 3d and Au 4f7,

spectra for normal emission after this annealing, and Table 3.4 summarizes composition ratios,

and the relative amounts of Zr in the different compound forms, after the different treatments.

The relative elemental amounts were determined from the peak areas in high-resolution spectra




Table 3.2 Binding energies and FWHM values (in eV) used to decompose the Zr 3d and Au

4f;/, spectra for sample Al.

Component Zr Component Au

3ds;, 3d;», FWHM 4fqp FWHM
Zr-Aualloy 1799 1823 14 Zr-Au alloy 84.7 1.0
ZrOy 180.8 1832 1.9 Bulk Au 84.0 1.0
V410)) 1829 1853 2.0

Table 3.3  Ratios of intensities of different components in Zr 3d spectra for sample Al at

different take-off angles, 6

6 (deg) 17:0, /T au Iz:0, /170, 17:0, /1zs-Au Iz:0, 1zi-Au
90 0.5 2.0 ' 6.3 3.1
60 0.9 29 9.7 34
45 1.1 32 11.2 3.5
30 1.4 3.6 12.3 - 34

46




10 Torr HpO ZrOo 4x107Torr Op

(1) 5 min, 250°C | ZrOx +Zr-Au B N
300°C, 10min
—Au Substrate (2) 2 min, 320°C T
A2
Zr
e 4x107Torr Do

109 Torr HoO
£ |(with 10°° Torr H»0)

(1) 30 min, 300°C &
Au Substrate Au Substrate 300°C, 1 hr

(2) 30 min, 400°C

A4

A3
ZFOQ

109 Torr Ho0

i (o]
Au Substrate B, B Au Substrate

A5 A6

Figure 3.3  Changes in the film composition indicated by XPS following the sequential

treatments specified in Table 3.1,
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Figure 3.4 Zr 3d and Au 4fy, spectra measured for samples: (a) Al (as deposited), (b) A2 (after
annealing in 10? Torr H,0) and (c) A3 (after heating in 4x107 Torr O, for 10 min).
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Table 3.4  Atomic composition ratios for the oxidized Zr film as initially formed and after

annealing treatments in about 1107 Torr H,O0.

¢

State O/Au O/Zr, Zr0,/Zrx, ZrO,/Zr, Zr-Au/Zr,
Initial (A1) 1.2 11 0.60 0.30 0.10

5 min at 250°C 1.7 1.6 0.75 0.16 0.08

2 min at 320°C" 1.8 1.7 0.79 0.15 0.08

Zr, refers to the total Zr content, i.e. sum of ZrO,, ZrOy and Zr-Au alloy components.

* Corresponds to formation of sample A2.




after correcting for background and atomic sensitivity factors. As the temperature is raised, the
ZrOy and Zr-Au alloy components decreased while the amount of ZrO, increased, with a net
increase in O. It is clear for these conditions of sample and annealing, that ambient H,O at
around 1x10” Torr is able to promote the oxidation of both ZrOy and the Zr in alloy form.

Sample A2 was then further heated to 300°C for 10 minutes in 4x10”7 Torr O, (to give
sample stage A3). Changes in the Zr 3d and Au 4fy; spectra are shown in Figure 3.4 (c).
Components associated with the Zr-Au alloy phase were no longer identifiable in the spectra.
The amount of ZrOy decreased, but both the O-to-Zr and O-to-Au ratios increased. When this
resulting sampie (A3) was annealed at 300°C in a low 10® Torr H,O atmospheré for 30 minutes,
and then at 400°C for 30 minutes (to form sample stagé A4), no further changes were detected by
XPS. At this stage it appears that the outer layer of ZrO, is sufficiently thick to slow oxidation of
the underlying structure by the low-pressure H,O.

Sample A4 was exposed to 4x107 Torr D; at 300°C for 1 hour (to give sample stage AS).
Figure 3.5 compares the Zr 3d~ spectra before and after this treatment. Surprisingly, this
treatment results in removal of the ZrOx component; also the resulting spectrum (with 3ds;, and
3d3/, components at 182.9 and 185.3 eV, respectively, and relative intensities in the ratio 3 to 2)
is characteristic of ZrO,. This treatment gives small increases in the O-to-Au and O-to-Zr ratios.
Prior to the D, exposure, no change was detected in the film on heating in the oxidizing
atmosphere for 1 hour. Therefore it appears that, at this stage, the further oxidation of the inner
region of the film is very slow. However, exposure to D, for 1 hour results in the complete
conversion of ZrO, to ZrO,. Since during this exposure there is still H,O in the chamber in the
low 10® Torr range, the net increase in O is presumably supplied from this source. Water at the

same basic pressure was also present during the heating that converted sample A3 to sample A4,
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Figure 3.5 Zr 3d spectra for oxidized zirconium film sampl'es: (a) A4 (before D, exposure) and

(b) A5 (after annealing at 300°C for 1 hr in 4x107 Torr D,).
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but since XPS did not detect changes for that process, it must be concluded that the D,
effectively predisposes the film to the further oxidation seen in the spectrum for sample AS.

Sample A5 was annealed at 500°C in UHV (i.e. effectively in an atmosphere of H,O in

the low 10" Torr range) for 5 minutes to form sample A6. This resulted in an increase in the Au
4f intensity, although with no evidence in either the Au 4f or Zr 3d spectra for the ermation of
the Zr-Au alloy phase. In an earlier study, in which ZrO, was grown on a Au(111) single-crystal
surface [90], it was observed that the Au Auger signal increased with heating temperature over
the range from 400 to 850°C. Two possibilities were proposed, namely either Au migrates
upwards to form intermetallic Zr-Au in an interface region, or the ZrO, layer agglonierates. The
observation here suggests the latter gives a more reasonable explanation for these conditions.
This points to an advantage for using Au as the substrate material since the mixing of ZrO, and

Au is not pronounced for temperatures 500°C or below.

3.3.3 Other Observations

A parallel study was made on another sample (B1 in Figure 3.6) prepared at a higher
deposition rate (about 2 Amin'l), but otherwise for conditions similar to those specified in Table
3.1 for the formation of sample Al. For B1, XPS indicated the presence of metallic Zr in
addition to other components identified in the first film (sample A1). However, when sample B1
- was heated to 400°C for 20 minutes in an atmosphere of H,O in the low 10" Torr range (to form
sample B2), the metallic Zr component was no longer identifiable in the XPS spectrum. This
heating resulted in increases in the O-to-Zr; (here Zr; refers to the total peak area of Zr 3d peak)

and ZrOy-to-Zr, ratios, but to decreases in the Zr-to-Au and O-to-Au ratios. It was concluded

that as a result of this heating some metallic Zr in sample B1 was converted to ZrOy, while the




10° Torr H,O
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Au Substrate Au Substrate

B1 B2

Figure 3.6 Changes in the film composition indicated by XPS for film B1 to give sample B2.
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rest was converted to Zr-Au alloy. At sample stage B2, the composition and morphology of the
oxidized Zr film was basically the same as those found for sample Al, although film B2 was
slightly thicker (about 30 A). When sample B2 was subjected to further changes, similar to those
reported in Table 3.1 starting from Al, very similar behaviors were observed for the ZrO,, ZrOy
and Zr-Au alloy regions as for the first film. The initial results appear reproducible, but because
some variables (é.g. temperature) did not fully correspond to those of the first study (Table 3.1), a
further more systematic study was made in subsequent work [91,92]. All other studies found
evidence for the H ‘catalytic’ effect observed here, and so we believe that the H effect identified

first in this work is not an artefact.

3.4 Discussion

Changes in the structure and composition of the oxidized zirconium film during the
successive sample treatments (Al to A6) are summarized schematically in Figure 3.3 and some

points of interest are noted as follows:

(1) The initial films (sample stages Al and A2) have an outermost layer of ZrO, on top of a

lower oxide, ZrOy, and some Zr-Au alloy.

(2) The ZrO,/ZrO4/Zr-Au film in sample A2 can be further oxidized by either H,O or O, at
300°C, although this process is hindered as the ZrO; layer gets thicker.

(3) While treatment of the film at 300°C by O, at 4x107 Torr (with H,O in the low 10” Torr
range) does not convert all of th¢ zirconium into ZrQ,, a further heating with D, at 4x107

Torr in the presence of H,O (again low 10 Torr range) can activate the oxidation process

sufficiently to convert all Zr to the +4 oxidation state.
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It is clear that the reaction that dominates in the synthesis of the oxidized zirconium films
involves the formation of ZrO, from Zr and H,O, a process driven by the highly negative free
energy of formation for ZrO,. If the initial zirconium deposition rate were sufficiently slow,
compared with the impact rate for the H,O pressure, the whole sample product may be ZrO,
according to an equation like

Zr + 2 H0 > ZrO, + 2H, . 3.1)

However, for sample Al, the oxidation was not complete since the deposited film had O
deficient regions (as indicated 'by the presence of lower oxide ZrOy), while for B1 (with a faster
Zr deposition rate), regions of metallic Zr remain in addition to the ZrO, and ZrOy regions.
Evidence here shows that, although reaction of oxygen with zirconium dominates, once all the O
is bound, excess Zr may bind to Au depending on the circumstances. The latter process is also
driven by an exothermic heat of formation [80], although limits are set by conditions for
intermetallic migration. For the formation of sample B1, it appears that the zirconium layer
builds up faster than intermetallic migration occurs so that a pure metallic region can be
identified in the deposited film.

Molecular dissociation is often believed to occur on oxide surfaces, especially at atomic
steps and other defects [93], and the research described here helps to supplement the relatively
limited knowledge currently available for the interaction of H,O, O, and D, with ZrO, surfaces.
Molecular dissociation of H,O on the oxidized surfaces provides oxidant that can migrate from
an adsorbed layer into the bulk, for example by a cascade-type process illustrated in Figure 3.7.
Such a model helps account for the observation that, on heating freshly prepared oxide film in

around 1x10” Torr of H,0, the outermost ZrO, region increases while the inner ZrO, and Zr-Au
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Figure 3.7 Schematic diagram of O incorporation into a thin film of oxidized zirconium grown
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alloy regions decrease. Heating in O, can continue this process until all the Zr-Au alloy is
con\./erted to oxidized zirconium and gold.

Oxidation rates for some transition metals, such as zirconium, depend on the rate of O
transport through the oxide films [94]. Since oxygen diffusion is slower in ZrO; than in the
zirconium suboxide [95], the migration of O from above to the inner region of the film occurs
significantly only to a limiting thickness of the ZrO, layer so that the oxidation process is
hindered as the ZrO, layer gets thicker. However, that material does change in the presence of
D, at 300°C, suggesting that deuterium can facilitate (or catalyze) the oxidation process at the
oxide interface to convert all zirconium to the +4 oxidation state. The D atom, with its small
size, can occupy interstitial sites or as a deuteron effect some substitution of 0> by OD', or even
D0, in the metal oxide. The “substitutional hydroxide” is likely to reduce the effective oxygen
radius and thereby make it easier for migration in the oxide [42,94,96,97]. Possibly this indicates
a sense in which D, can facilitate further incorporation of O from above. Although this suggests

an explanation of the effect of D atoms on the ZrOz/ZrOx system, more mechanistic information

is required to put the proposal on a firmer basis.




Chapter 4: Low Energy Electron Diffraction (LEED)

4.1 General Principles

Structure is particularly fundamental to determining other physical and chemical
properties, and this is true in surface science as in other areas of chemical physics. The potential
of LEED to probe atomic arrangements at single crystal surfaces was first realized in 1927 by
Davisson and Germer [98], when they discovered the phenomenon of electron diffraction. Much

_ subséquent work, particularly in the past 25 years, has been done to develop the experimental
techniques and to establish the theory. Today, LEED is the most developed method to give
surface structure information [29], but other techniques are available including surface X-ray
diffraction [99], ion scattering [55,100], scanning tunneling microscopy [101], surface-extended
X-ray absorption fine structure [102] and photoelectron diffra;:tion [67,69]. The recent
development of tensor LEED [103] is opening applications to. more challenging surfaces, and the
existence of detailed structural information from LEED -and thé other techniques, is providing a

basis for development of the principles of structural chemistry.

4.1.1 Introduction

The experiment of LEED involves directing a beam of electrons of well defined energy
on to a well-characterized single crystal surface, and observing the elastically backscattered
diffracted beams. For the typical energy range of 30 to 300 eV, the electron wavelength can be
expressed as

A (A) = 1504 ' 4.1
E(eV)
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from the de Broglie relation. Diffraction can occur for these energies since the wavelengths (2 -
0.7 A) are comparable with lattice spacings. Furthermore, electrons in this energy range have a
high probability to experience inelastic scattefing in a solid. According to Figure 2.2, the
associated inelastic mean free paths are typically around 5 to 15 A; this range corresponds to a
probing depth of just a few atomic layers and in turn this makes LEED a surface sensitive
technique.

~ Another important feature of the LEED process is its multiple-scattering nature.
Electrons in the low-energy range also experience strong elastic scéttering with the target
material; their scattering cross sections are around 10° times larger than those for X-rays. Indeed,
the scattering cross-section of an atom as seen by a LEED electron is of the order of its physical
cross-sectional area. As a result, electrons have a high probability to be scattered more than once
in the solid before they can exit. Forward scattering is more probable than back scattering and,

with strong inelastic scattering, this ensures that only a small fraction (e.g. 1- 5%) of the incident

electrons are backscattered into vacuum without losing energy.

4.1.2 Diffraction Conditions

Consider an electron beam in field free space interacting with an ordered surface region
for which its diperiodic character is characterized by unit mesh vectors, sy and s,. The effective
translational symmetry for the sample is then specified by translation vectors
t=ms;+ns,, | (4.2)
where m, n are integers. The electron beam in vacuum can be described by a plane wave

Y(r) = exp (ik-r), ‘ 4.3)
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where k is the wave vector (magnitude 2rt/A with direction of beam) and r the position vector. In

general, for particles scattering into solid angle €2, the differential cross-section

2
%:(21;2) < [T, > | 4.4)

is determined by a matrix element < ¥ | T | ¥, > of the transition operator T, where ¥ and ¥, are

the incident and scattered plane waves respectively. For an ordered surface, the Hamiltonian of
the LEED electron in the presence of the scattering crystal is invariant under a symmetry

operation S of the crystal, then following Messiah [104]

<V |T|W>=<¥|S'TS|¥o>=<S¥|T|S¥>. 4.5)
If, in particular, S represents a diperiodic translation vector t of the surface net, then

SY (r) =Y (r+t)=exp[ik-(r+t)] (4.6)
Here S has the effect of translation from r to r + t. A corresponding relation holds for S (r),
and hence the two ends of Eq.(4.5) give

<¥|T|¥y>=expliko—k)-t] <¥|T| ¥, > %))
which with Eq.(4.4) immediately requires either < ‘¥ |T| ¥y > =0 (i.e. no scattering intensity) or
expl i (ko —Kk)-t]=1 (4.8)
Equation (4.8) is satisfied by

(ko — k)-t =21 X integer (4.9)
or alternatively

kg, =Ko, +g (diffraction condition) (4.10)
where the subscript || indicates a component parallel to the surface, and each scattered wave

vector kg is characterized by g, a reciprocal net vector of the diperiodic surface. There is
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therefore a direct correspondence between individual diffracted beams and individual vectors of

the reciprocal net. The latter can be expressed as

g=h si +ksy (h, k integers) 4.11)
where

;-S| =27 siesy =0

$y+8; =2m $2+8; =0 (4.12)

and (s;", s;") are the corresponding unit mesh vectors in reciprocal space.

For elastic scattering, the wave vectors of the incident (ko) and diffracted (kg) waves

satisfy:
Ik | = Kol (4.13)
The two basic conservation conditions for elastic LEED are Eqs. (4.10) and (4.13); the first
corresponds to the conservation of momentum parallel to the surface, and the second to the
conservation of energy.

Changes in the diperiodicity of a well-ordered crystal surface, for example following the
adsorption of a gas, result in changes observed in the diffraction pattern. Frequently, the new
surface unit mesh vectors, s; and s,, are simply related to those of the substrate (i.e. the ideal
surface truncated from the single-crystal bulk), a; and a,. There are two nomenclatures in use to
describe the associated surface structures, namely that due to Wood [105] and the more general

matrix notation [106]. In this work, Wood’s notation in the form (pXxq) is sufficient, and is the

only one detailed here. An illustration is given in Figure 4.1, where unit mesh vectors s; and s,
with O adsorbate present (at 0.25 ML coverage, i.e. one O atom for every four Zr atoms in

topmost layer of the substrate) are compared with those (a; and a5) of the Zr(0001) substrate. For

that case,
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Figure 4.1 Diagrams showing: (a) unit mesh vectors for the Zr(0001)-(2x2)-O surface and the

Zr(0001) substrate, (b) the corresponding.reciprocal space vectors.
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s1=2a (p=2)
s2=2a (q=2)
and the notation for the surface structure is written Zr(0001)-(2x2)-O. The corresponding

reciprocal vectors for the surface with adsorbate (sl* and sz*) and the substrate (al* and az*) are

indicated in Figure 4.1 (b).

4.1.3 LEED from Incompletely Ordered Surfaces

At the microscopic level, single crystal surfaces inevitably have some heterogeneous
character, for example associated with adsorbate islands or separate domains resulting from the
presence of atomic steps. The diffraction pattern observed depends bpth on the domain
dimension and the instrumental transfer width [107]. The latter gives the maximum distance
over which the instrument can recognize atomic order; it is infinite for ideal equipment, but finite
for real instruments with divergences in beam directions and energies (LEED instrumentation of
the sort used here typically has a transfer width of around 100 A). For the zirconium surface

used in this work, which has the hexagonal close packed ‘(hép) structure, the individual close

packed layers, parallel to the (0001) plane, are stacked in the ABAB... sequence. But two
terminations are possible: either as ABAB... or as BABA.... For careful cutting of the crystal,

each type of domain should have equal probability. The actual LEED pattern observed
represents a summation of patterns from the individual types of ~domain provided their
dimensions are greater than the instrumental transfer width. For these conditions, the LEED
pattern from a Zr(0001) surface shows an apparent 6-fold symmetry at normal incidence; this is a
‘domain averaged’ pattern which results from the superposition of two 3-fold patterns (Figure

4.2).

63




(@)

(b)

Figure 4.2

O Atom A termination ' Atom B termination

Termination at hcp(0001) surface: (a) side view with A termination and B
termination, (b) superposition of two 3-fold symmetrical LEED patterns to form

a 6-fold symmetrical LEED pattern at normal incidence.
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The existence of domains can sometimes lead to ambiguity in interpretation of a LEED

pattern. The example of a (2x2)-type pattern just considered could also arise from 3 equivalent

(2x1) domains, which are rotated by 120° to each other. The two types of superstructures, and
their individual and summed LEED patterns are illustrated in Figure 4.3.

An ideal LEED instrument would detect diffracted beams of 6-function form from an
ideal ordered surface, but this picture must be modified for real heterogeneous surfaces studied
with real equipment. A sharp LEED pattern, with low background between the diffracted beams,
is generally taken as a guide to a well-ordered surface. This is most meaningful when
measurements are made with a high-resolution instrument with large transfer width, as is used in
LEED spot profile analysis [108]. In that approach, the measured broadening of diffracted beams
is used to quantify disorder characteristics for the surface. The further method of diffuse LEED
(DLEED) allows measurement and analysis of diffuse intensities from disordered surfaces to

give local structural information [109,110].

4.2 Multiple Scattering Calculation of LEED Intensities

The strong elastic scattering, and the conseqﬁent multiple scattering nature of low-energy
electron diffraction (Section 4.1.1), results in the kinematic theory, which has been most
successful for treating X-ray diffraction [111], being insufficient to handle LEED. A dynamical
theory of diffraction is thus required for the latter context. Fuller accounts of the theory can be

found in many references [29,30,112-114], but only introductory outlines of the calculation
schemes are given here.

In LEED, the total wave function outside a crystal can be written as
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Figure 4.3 Possible structures compatible with (2x2) LEED pattern formed by O at Zr(0001)

surface: (a) three rotationélly-related domains of (2x1), (b) a genuine (2x2) surface.
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Yo (@) =exp(ik,- r)+2cgexp(ikg-r) 4.149)

where exp (iko-r) and exp (ikg-r) represent the incident and diffracted plane waves respectively.
The beam intensity (or reflectivity) of the gth diffracted beam is

R =kgl 2

—Elc
g kOJ_ g

, (4.15)

where k,, and ko, are the perpendicular components of wave vectors of the diffracted apd

incident beams respectively [115]. The objective of a LEED calculation is to determine the
intensities of the elastically diffracted beams, normally as a function of electron energy to give
the intensity-versus-energy or I(E) curves. In LEED crystallography, I(E) curves calculated for
various surface models, and for all diffracted beams, are compared with experimental I(E) curves
to determine the correct structural arrangement. In this way, surface structural information such
as adsorption sites, bond lengths and interlayer spacings can be obtained.

Most LEED calculations use the muffin-tin model [30] for the scattering potential (Figure
4.4). In this model, a spherically symmetric potential (of appropriate muffin-tin radius) is
assumed around each atom, with a constant potential for the interstitial region outside of the
spherical regions. The constant potential between the spheres (called the ‘muffin-tin zero’ V,) is
given the complex form
Vo= Vo +1Vi , (4.16)
The real component Vi accounts for the lowering in potential energy which an electron
experiences on entering the solid. Variations in its value primarily shift the energy scale of the
calculated I(E) spectra, and V, is normally treated as an adjustable parameter in a structural
search [30]. The imaginary component Vy;, when negative, accounts for the attenuation of the

electron beam intensity, caused by inelastic processes including plasmon and phonon excitations,
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as the beam propagates in the crystal. Also, V(; determines the width of the interference peaks in
the I(E) spectra in the sense that the larger | Voi|, the broader the peaks. Some have suggested a
weak energy dependence for this parameter (e.g. as E'” [116]), but a constant value of -5 eV has
Been used for Vy; throughout the LEED calculations made in this work.

The calculation of LEED intensities for scattering by a well-ordered surface region is
conveniently done in three steps: It starts with scattering by a single atom, followed by coherent
summation of atomic scattering amplitudes from all atoms in a layer; and finally, contributions
from different layers are summed to give the total diffraction amplitude scattered by the surface.
Mathematically, two different types of basis functions are suggested. In the angular-momentum
(L-space) representation, the electron waves are described by spherical waves, which occur
naturally for scattering by spherically symmetric potentials, while in the linear momentum (K-
space) representation, use is made of plane waves, which occur naturally for regions of constant
potential. In principle, wave functions for LEED electrons inside a crystal surface can be
expanded in terms of either spherical waves or plane waves, and Marcus [31] has discussed the
mathematical transformations between these two representations. Throughout the formulation of
a LEED calculation, these two approaches are available; which is used at each point is decided by
the efficiency for the whole calculation.

1. Atom Scattering The elastic interaction of an incident plane wave (wave vector k) with a

spherical atomic potential yields a scattered wave with the asymptotic form

exp (ik.r) + t(0)

exp(ikr)
— 4.17)
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where t(0) is the scattering amplitude for scattering angle 0 and r is the distance from the nucleus.

The scattering amplitude can be expressed in terms of Legendre polynomials P, by a partial

wave expression:
(6) = 47 Y (2£+1) tePe(cos) (4.18)
V4

where t; is a t-matrix element given by

exp (id,)sin,
RS

(4.19)

The &, in Eq (4.19) are the phase shifts (for angular momentum values ¢ =0,1,2, ..) [117] and

they are characteristic of the particular potential and energy. The phase shifts are attained by
integration of the radial Schrédinger equation in the presence of the ion core potential. In general
the number of phase shifts required is smaller for weakly scattering atoms than for those that are
strongly scattering; also the number required increases with energy.

Thermal effects are included by multiplying the atomic scattering amplitude t(0) with a
Debye-Waller factor:

t'(0)=exp (-M) t(8) (4.20)

where t'(0) is the effective atomic scattering amplitude and
M:élAkF < (Ar)? > (4.21)

Here Ak is the momentum transfer due to diffraction from one plane wave into another and

<(Ar)> is the mean-square amplitude of vibration. For isotropic harmonic vibrations,

oT

<(Ar)? >=
> = ka0

(4.22)
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in the high temperature limit. In Eq. (4.22) T and Op are the real and Debye temperatures, m is
the atomic mass, and kg is Boltzmann’s constant. The Debye temperature indicates the rigidity
of a solid with respect to vibrations; the higher 6p the stronger the bonding in the solid [118].

For these assumptions, Jepsen et al. [119] have shown that the effect of a vibrating lattice

can be included by a renormalizaton of the atomic phase shifts for the corresponding stationary
lattice. Given this, the temperature-dependent phase shifts 5} for a LEED calculation are

generated automatically by the computer program given the basic input parameters including

phase shifts for stationary atoms (§,), the Debye temperature (8p ) and the surface temperature

(T). In practice for a vibrating lattice, £, =7 (i.e. eight phase shifts ) is generally satisfactory

for energies less than about 250 eV. That has bc_;en followed in the present work. The phase
shifts used for Zr were initially determined frofn a baﬁd strucfure calculation by Moruzzi et al.
[120] whereas those for O were determined by) Demuth et al. [121] from an atomic potential
calculated in an appropriate cluster using the super[.)ositionvof atomic charge density procedure
[122].

In summary, the scattering properties of an atom enfér the LEED calculation via the
atomic phase shifts, which are determiﬁed by the potential extending from the nucleus to the
muffin-tin radius. In effect, the use of phase shifts allows the atom to be treated as a point scatter
without the need to consider its extension in space in the full calculation. Parameters required as
input to a program for LEED multiple scattering calculations divide into two gfoups: (i) the
geometrical (or structural) parametefs which fix atomic positions within the model of the surface,
and (ii) the ‘non-structural’ parameters which include the atomic phase shifts, the Debye

temperature and muffin-tin zero parameters (Vo and V).
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2. Layer Diffraction Spherical waves which have been scattered by one atom can subsequently
be multiply scattered by other atoms in the same layer. Figure 4.5 (a) indicates schematically
multiple scattering between two atoms. In the L-space representation, the scattering from one
atom to another is covered by propagators (Green’s functions, e.g. G*! and G'? in Figure 4.5 (a))
which describe the free-space propagation of scattered spherical waves between the atoms and
are implicit function of atomic positions [29]. The amplitude of a wave which arrives at the
second atom after being scattered by the first is represented by G*'t', where t' is the t-matrix of
atom 1 (assumed for a vibrating atom). This scheme can be extended, by matrix equations which

sum over all possible scattering paths to an infinite, diperiodic plane. The layer diffraction is
then described by a diffraction matrix M**, as has been discussed by Van Hove and Tong

[114]. The matrix element M:.j; specifies the amplitude of a diffracted beam k:., given an

incident plane wave kzof unit amplitude. The M** matrix distinguishes between reflected and

transmitted plane waves as illustrated schematically in Figure 4.5 (b). The layer reflection (r) and
transmission (t) matrices satisfy:

r =M, r’=M7", =M +I, 7 =M"+I (4.23)
where I is the unit matrix for representing the unscattered plane wave when it is transmitted
without change of direction through the layer [114].

3. Diffraction by a Stack of Layers The presence of significant inelastic scattering experienced
by electrons propagating in real solids ensures that the surface diffraction can be represented by
diffraction by just a finite stack of layers. The associated diffraction matrices are calculated by
stacking the single layer diffraction matrices. In principle, this caﬁ be performed in either the K-

or L-space representations. Since K-space calculations generally require less computational
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Figure 4.5 Schematic indication of multiple scattering: (a) between two atoms, (b) showing the

transmission (t) and reflection (r) matrices for scattering by a single layer of atoms.
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times, this approach is favored when there is satisfactory convergence. Specific methods
available are the renormalized-forward-scattering (RFS) method and the layer-doubling (LD)
method, both introduced by Pendry [30], and the combined-space (CS) method introduced by
Tong and Van Hove [123]. Calculations of LEED intensities in this research used both the RFS
and CS methods.
(D) Renormalized-forward-scattering (RFS) method

The RFS method is a perturbative approach based on the idea that backward diffraction
(or reflection) is weak compared to forward diffraction (or transmission) [124]. Figure 4.6
illustrates a number of the possible scattering paths in which beams propagate into the crystal,
and undergo various scatterings in both the forward and back directions according to the layer

reflection (r) and transmission (t) type matrices respectively. The longer the path the greater the

~ damping, and all possible paths that can scatter significant amplitude back into vacuum are

grouped, on the basis of the number of backscattering events, into first, second, third and higher
order categories. The wave backscattered out of the crystal to first order have undergone one
layer reflection; those to second order have undergone three layer reflections, and so on. The
backscattered amplitude is summed until higher order contributions become negligible, at which
point the process is considered to have converged.

RFS is the fastest method for stacking layers, but it may need the inclusion of as many as
12-15 layers and 3-4 orders of iteration for convergence. However, this method can fail to

converge with interlayer spacings less than about 1 A. In such cases the LD method or CS

method should be used instead.
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Figure 4.6  Some scattering paths in the renormalized forward scattering (REFS) perturbation

method.
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(II) Combined-space (CS) method

Both the RFS and LD methods use the plane wave (K-space) representation to calculate
the scattering amplitude from a stack of layers, but the number of plane waves needed increases
as the interlayer spacings reduce. For spacings.less than about 0.5 A, the dimension of the
matrices involved can become too large for numerical reliability. In such circumstances, the
more time-consuming full matrix inversion procedure [125] within the L-space representation is
required. However a compromise is possible for surfaces which have some close interlayer
spacings, while others are more widely spaced. For this situation, Tong and Van Hove
formulated a ‘combined space method’ [123]; in this approach the surface layers, where small
interlayer spacings occur, are treated as a composite layer consisting of two or more subplanes,
each of which contains only one atom per unit mesh. Diffraction properties of the composite
layer are calculated in the L-space representation, while the stacking of the composite layer onto
the substrate is done in the K-space representation.

When the rotational symmetry of a surface is lower than that of the substrate, rotationally
related domains are to be expected. At normal incidence, when it is along a symmetry direction,
diffracted intensities need only be calculated from one domain, But an appropriate averaging of
diffracted beams is required to effect a summation of the different patte“rns from the different
domains [126]. The above procedure assumes that the domain sizes are large (compared to the
instrumental transfer width) and that the different domains are equally populated. Such

conditions may be approximated in practice when the sample is well-oriented, and it manifests a

sharp diffraction pattern.




4.3 Measurement of LEED Intensities
4.3.1 Instrumentation

The LEED studies in this work were performed in a Varian chamber, which is ion-
pumped to maintain a base pressure of around 2x10° Torr. A top view of the chamber is
depicted in Figure 4.7 (a). The single-crystal sample sits inside a molybdenum sample cup,
which is equipped with a resistive heater and to which is attached a thermocouple for measuring
crystal temperature. The whole assembly is mounted on a manipulator to allow five degrees of
movement for the sample: translation along three orthogonal directions (x, y, z), and variations of
the polar (0) and azimuthal angles (¢). Gases are introduced through a variable leak valve from
the gas side line; other facilities available are the LEED optics (Varian 981-0127), a cylindrical
mirror analyzér (Omicron, CMA100), a sputtering gun and a quadrupole mass spectrometer.

Figure 4.7 (b) shows the pumping system used for this chamber and the associated gas
line. Initial roughing (to ~ 10 Torr range) is accomplished by a liquid nitrogen-cooled sorption
pump; the chamber pressure is then reduced to about 107 Torr by a water-cooled, liquid nitrogen-
trapped diffusion pump prior to turning on the ion pump which reduces the chamber pressure to
about 10 Torr; and UHV is achieved after baking the chamber at about 150 °C for 12 hours or
more followed by a degassing of all filaments.

Figure 4.8 (a) schematically indicates the four-grid LEED optics used in this work. The
electron beam, generated by a directly heated tungsten filament, is collimated by a lens system
and accelerated to the desired energy E. The sample and the final electrode in the gun are
grounded so that the electrons move in a field-free region. Typically the electyoq beam has a
diameter of 1 mm or less over the crystal surface (about 10 cm away), an energy spread less than

1 eV and a current of around 2 BA (lower values for below 120 eV). The detector system
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includes the fluorescent screen and a set of hemispherical grids (transparency to electrons around
80% for each). The first grid is grounded, but the second and third grids are linked together and
biased at a slightly negative potential to prevent most inelastically scattered electrons from
reaching the fluorescent screen, which is held at a positive potential (e.g. 5 kV). The fourth grid
is grounded to isolate the screen potential from the retarding potential of grids 2 and 3. A set of
Helmholtz coils are placed around the chamber to cancel any magnetic disturbance, especially
from the earth’s field.

A single-pass cylindrical mirror analyzer (CMA) (Figure 4.8 (b)) is used for measuring
the intensity of Auger electrons. An electron gun mounted along ‘the axis of the cylinder provides
the primary electron beam with typical energy 3 keV and current 2.3 pA. The CMA was first
introduced for surface analysis by Palmberg et al. [127]. It consists of two co-axial cylinders; the
outer one is held at a negative potential (-V) with respect tov the inner cylinder which is grounded.
Electrons that are emitted from the sample enter the analyzer at 42° to ensure second order
focusing and a high transmission for a given energy [128]. For a particular V, only electrons in a
narrow energy range can pass through the exit slit to the électron multiplier collector. The energy
analysis is done by scanning the DC voltage on the outer cylinder (-V), and simultaneously
measuring the electron current at the collector. The Auger electron signals represent small
structures on a large background of secondary electrons, and therefore in practice AES

measurements are often made in the derivative mode. This is accomplished by superimposing a

small sinusoidal voltage (AV = k sinwt) on the outer cylinder voltage and synchronously
detecting with a lock-in amplifier the component with frequency ® in the signal from the electron

multiplier. This directly generates the Auger spectrum in dAN(E)/dE vs. E form. A CMA
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improves the signal-to-noise ratio (by ~10%) over a retarding field analyzer based on four-grid

LEED optics [129]. In principle, less than 1% of a monolayer of impurity can be detected.

4.3.2. LEED Intensity Measurement Using the Video LEED Analyzer (VLA)

Experimental I(E) curves in the current study were measured with a video LEED analyzer
(VLA, Data-Quire Co., Stony Brook, N.Y.) connected to an IBM PC (Intel 486, 66 MHz) as
shbwn schematically in Figure 4.9. A silicon-intensified TV camera placed in front of the
viewing window allowed the diffracted pattern to be displayed on a monitor. The camera defined
the viewing area as a 256x256-pixel frame and recorded the intensity of each diffracted beam by
summing the digitized intensities inside a 10x10-pixel window, which completely covered the
spot. The computer unit was programmed to track the moving spots automatically as fhe incident
electron energy was varied. In principle, up to 49 beams could be measured at the same time, but
typically in practice no more than six beams were measufed in one pass; usually ten passes were
made for each set of beams to improve the signal-to-noise ratio. In addition, appropriate gain
level settings were chosen for measuring beams of different overall intensity.

This approach for measuring intensities of diffracted beams involves two electron/photon

signal conversions: (i) diffracted-beam electron flux to photons at the fluorescent screen; and (ii)
photons from the screen to electrons in the TV camera. Although this approach for measuring
diffracted beam intensities from the brightness of spots is somewhat indirect, a numbér of tests
have shown that the resulting I(E) spectra can match well with those measured directly using a
Faraday cup [36]. In general, for the instrumentation and maximum beam current used, linearity

is believed to be maintained over three orders of magnitude in the diffracted beam current [36].

The special advantage of the VLA method lies in its ability to make measurements while the




82

“WasAs 10zATeue (T O9PIA oY) JO wreISeIp OURWSYIS 6 I3

aweld uep WISpoN
Hun [043U0D JI0HBAUOD) 98 81|
a3 v/d
cmmﬁum BIOWED AL
_/ 1| JOUBAUOD) .
unf——p & iy 03pIA JONUON AL
SEEY Sidues —

Sug|




surface remains in a reasonably constant state (measurements with a Faraday cup, for example,
require measurement times at least one or two orders of magnitude greater).

In the first instance, LEED intensities were measured at normal incidence, since this gives
the best control on direction and aids the subsequent calculations. Normal incidence is a
symmetry direction in the surfaces studied, and I(E) curves for diffracted beams related by
symmetry elements possessed by the real surface should be identical insofar as the incidence
direction is exactly at the normal. The sample orientation was adjusted until the measured I(E)
curves closely reflected the symmetry. When more data were desired than could be obtained at
normal incidence, off-normal measurements were made to get more data points. Then, the polar

angle 6 was determined from the position of the specular beam on the screen with respect to the
normal direction after calibrating to angular rotations measured from the manipulator. For these
measurements, the azimuthal angle ¢ was adjusted so that the incidence direction coincided with
“a reflection plane in the sample; the latter was ensured by checking that measured I(E) curves
from appropriate pairs of diffracted beams closely showed the required reflection symmetry.

The raw experimental I(E) curves need treatment before use in a structural analysis. First,

they were normalized to a constant incident beam current according to

I=— (4.24)

1o
where i and iy are measured diffracteci and incident currents respectively. This step is necessary
because the current from the LEED gun varies significantly with energy, especially below 120
eV. Second, the curves from symmetrically related beams were averaged together. This helps to
minimize error associated, for example, with any small misorientations (e.g. deviation from

normal incidence, misalignment of the surface) [130]. Finally, the averaged I(E) curves were
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smoothed (using a Fourier-transform smoothing scheme) to reduce noise which could adversely
affect the later R-factor analysis [114]. Figure 4.10 illustrates these steps applied to a set of

experimental data for the (1/2 0) beam from the Zr(0001)-(2x2)-O surface, while Figure 4.11

compares two sets of I(E) curves measured from independently prepared surfaces. The latter
correspondence appears at a good level, and is typical of the correspondence between

independent measured sets of I(E) curves achieved for all surfaces studied in this work,

4.4 Retrieval of Structural Information

LEED crystallography adopts a trial-and-error approach. Theoretical I(E) curves for a
number of chemically plausible models of the surface are calculated, and comparison with
experimental I(E) curves is done both visually and with the reliability indices (R-factors) to
determine the best match (hence, the most probable model of the surface). A useful R-factor
should be sensitive especially to structural parameters, such as atomic positions, and less
sensitive to non-structural parameters, such as the Debye temperature and V.. However, all
analyses must optimize V, continually during the experiment-calculation comparisons because
of the way it affects peak positions in I(E) curves. Various R-factors have been proposed for
LEED as reviewed by Van Hove et al. [131] . All the reliability indices are defined so that the
closer the correspondence between experiméntal and calculated I(E) curves, the smaller is R (the
lower limit is zero for the correspondence of identical curves).

The most commonly used R-factor in LEED is that proposed by Pendry (R,) [132] and it

has been used throughout the structural studies in this work. It is based on the single-beam

function
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Figure 4.10 Measurement of LEED I(E) curves for (1/2 0) beam at normal incidence from the
surface formed by 0.5 ML of O at Zr(0001). Three symmetrically equivalent

beams were averaged and then smoothed.
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Figure 4.11  Two sets of I(E) curves measured from the surface formed by 0.5 ML of O at
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where

Y(E) = TJ}% (4.26)
and L is the logarithmic derivative of the intensity

L(E) = %)— (4.27)

The overall R-factor for use in a structural analysis is an average of all the single-beam values
with a weighting according to their energy ranges as
Zrip AE'

2 AE

i

R, (4.28)

where summations are over the various diffracted beams.

This index was designed to be approximately unity when there is no correlation betweg:n
the calculated and experimental curves. It follows the idea that all peaks in I(E) curves carry
structural information caused by constructive interference, and it weighs all the peaks equally
whether large or small. Pendry also attempted to estimate the reliability of a comparison between
experiment and calculation by considering the probability that a minimum in R; is a local
minimum due to the operation of random fluctuations. He defined a ‘double reliability factor’

(RR) as

\Y%

oi

8
RR= varR _

(4.29)
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where var R is the variance of R, V; is the imaginary part of the muffin-tin potential V, and AE

is the total energy range. He proposed that the reliability of a minimum R, value is
var RRmin = RRX Ruin (4.30)
which can correspond to an error width for a structural parameter on the R, versus parameter
plot.

Another approach to error estimation is provided by Andersen et al. [133]. It is assumed
that the R-factor near the minimum can be written as a‘quadratic form of the different parameters
p(i), i=1,2, ...k as shown in Eq (4.31), where k is the total number of parameters to be

determined. In the generalized form,
1 T ‘
R=R,,, +5(p—popt) G (D= Pop) 4.31)

where the superscript T signifies a matrix transpose, and the matrix element of G is

G; =——a.2R—. (4.32)
op(i)9p(j)

Then an error matrix (€) can be defined by :

=G~ (4.33)

and the uncertainty results from:

Ap(i)= | Rminii (4.34)

F
where ¢;; is a diagonal element of the error matrix €, and F is the number of degrees of freedom

resulting from the total number N of main peaks appearing in the experimental I(E) curves (F =
N-k). In principle, this method can be applied to any R-factor. However, there is still no fully
accepted approach for estimating error bars in surface structure determinations, even when R;, is

used in an analysis. The uncertainties in geometrical parameters determined from the Pendry
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procedure are often at least twice those from the scheme of Andersen et al., and these approaches

have been seen as giving upper and lower limits respectively [36,134].

4.5 Tensor LEED (TLEED)

Until recently, the application of LEED was limited beyond relatively simple structures
because of the extensive multiple scattering calculations required, particularly in the trial-and-
error procedure for determining many geometrical parameters. In conventional LEED, for an
individual model, the computing time (CPU) scales roughly as N?, where N is the number of
inequivalent atoms in the surface unit cell. Even more seriously, at this level of approach, the
times required for the optimization procedure scale roughly exponentially with the number of
parameters being varied. An approach for overcoming this challenge is provided by the recently
developed tensor LEED method [103], which depends on an approximate scheme for calculating
diffracted beam intensities. Further, when combined with an automated search algorithm, the
structural optimization can be carried out very efficiently. The approach starts with a particular
geometrical structure, or reference structure, for which the scattered electron wavefield is
calculated exactly. Structural distortions from the reference structure are treated as a
perturbation, and Pendry and his collaborators showed that if the atomic displacements are
sufficiently small, their effect on the LEED intcnsiﬁes can be calculated directly with scattering
matrices stored from the calculation for the reference structure [135-138]. Different levels of
sophistication have been proposed [103]; but the most widely available version of the theory,

which is used in this work, is briefly outlined as follows.
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For a reference structure, the scattering of each atom is expressed in terms of phase shifts
as in Eq (4.19). The TLEED approach depends on treating the displacement of atoms from the
reference structure as a non-spherical distortion of the scattering potential so that
tI=t'+8t' (3r)), (4.35)
where t;' and t; are respectively t-matrices for the displaced and undisplaced atoms j, and &t; is

the change produced by the displacement r; (defined relative to the undisplaced atomic position

rj in the reference structure). The change in each t-matrix element can be written as

Std

ém,(," m

= Y Gmam G, G, i ()-8, (4.36)

elml
where G is a spherical wave propagator which converts a spherical wave centered on the original

position of the atom j(r;) to a set of spherical waves centered on rj+0r;, and 0, is the Kronecker

delta. The change in scattering amplitude for a LEED beam with parallel wave vectér ky

SA=Y (¥ (Ki)|8t;| ¥ (k,)) (4.37)
j
can be reexpressed as

1 . .
6A=§Z 2 B S @) (4.38)

j emfm
where N is the number of displaced atoms. The matrix S is a function of atomic displacements
alone, and the tensor F contains the information which depends only on the reference structure.
The latter, therefore, need only be calculated once, and in consequence I(E) curves for any
number of trial structures, each of which would have required doing a new full-dynamical
calculation in conventional LEED, can be done quickly by recalculating the matrix S (the CPU

time now scales as N, instead of N3, where N is the number of displaced atoms).
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The speed with which I(E) curves for a trial structure can be calculated using TLEED
naturally suggests implementation of an automated search procedure [134] which is now
available in a program package for the work reported in this thesis. Comparison between the
theoretical and experimental curves is done by the program, and the resulting increase or
decrease in R-value is used to direct the choice of the next trial structure. This process is
repeated until an R-factor minimum is reached. Figure 4.12 illustrates the automated search
strategy as realized in the program used in this work [134]. The layer stacking in the TLEED
program was performed by the RFS method and the automated search was made using a
direction-set Powell algorithm. Symmetry elements possessed by a particular type of trial model
could be maintained through the search procedure. This program provided an efficient way to
explore the local R-factor hypersurface in the neighborhood of a particular reference structure,
although strictly the TLEED approximation maintains its validity only over fairly restricted
changes in geometry. For example, Rous [103] suggested the approximation can remain reliable
over a vertical separation of up to 0.4 A in a simple adsorption structure. However, in more
complex structures with substantial vertical and lateral displacements, much care is needed in the
implementation of this method, practically to avoid just finding local minima in R. In this work,
vertical positions of the atoms were optimized before lateral positions, and the analysis was taken
through a series of TLEED cycles, each starting from a different but progressively more-refined
reference structure, for which a full FD calculation was made. These cycles were repeated until

the TLEED-optimized structure showed clear convergence in the atomic coordinates [103].
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Figure 4.12 Direct search optimization scheme for structural analysis by tensor LEED.




Chapter 5: LEED Analyses for Structures Formed by Zr(0001): the Surface
When Clean and When Containing 0.5 ML of O

5.1 Introduction

XPS studies described in Chapter 3 have provided new observations, from the surface
chemistry perspective, for the interaction of oxygen with zirconium. To get a better
understanding of this process, more knowledge is required for the structures involved, and LEED
provides an important approach for determining such details [29]. However, the identification of
the structures formed during the initial stages of interaction .of oxygen with the (0001) surface of
zirconium has provided a challenge for many years [14-16]. This may be attributed to a number
of reasons, including: (i) the difficulties of obtaining clean well-characterized zirconium surfaces,
given this metal’s high reactivity and its bulk phase change at 863°C [139] and (ii) the challenge
of optimizing surface ordering with O confined to the surface regi;m (the limitation is set by the
onset of O diffusion into the bulk at 230°C [16,17]). Moreover, the initial difficulty in getting
good structural determinations for the O on Zr(0001) system also now appears as a consequence
of the relaxations that occur in the metallic structure around the incorporated O atoms. A
thorough structural analysis, which includes such effects, implies a computational effort that only
really became possible éfter the development of the tensor LEED (TLEED) method, described in
Section 4.5.

Earlier studies have shown, when the (0001) surface of zirconium is exposed to oxygen,

that a (2x2) type LEED pattern forms at low exposures (e.g. one Langmuir (L) or less)

[12,14,16,17], and nuclear reaction analysis [17] indicated that the surface with an O coverage of

0.5 ML corresponds to the point at which the half-order beams .are both sharpest and most intense
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in the (2x2) pattern [16]. Initial LEED crystallographic analyses [14,15], which compared I(E)
curves from experiment with those from multiple scattering calculations, pointed to O atoms

incorporating into octahedral hole underlayer sites at the metal surface, for the surfaces which
exhibit both the (2x2) and the first (1x1) LEED patterns, although large uncertainties remained.
For example, while an initial analysis [14] from a (2x2)-type LEED pattern suggested that O
incorporates several layers down with a fcc-type reconstruction for the metal, the study for the
(1x1) structure -[15], which forms directly with higher exposures, could not convincingly
distinguisﬁ between the model involving a single underlayer immediately below the zirconium
surface and those with deeper O incorporation. Nor indeed, in the latter case, was there clear-cut
evidence for the metallic reconstruction. In both thése analyses, but more especially that for the
(2x2) LEED pattern, the correspondence reacﬁed between the calculated and experimental I(E)
curves was at a less than satisfactory level. Even so, independent studies with work function
measurements have also supported the view that the O interaction gives underlayer absorption
[17].

In order to start to fill in some of the uncertainties applying to this challenging surface
system, new studies and measurements have been undertaken. As part of this program, a
crystallographic analysis with tensor LEED [134] has been made for the half-monolayer structure
formed by O at the Zr(0001) surface. Additionally, in order to provide a better basis for
comparing with the O structures, a new structural analysis has also been carried out to refine an

early study of the clean Zr(0001) surface [140].
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5.2 The Clean Zr(0001) Surface
5.2.1 Sample Preparation and Cleaning

The Zr(0001) sample used in this study was cut from a high-purity single crystal rod,
provided by Chalk River Laboratories (Atomic Energy of Canada Ltd.), and was oriented and
polished to within 0.5° of the (0001) plane [141]. The sample surface was mechanically polished
with increasingly finer diamond paste (9-1 pm), followed by a 30 s chemical etch in acid solution
(45% HNOs, 50% H,0, 5% HF by volume) [142]. From time to time during the polishing
process, the sample orientation was rechecked by Laue X-ray back reflection while the optical
alignment was done with a He/Ne laser [141,143]. After these preparation steps, the sample
(dimensions about 1 mm thick, 8 mm diameter) appeared optically shining, and it was rinsed

with trichloroethylene, acetone and then methanol to remove any grease from the surface prior to

entry into the LEED chamber.

The cleaning and ordering under vacuum followed established procedures [141,143]. For
the first cleaning after entry from atmosphere, considerable Ar+ bombardment (2 keV, 5-6uA)
was needed at room temperature until C was the only detectable contaminant. Then the sample
was annealed at 700°C for 30 min to drive C and S impurities to the surface. Several further
cycles of Art bombardment and annealing were needed to minimize the C and S contaminations.
To avoid problems with overlapping peaks in AES (e.g. S(150 eV) and Zr(147 eV)), the Auger
peak height ratio Zrj47/Zre; was monitored to ensure it had the appropriate value for the clean
surface (~2.0 for the CMA used in this study) with no significant presence of sulfur [143]. The
cleaning procedures for the Zr(0001) surface during the study involved several cycles of Art

bombardment (1.5 keV, 5-6 nA), followed by annealing to around 590°C for about 25 minutes.
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Both AES and LEED were used throughout the sample treatments in order to check the surface
cleaning and ordering. The Zr(0001) surface was taken to be cleaned and ordered when no AES
signals associated with contaminants could be detected with the single pass cylindrical mirror

analyzer, and a sharp (1x1) LEED pattern with hexagonal symmetry was apparent for normal

incidence [140]. An AES spectrum from a cleaned Zr(0001) surface is shown on page 118.

5.2.2 The Structure of (0001) Surface of Zirconium
Two independent sets of I(E) curves for normal incidence were measured for the (1 0), (1
1) and (2 0) beams from the cleaned and well-ordered Zr(0001) surface. Additionally, I(E)

curves from this surface were measured for an off-normal direction of incidence (polar angle 6 of
12°, azimuthal direction along [1 150]), for five beams designated (0 0), (-1 1), (0 1), (-2 1) and

(-2 2) (using the beam notation indicated in Figure 5.1). These two independently measured sets
agreed closely, and that with the most extensive energy range (approximately 1210 eV) was used
in the tensor LEED analysis. The non-structural parameters in the calculations are specified as
follows. The real part of the constant potential (V,,) between the muffin-tin spheres was initially
set at -10.0 eV and the imaginary part of this constant potential was fixed throughout at -5.0 eV.
Values of V,; were refined for each structural model during the comparisons of the experimental
and calculated I(E) curves. The phase shifts used were specified in Section 4.2, and throughout
the Zr Debye temperature was fixed at 270 K [14].

The TLEED program [134] allowed comparison of both the normal and off-normal
incidence data simultaneously, and the correspondence between the experimental and calculated

intensity curves was assessed with R, the R-factor introduced by Pendry (Section 4.4). Two
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termination sequences were investigated for the cleaned Zr(0001) surface. One corresponded to
the regular ABAB.. stacking of the hcp bulk structure, while the other designated as CABAB...
had a fcc reconstruction for the first three layers. For both models, the first four interlayer
spacings were varied during the analysis, and the optimized R;, values turned out to equal 0.238
and 0.386 for the hep and fcc-reconstructed models, respectively. That the regular structure gave
a significantly better correspondence between experimental and calculated I(E) curves was also
confirmed by visual fnspection, and Figure 5.2 shows this comparison for the favored model.
The spacing between the first and second metal layers is determined to be 2.53 A, which is
slightly contracted (by ~1.6%) compared with the bulk value (2.57 A); this conclusion agrees
closely with the early LEED analysis [140]. No significant relaxations below the second layer
could be detected (the successive interlayer spacings are indicated to be at 2.58, 2.57 and 2.57
A). Uncertainties in the first four interlayer spacings are estimated to equal +£0.02, +£0.03, 1£0.03
and £0.04 A according to the criterion discussed by Anderson et al. [133].

While our finding of a slight contraction for clean Zr(0001) is in good agreement with
results for other close-packed surfaces of hcp crystals, as indicated by LEED analyses [144,145],
it is smaller by a factor of 2.8 compared to that given by the first principles calculations of
Yamamoto et al. [146]. Similar discrepancies have been found for other close-packed metal
surfaces including the Ti(0001) and Ru(0001) surfaces [147]. The origi_n of this conflict between
experiment and calculation is not yet clear, although there has been speculation by a theoretician
[147] that H-contamination in the experiment may result in the smaller contractions being
reported by LEED. Certainly it would be useful to test for the presence of H by vibrational
spectroscopy, and to see how the surface relaxations may change with deliberate exposure to H,

gas.
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Figure 5.2 Experimental I(E) curves (dotted) for eight diffracted beams from a cleaned Zr (0001)

surface and compared to those calculated (full lines) for the structural model that
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5.3 The Half Monolayer Structure Formed by O at the Zr(0001) Surface

5.3.1 Experimental

The cleaned and well-ordered Zr(0001) surface was exposed to high purity O, gas (Linde)
at around 1x10°® Torr with the sample held at room temperature, followed by a flash to about
220°C and then cooled back to room telﬂperature in order to show optimal sharpness in the (2x2)
LEED pattern. It was important to ensure that the heating was sufficient to order the diffraction
pattern, while not encouraging significant O diffusion into the bulk [16,17]. Throughout the
~amount of O chemisorbed was monitored by the Auger peak-to-peak height ratio (R,) defined by
the height of the Auger peak of O at 510 eV divided by that for Zr at 92 eV. It was found that the
sharpest and best developed (2x2) pattern was reached after an oxygen exposure of about 1.2 L
(i.e. 2 min at 1x10® Torr), when the corresponding R, value equals 0.38. With increasing
coverage, the half-order beams disappear' completely at R, = 0.74, and that is taken to indicate
the coverage at which the first (1x1)-O pattern is established. This corresponds to a coverage
about twice that for the surface studied. here, and therefore these observations appear fully
consistent with the nuclear reaction analysis study of Zhang et al. [17].

I(E) curves were measured with the video LEED analyzer system from three
independently prepared (2x2) surfaces for normal incidence. In each case, I(E) cufves were
measured for the three integral and five fractional beams designated (1 0), (1 1), (2 0), (1/2 0),
(1/2 1/2), (1 1/2), (3/2 0) and (3/2 1/2) according to the beam notation in Figure 5.1.  These

separate data sets agree very closely (a representative example is shown in Figure 4.11). The

total energy range available for the analysis was 950 eV.
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5.3.2 Calculations

Following earlier work from this laboratory [14,15], all analyses were done for models in
which O atoms occupy octahedral holes between close packed layers of zirconium. Throughout
the Debye temperature for zirconium w.as fixed at 270 K [14], while that for oxygen (645 K) was
chosen so that all vibrating atoms probed by LEED have a constant root-mean-square amplitude
[114]; other non-structural parameters followed those detailed in Section 5 .2..2.

Twenty six models were analyzed using TLEED and they are listed in Table 5.1 using the

notation that specifies the stacking sequence of close-packed layers by the symbols ABAB ...
(hcp) and ABCABC ... (fcc). The lateral positions of the O atoms are described by the same
symbols in parentheses. These models can be divided into three groups:
(1) Total 0.25 ML coverage (2x2) periodicity. These ﬁlodels have oxygen atoms distributed in a
single layer, between the first and second or between the second and third close-packed Zr layers.
Of the four models considered within this category, two have the simple unreconstructed hcp
arrangement for the metal, while the other two show some local fcc-type reconstruction in the
vicinities of the O atoms.

(2) Total 0.5 ML coverage (2x1) periodicity. The models considered in this category are similar

to those considered in group (1), except that the oxygen coverage is 0.5 ML. The latter requires

the (2x1) periodicity, rather than (2x2), but equal populations of the three rotationally related
domains will ensure a symmetrical (2x2) LEED pattern (Section 4.1.3).
(3) Total 0.5 ML coverage (2x2) periodicity. This category covers the possibility of two-

underlayer models. In these models, each oxygen underlayer has 0.25 ML coverage with the

(2x2) periodicity while the local metallic structure has either the simple hcp arrangement or is fcc
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reconstructed. Note that in the model A(C)B(C")AB..., the oxygen underlayers designated C and
~C' are displaced laterally from one another by a unit translational vector appropriate to the

Zr(0001) substrate (see Figure. 5.5 (b)).

5.3.3 Results of TLEED Analysis

TLEED calculations for the 26 models in Table 5.1 allowed variations in positions of the
O atoms as well as for Zr atoms in the top few metal layers (usually four). All models have O
atoms in octahedral holes, and the first reference structure for each had the Zr-Zr interlayer
spacing equal to 2.66 A when there are O atoms between the layers, and the regular bulk value of
2.57 A otherwise. The former vélue was chosen to fit to the O-Zr bond length in bulk ZrO [45],

where the O atoms are also 6-fold coordinate. As a comparison to the TLEED optimized Rp

values given in column II of Table 5.1, values are also listed (column I) for when the close-
packed layers are kept regular and flat (i.e. with metal atoms in bulk positions, and all O atoms
positioned exactly half-way between the layers). It is clear that at the latter level of calculation
no significant distinction can be made between the different models.

The TLEED analysis for each model type began with an optimization of the atomic
coordinates perpendicular to the surface, and that was then fine-tuned by also allowing lateral

displacements. The optimized Rp values are listed in column II of Table 5.1. Using Pendry’s
statistical estimate [132], we obtained AR, = 0.06 as the uncertainty in R, (using R, = 0.28 as
reference). According to this criterion, the model type A(C)B(C)AB ..., with an optimized Rp
value of 0.284, is clearly favored over the other models tested. By contrast, at the level of
keeping the Zr layers regular and flat, as in column I of Table 5.1, it would be much harder to

argue that any one particular model is convincingly better than another. Figure 5.3 compares
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Table 5.1 Optimized Rp values for different models of the 0.5 ML O at Zr(0001) surface structure.

Model 1 I

Total 0.5 ML coverage (2x2) periodicity

A(C)B(C)ABA'.. 0.609 0.284
A(C)B(C)ABAB .. 0.628 : 0.415
A(C)B(A)CABA .. 0.708 0.483
C(B)A(C)BABA... 0.634 0.429
A(C)B(A)CABCA.. 0712 0.489
AB(C)A(C)BAB .. 0.751 0.501
AB(A)C(B)ABA.. 0.893 0.539
AC(B)A(C)BAB .. - 0785 0.485
AB(A)C(B)ABCA.. 0.891 0.547
AB(C)A(C)BAB .. 0.880 0.437
Total 0.5 ML coverage (2x1) periodicity
A(C)BABAB .. 0.615 0.386
A(C)BCABA.. 0.720 0.460
C(B)ABABA .. 0.663 0.419
A(C)BCABCA.. 0.723 0.455
AB(C)ABAB .. - 0.695 0.422
AB(A)CABA .. 0.799 0.513
AC(B)ABAB .. 0.731 0.468
AB(A)CABCA.. 0.804 0.520
Total 0.25 ML coverage (2x2) periodicity
A(C)BABAB .. 0.604 0.406
A(C)BCABA.. 0.655 0.424
C(B)ABABA .. 0.675 0.435
A(C)BCABCA.. 0.661 0.433
AB(C)ABAB .. 0.701 0.451
AB(A)CABA .. 0.728 0.467
AC(B)ABAB .. 0.740 0.490
AB(A)CABCA.. 0.725 0.460

Results under I are for keeping the close-packed Zr layers regular and flat with bulk interlayer spacings throughout.
Those under II are for TLEED calculations which allow full relaxations in all atoms in the vicinity of the O atoms.

?In each case, the underlined atoms signify the beginning of the substrate (either hcp Zr when two underlined or fcc

Zr when three underlined). The coordinates of all other atoms are varied in the TLEED analyses reported under 11
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experimental I(E) curves with those calculated for the model favored by the TLEED analysis and
atomic coordinates for this structure are listed in Table 5.2. The correspondence between
calculated and experimental diffracted beam intensities reached in this work is at a good level.
The dominant effects of the metallic relaxations are in the spectra of the fractional beams, and
Figure 5.4 shows this for the beams (1/2 1/2) and (3/2 0). One additional point should be
mentioned. For 25 of the 26 model types considered, the atomic coordinates were optimized
over the first four metal layers, but for the favored A(C)B(C')AB.. model, the optimization was
restricted to the first three metal layers only. Inclusion of the four metal layers for the favored

model type appears to improve Rp by a further 0.03, although the changes in geometry then occur
especially in the fourth metal layer. This reduction in Rp may not therefore be significant, and in

any event a visual analysis sho@s that the resulting changes in the I(E) curves are small.

A pictorial representation of aspects of the optimized A(C)B(C')AB.. model is shown in
Figure 5.5, and some corresponding geometrical parameters are reported in Table 5.3. In this
model, the O atoms occupy octahedral holes in an unreconstructed metallic structure, with 0.25
ML between the first and second metal layers, and 0.25 ML between the second Aand the third

metal layers. These two (2x2)-O arrays are displaced laterally from one another by an unit

translational vector of the Zr(0001) substrate. A crucial feature of this model is that the O atoms
induce both vertical and lateral relaxations in the three topmost Zr layers. The largest
displacements are found in the second Zr layer, which is in contact with two layers of O. In this
layer, the rumpling is indicated to have a magnitude of 0.11 A and the maximum lateral atomic

displacement is 0.22 A. The first and third Zr layers are, however, much flatter, and the lateral

atomic displacements in these two layers are also smaller than for the second Zr layer.




Table 5.2 Atomic coordinates in A for the TLEED-determined structure of the surface formed

by 0.5 ML of O at Zr(0001) and corresponding to the model A(C)B(C’)AB..

Atomic label X Y Z
Zr(1a) -1.90 3.23 0.04
Zr(1b) -1.79 0.00 0.02
Zr(1c) 0.94 -1.61 0.05
Zr(1d) 0.94 . 1.6l 0.05
o(1) 0.03 0.00 1.35
Zr(2a) -0.74 1.51 2.60
Z1r(2b) -0.74 -1.51 2.60
Zr(2c) 1.75 -3.23 2.70
Zr(2d) 2.06 1 0.00 2.72
0(2) 0.00 -3.23 3.95
Zr(3a) -1.91 3.23 5.23
Zr(3b) -1.84 0.00 5.27
Zr(30) 1.08 -1.58 5.25
Zr(3d) | 1.08 1.58 5.25
bulk repeat vector 1.8660 0.0000 2.5738%
0.9330 1.6160 2.5738°
2D repeat vector 5.5980 -3.2320 0.0000
0.0000 6.4640 0.0000

The z-direction is perpendicular to the surface, the x-direction is parallel to the mirror line (shown in
Figure 5.5) and y-direction is parallel to [1210].
* This vector connects bulk layer B to A

® This vector connects bulk layer A to B
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Figure 5.5

(@)

(b)

O1 st Zr layer

2nd Zr layer

‘ O between
1st&2nd
layers

O between
2nd&3rd
layers

O 3rd Zr layer

2nd Zr layer

O between
‘ 1st&2nd
layers

@ O between
2nd&3rd
layers

(a) Top view of the first and second Zr layers and the neighboring O atoms in the
TLEED-determined model for the low-coverage O at Zr(0001) surface structure. The
dash-dotted line identifies a mirror plane for this structure. Symbols la-1d indicates
different Zr atoms within the (2x2) unit mesh for the first metal layer. The arrows
indicate directions of lateral displacement for Zr atoms. In (b) the first Zr layer has been
removed in order to show the second and third Zr layers. Neighboring atoms are in
contact; they are shown apart in this figure simply to demonstrate the positions of deeper

atoms.
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Table 5.3 Some TLEED optimized structural parameters (in A) for the model A(C)B(C"AB..

Center-of-mass-spacing Lateral displacement ’
Zr (2P) - Zr 2Q)° 0.11 1b 0.08
Zr'(1) - 0(1) 1.31 2a, 2b 0.22
Zr'(2) - O(1) 1.31 2c 0.12
Zr'(2) - O(2) 1.30 2d 0.19
Zr'(3) - 0(2) 1.30 3c, 3d 0.15
Zr'(3) - Zr(4) 2.55

- :
Figure. 5.5 identifies atom notation and direction of displacement (note that unit mesh side for surface

layer in Zr(0001) is 3.23 A).

b Corrugation in second Zr layer i.e. between atoms in rows P and Q (note bulk Zr(0001) spacing is 2.57

A).

Zr'(D), Zr (2)... represent averages over vertical coordinates for atoms in first, second... Zr layers.
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5.3.4 Discussion

That oxygen incorporates into the zirconium structure is consistent with that metal being
a strongly gettering material. The state of O dissolved in bulk Zr at infinite dilution is believed to
correspond to the thermodynamically most stable form known for that element [148], and indeed,

at higher solubility, O dissolves to give the approximately Zr,O interstitial phase [149] in which

the Zr atoms retain their basic bulk positions while the O atoms occupy octahedral holes.
Therefore, it is perhaps not surprising that the surface structure formed by 0.5 ML of O atoms
should retain the hcp form for the metal. Additionally, octahedral incorporation is most probable
because it can occur with only a small change in the Zr interlayer spacing. For example, the Zr-
Zr interlayer spacing in bulk ZrO (sodium chloride lattice with cell constant 4.60 A) [45]
corregponds to only a 4.1% expansion over that in metallic Zr.

Another feature that is likely to have a role in determining the details of the surface
structure concerns the O-Zr bond ionicity, which is estimated at 67% according to the Pauling
electronegativity difference [150]. The O-Zr bonds are likely to have a highly polar character,
and any Zr atoms that bond directly to O will therefore have a partial positive charge. An
implication is that a relatively high charge would be developed at the metal surface when a
strongly electronegative atom like O is absorbed immediately below. Indeed it is now well
recognized that the large net charges that may be expectéd at polar surfaces of compound
materials commonly induce relaxations or reconstructions to lower energy states [151,152]. In
the context here, a lower energy state may be provided by O between the second and the third Zr
layers, since that would reduce the surface charge expected if all O is between the first and
second metal layers. This possibility has been supported by first principles calculations of

Yamamoto et al. [153] which show that the octahedral hole sites between the second and third Zr
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layers provide the energetically most favorable sites for the Zr(0001)-(1x1)-O surface structure at
1 ML cdverage. However, in our analysis for 0.5 ML total coverage, the two-unde;layer model is
favored over the one-underlayer model (i.e. with 2x1-type translational symmetry for 0.5 ML).
Two factors may be involved. In the first, with all 0.5 ML oxygen atoms distributed in a single
layer, O-O replusions will be larger than when they are distributed in the two layers. Secondly,
the perturbation on the metal structure could be larger than in the former case, and an indication
of this is provided by LEED studies for the O-Rﬁ(OOOl) system where the metallic relaxations
are smaller in the 0.25 ML (2x2) phase than in the 0.5 ML (2x1) phase [154]. The O-O
repulsion argument should favor A(C)B(C")AB.. over A(C)B(C)AB..;‘ consistently the TLEED
analysis shows (Table 5.1) a much larger ,primized Rp value for the s¢cond model.

In the favored model, the 0.5 ML of oxygen is distributed in two O layers, each of 0.25

ML, and three metal layers are in direct contact with the O atoms. Within the second metal layer,

adjacent rows of Zr atoms parallel to [1510] are different (see Figure 5.5(b)). In the row type

designated P, each Zr atom bonds to two O atoms, one above and one below the second Zr layer,
while in row Q, each Zr atom bonds to just one O atom. Furthermore, within this latter row,
adjacent Zr atoms also differ because one bonds to a first layer O atom while the other bonds to a
second layer O atom. The relaxations in the metallic structure depend on the reduction in
symmetry, and the LEED analysis here shows larger layer bucklings and lateral displacements in
the second Zr layer compared with those in the first and third Zr layers (Table 5.4). The larger
atomic displacements in the second layer appear to correlate with the larger effective charges in
that layer. With the pure ionic description for illustrative purposes only, all six Zr atoms

neighboring an octahedrally bonded O would be allocated a charge +1/3. These contributions
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Table 5.4. Layer bucklings and average lateral displacements (in A) for the first three Zr layers

in the TLEED-determined model for the low-coverage O on Zr(0001) surface

structure.
Layer Buckling Average lateral Effective layer charge
' displacement in unit mesh
1 0.01 0.04 +1
2 0.11 0.19 +2
3 0.05 0.09 +1

These values are compared with the effective layer charge pef unit mesh assuming a pure ionic model for

the O-Zr bonding.




sum unequally through the surface structure so that, per (2X2) unit mesh, the first and third Zr
layer atoms have charges +1/3 (three) and O (one), while the second Zr layer has charges +2/3
(two) and +1/3 (two).

Overall the structure indicated by TLEED appears to satisfy the requirements of O-Zr
bonding without too seriously disrupting the Zr-Zr bonding. Basically O seems able to
incorporate into the metallic structure with only relatively small changes to the latter. For
example, the center of mass spacings between the first and second Zr layers (2.62 A) and
between the second and third Zr layers (2.60 A) have just small increases over the value (2.57 A)
appropriate to the bulk metal. The average O-Zr bond lengths for the first three Zr layers are:
2.26 A (Zr(1) - O(1)), 2.24 A (Zr(2) - O(1)), 2.26 A (Zr(2) - O(2)) and 2.34 A (Zr(3) - O(2)). The
average O-Zr (second layer) bond length is plausibly shorter than that involving the third metal
layer because of the larger effective charge in the second layer. The O-Zr (first layer) and O-Zr
(third layer) bond lengths are expected to be equivalent as far as electrostatic effects alone are
considered. However, the Zr atoms in the first layer have a smaller number of nearest neighbor
metal atoms (CN=9) than the Zr atoms in the third laygr (CN=12), and that may be a factor in the
O-Zr (first layer) length being shorter than that for O-Zr (third layer).

Certainly the vertical and lateral displacements indicated for the metal atoms can be
appreciable (e.g. in the second Zr layer as reported in Table 5.2), but the structure seems to adapt
to maintain distances which on average appear reasonable. For example, the second layer Zr
atoms may be expected to form essentially equal bonding with O atoms above and below, and
this is consistent with the TLEED analysis insofar as the average O-Zr bond lengths are closely
similar. Also, even though the structure has substantial relaxations, lateral displacements of O
atoms from the octahedral hole positions are indicated to be less than 0.03 A
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Physically, as some atoms move toward one another, other atoms may need to move
away, and such tendencies appear to have been picked up by the TLEED analysis. For example,
Figure. 5.5(b) shows for the second Zr layer that as atoms 2a and 2b move in atom 2d is
displaced out. Likewise as atoms 2b and 2a move apart, room is méde for atom 2c to move in
toward the center of the octahedral site. Moreover, displacements of Zr atoms in one layer may
require further displacements in neighboring layers. For example, as atoms 3c, 3d and 3a move
toward each other laterally, atom 2d is lifted up in a vertical sense. A cooperative two-layer
effect is seen within a cluster of six atoms: as atoms 2c, 2b and 2a displace together, the atoms
3c, 3d and 3a are pusﬁed away. Similar examples are identifiable in the first layer displacements.
Overall such trends appear to have broad plausibility, even though it ma;1y not yet be possible to
consider some individual details as significant. |

In summary, the present LEED crystallography study of a structure, formed by 0.5 ML of
O at Zr(0001) surface, favors a novel type of structural model which has 0.25 ML of O at
octahedral hole sites in (2X2) arrays both between tﬁe first and second metal layers, and between
the second and third metal layers. These O arrays are displaced laterally from one another by a
unit translational vector parallel to the Zr(0001) substrate. This model is intrinsically different
from the simple one-underlayer model, with (2x1) translational symmetry, suggested by Zhang et
al. [17], although our model also involves three rotationally-related domains. Inevitably factors
associated with kinetics are involved to some degree in the existence of this ordered 0.5 ML
structure. The A(C)B(C)AB.. model is favored in our case because it gives the best

correspondence between experimental and calculated I(E) curves that we have been able to

obtain for this system.




The long-term difficulty in getting good structural determinations for the O on Zr(0001)
system appears as a consequence of the vertical and lateral relaxations that occur in the metallic
structure around the incorporated O atoms. These relaxations are most significant in the second
metal layer, which is in contact with two layers of O. The hole sites show some distortion in the

vicinity of each 6-coordinated O atom, but the overall average O-Zr bond length of 2.28 A is

close to the value 2.30 A indicated for the same coordination in bulk ZrO [45].




Chapter 6: LEED Analyses of Structures Formed by 1 ML and 2 ML of O at
Zx(0001) Surface

6.1 Introduction

The interaction of the (0001) surface of zirconium with oxygen for exposures in the range to
about 15 L (1 Langmuir = 10°® Torr.s) has shown some interesting trends. For example in LEED,
this system initially manifests a (2x2)-type diffraction pattern; the point at which the half-order
beams are both sharpest and most intense in the pattern now appears to correspond to a 0.5 ML
surface structure for which the structural details have been reported in Chapter 5. Prior to that
work, the form of that structure had provided a bit of a mystery, and the same can be said for
other structures formed at higher O coverages. For example, the half-order fractional beams
extinguish at about 1 ML to show a (1x1)-type LEED pattern [17], but the earlier LEED analysis
[15] could not convincingly distinguish between the model involving a single O underlayer and
those with deeper O incorporation, although it pointed out that this is also an underlayer structure
with O atoms incorporated into octahedral hole sites. The (1x1)-type LEED pattern remains at
higher oxygen coverages, but the measured I(E) curves for various diffracted beams indicate the
establishment of a new surface structure for a coverage of about 2 ML [155]. AES shows that
new structure associated with the Zr(MNYV) transition develops at 140 eV (in addition to that at 147
eV) as the oxidation proceeds [9,156], and Zhang ef al. concluded that the nucleation of oxide starts

at oxygen coverages above 1 ML [156]. For the lower coverages, the work function change A¢ is

negative, and reaches a minimum at about 0.5 ML, but from there A¢ increases with increasing

coverage, and the work function returns to the value of the clean surface at around 2 ML [157].

Structural determination has not been made before for the surface formed by 2 ML of O at
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Zr(0001). As part of a program to probe the evolution of surface structure with increasing
coverage, we have undertaken studies for these two further surface structures formed by O on
Zr(0001), and that provides the subject for the current chapter. In addition, the structural features
obtained will be compared with those found for the corresponding 0.5 ML surface, reported in
Chapter 5. The overall aim is to contribute some initial understanding for the evolution of structure

in this surface system.

6.2 Structure Formed by 1 ML of O at Zr(0001) Surface

6.2.1 Experimental

The main experimental approaches follow the procedures define;d in Chapter 5. The
surface with 1 ML of O at Zr(0001) was prepared by exposing at room temperature the cleaned
and ordered Zr(0001) surface to about 3.2 L of high-purity 10} gas (Linde). On flashing to 220°C,
and cooling back to room temperature, this surface showed a (1x1) LEED pattern and an Auger
ratio R, equal to 0.74, which is approximately double that for the best (2x2)-type pattern (R, =
0.38). Furthermore, in the Auger spectrum of zirconium (Figure 6.1 (b)), a new feature at 141 eV
started to appear when the half-order beams were just extinguished and this also helped to
identify the formation of the first (1x1) surface. I(E) curves from two-independent preparations

of this surface were measured for the beams (1 0), (1 1) and (2 0) at normal incidence, and for the

beams (0 0), (-1 1), (0 1), (-2 1), (-2 0) and (-2 2) at the off-normal direction corresponding to the

[1 150] azimuth with 6 =14°. These independently measured sets agreed closely; the total energy

range of the data available for the structural analysis was 1297 eV.
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Figure 6.1

Auger electron spectra from Zr(0001) surfaces when: (a) cleaned, (b) containing 1

ML of O and (c) containing 2 ML of O.
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6.2.2 Calculations

The main computational methods, and non-structural parameters, used here are exactly
those defined in Chapter 5. But one new feature arose because of a need to investigate structural
models where O occupies octahedral holes in the Zr structure on a statistical, rather than strictly
ordered, basis. Such situations are treated with the é’verage t-matrix approximation (ATA) [158],
which follows successful uses of this approximation for surface alloy systems, where lattice sites
are randomly occupied [159]. For an example, in a disordered bimetallic alloy, where the two
constituents (species A and B) are randomly distributed on the lattice sites, this approximation
assumes each site has an averaged scattering amplitude weighted by the respective concentration
for each species:
tavg = ta X Ca + tg XCp (6.1)
where ta and tg refer to the scattering amplitudes of the pure metal atoms, and C, and Cy are the
concentrations of the species A and B in that layer. In our context, the ATA approach amounts to
assigning each octahedral hole site in a particular O layer a scattering amplitude weighted
according to the fraction of sites occupied in that layer. For example, taking a layer where half of
the octahedral holes are statistically occupied by O atoms, while the other half are empty, Eq.
(6.1) becomes
tag =t X 0.5+t X 0=1t/2 (6.2)
where t is the O atom scattering amplitude. With this approximation, one such half-monolayer is

represented by a full (1x1) array of “half atoms”, with the scattering amplitude of these pseudo

atoms being as t/2 (an average of the “full atom” scattering amplitude t and the nil scattering by

the absent atoms).
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Twenty three model types (specified in Table 6.1) were tested to cover a range of
possibilities for the O structure, including adsorption on top of the Zr(0001) surface, and atomic
inéorporation into octahedral or tetrahedral holes below the surface. A rangev of coverage was
also included. As in Chapter 5, the subscripts in the notation A(Cys5)B(Cos)AB.., for example,
indicate that O atoms are distributed randomly to occupy half the octahedral holes between the
first and second metal layers, and another half betwe¢n the second and third Zr layers. Scattering

by those O atoms is treated with the ATA approach.

6.2.3 Results and Discussion

The TLEED analysis for each model type allovs;ed» variations in vertical positions of O atoms
as well as for Zr atoms in the top few metal layers (usually four). The first reference structure for
each model had the Zr-Zr interlayer spacing equal to 2.66 A when there are O atoms between these
layers in octahedral holes, but the bulk value of 2.57 A otherwise. However this spacing was
increased to 3.37 A for the initial reference structures of models with O atoms in tetrahedral holes.
These values were chosen to fit to the O-Zr bond lengths measured in bulk ZrO (2.30 A) [45] and in
cubic ZrO, (2.20 A) [160], where the O coordination numbers are also 6 and 4 respectively. For the
models with O adsorbed above the Zr(0001) surface, the corresponding bond length was set at 2.09
A in the initial reference structure; this value was chosen by parametrizing the bond length - bond
order relation [161]
r=r,-0.85logs (6.3)
to the O-Zr bond length in ZrO,. Eq. (6.3) has proven useful for rationalizing trends in bond
lengths in both bulk and surface structures [162]; in the general context r can be seen as the X-M

bond length for bond order s, while 1y is the corresponding single-bond distance. In practice, s is
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Table 6.1 Optimized R;, values from TLEED analyses for different models of the -
surface formed by absorption of around 1 ML of O at Zr(0001).

Model R,
A(C)BABAB.. 0.433
C(B)ABABA.. 0.552
A(B)CBABA.. 0.561
AB(C)ABAB.. 0.392
AC(B)ABAB.. 0.447
(B)ABABAB.. 0.482
(C)ABABAB.. 0.501
A(B)BABAB.. 0.655
A(A)BABAB.. 0.610
A(Co5)B(Co5)ABAB.. 0.267
C(Bos)A(Cos)BABA.. 0.406
A(C)B(C)ABAB.. 0.472
C(B)A(C)BABA.. 0.523
(C)A(C)BABAB.. 0.615
(B)C(A)BABAB.. 0.655
(A)B(C)ABAAB.. 0.627
(C)B(A)ABAAB.. 0.526
(C)B(B)ABABA.. 0.591
(A)B(A)ABABA.. 0.530
(A)B(B)ABABA.. 0.558
A(B)(A)BABA.. 0.673
A(B)B(C)ABAB.. 0.526
A(A)B(C)ABAB.. 0.550

L

"The subscript “t” indicates that O atoms incorporate into tetrahedral holes.
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expressed as the valency of X (2 for O) divided by the number of neighboring M atoms (e.g. 4 for O
in a tetrahedral hole).

The best-fit R, value for each model type is listed in Table 6.1. The correspondence
between the experimental and calculated I(E) curves was always poor for models involving either
overlayer adsorption or absorption into tetrahedral holes, and this confirms the previous
eXperience [15]. Also models corresponding to total O coveragés greater than 1 ML had
minimized values of R, 0.472 or greater. The lowest R, value (0.267) was obtained for the
model A(Cys5)B(Cys)AB.., and the next lowest value of 0.392 applied for AB(C)AB... Using
Pendry’s statistical estimate [132], the variance in the lowest minimum in R is indicated to equal
to 0.05; the latter value gives an uncertainty in the minimized value of R, due to random
fluctuations. This is sufficiently small to support the view that the model A(Cy5)B(Co5)AB.. is
clearly favored over the other models tested. Figure 6.2 compares the. measured I(E) curves with
those calculated for the best-fit model. The correspondence reached appears at a good level, and
Table 6.2 includes the optimized interlayer spacings for this structure.

The average separation between the first and the second Zr layeré (2.65 A), and between
the second and third Zr layers (2.63 A), for the 1 ML structure match to within 0.02 A of the
center-of-mass values for the 0.5 ML case (Table 6.2). Equally, in both structures, the metal-
metal spacing below the third layer are essentially unchanged from the bulk spacings, an
observation that may point to no significant O being present in those regions for the preparation
procedures used in this work. For the 1 ML case, the O-Zr bond distance is estimated to equal
2.28 A, in satisfactory correspondence with the value of 2.30 A in bulk ZrO. Incidentally, the
interlayer spacings given in Table 6.2 for the 1 ML case, using the average t-matrix

approximation, are only slightly altered (e.g. by 0.02 A) if the O atoms are neglected altogether.
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This observation emphasizes the importance of the stronger-scattering atomic species in
determining the measured I(E) curves. The similarity in the conclusions for the half Vand one
monolayer structures have interest also since information for the latter was obtained entirely from
integral diffracted beams, whereas in the former case the fractional beams have a dominant role
in the analysis.

The 1 ML surface studied in this work was prepared by directly exposing the clean
Zr(0001) surface to the appropriate amount of O,, although the same basic structure, as judged by
the constant I(E) curves, can be formed by exposing the 0.5 ML (2x2)-surface to more oxygen
(although the latter approach tends to yield a higher background with less sharp diffracted
beams). This whole evidence therefore suggests that the formation of the 1 ML structure at the
O/Zr(0001) surface has evolved smoothly from the 0.5 ML structure. There is no support for the
possibility that the increase in coverage has resulted in the O atoms compressing into a one-
monolayer underlayer, for example the model AB(C)AB.. where O atoms fill all octahedral holes
between the second and third metal layers, Which received some support in the calculations of
Yamamoto et al. [153].

In summary, the present LEED crystallographic study for the 1 ML structure formed by O
at the Zr (0001) surface indicates a structural model where a half monolayer of O is distributed
randomly over the octahedral holes between the first and second metal layers, and a further half
monolayer resides between the second and third Zr layers. For a number of years there have been
suggestions that some higher-coverage systems that show (1x1)-type LEED patterns may involve
disordered arrangements of the adsorbing species [163], and the example here appears to provide
direct support. However, with the lack of complete surface order, the diffraction analysis used in

this work is not able to detail the precise local structure for the Zr positions in the immediate
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vicinity of the randomly occupied octahedral hole sites. Nor indeed can we rule out some degree

of unequal sharing of O between the top two interlayer spacings.

6.3 Structure Formed by 2 ML O at Zr(0001) Surface
6.3.1. Experimental

The main experimental approaches used followed those defined in Chapter 5. Surfaces with
increasing O coverage were prepared by exposing the cleaned Zr(0001) surface to different amounts
of O, (in the range 4-15 L), flashing to 220°C, and then cooling back to room temperature when
Auger spectra were assessed. I(E) curves were measured for diffracted beams from surfaces for
which no extraneous impurites could be detected with the cylindrical mirror analyzer, and for which
the diffraction pattern indicated the maximum level of order obtainable. LEED patterns for the
higher-coverage (1x1) surfaces showed increased background as well as less sharp spots, indicative
of lower levels of surface order compared, for example, with the 0.5 ML case, but the degree of
order was still considered adequate for a structural analysis. The Auger ratio R, (defined as the
peak-to-peak height of the O Auger peak at 510 eV divided by that for Zr at 92 eV) was used to
monitor the O coverage in this work, and to relate to coverages applying in our earlier studies on the
O/Zr(0001) system.

Figure 6.3 reports a sequence of I(E) curves measured at normal incidence for the (1 1) beam
as the O coverage is increased beyond that for the 1 ML surface (characterized by R, = 0.74). A
new structural feature is a peak at 120 eV which grows as the O coverage increases. This peak is
maximized at about R, = 1.58, at which value the I(E) curve appears essentially constant as R,
increases further. Given that this value is approximately twice that for the 1 ML surface (previously

guided by NRA and peak-to-peak measurements in AES [17]), for the purposes of the present study
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we take R, = 1.58 to be indicative of the surface with a total O coverage of 2 ML. For this surface,
two independent sets of I(E) curves were measured with the video LEED analyzer system for the (1
0), (1 1) and (2 0) beams at normal incidence, and for the six beams designated (0 0), (-1 1), (0 1),

(2 1), (-2 0) and (-2 2) at an off-normal direction of incidence (specified by the polar angle (6)

equalling 16° with the azimuthal direction parallel to [1120]). These sets agreed closely and

provided the intensity data for the structural analysis; the total energy range available was 1220 eV.

6.3.2 Structural Analysis

That the basic structure for the 2 ML O/Zr(0001) surface is likely to be different from those at
0.5 and 1 ML is suggested by the I(E) curves measured at normal incidence, for which comparative
data are shown in Figure 6.4 for three integral beams. Visual analysis indicates close similarities
for the (2x2) and initial (1x1) surfaces, whereas changes are apparent for the higher-coverage (1x1)
surface; for example, with increase in coverage beyond the 1 ML situation, the peak at 114 eV
disappears in the (2 0) curve while, as noted above, a new feature emerges at 120 eV in the (1 1)
beam. In spite of this indication, a wide range of model types was still investigated for the 2 ML
surface, as indicated by the 30 entries in Table 6.3. Consideration was given to different
combinations of O adsorbing into overlayer sites as well as incorporating into interstitial octahedral
and tetrahedral hoies; also some examples were allowed for models with greater than 2 ML
coverage. Throughout the computational details and non-structural parameters used were those
detailed earlier for the lower coverage O/Zr(0001) systems.

The TLEED analysis for each model type allowed variations in vertical positions of O atoms
as well as Zr atoms in the top few metal layers (usually four). The Zr-Zr interlayer spacings in the

first reference structure of each model were those defined in Section 6.2.3. Table 6.3 lists values of
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Table 6.3

Optimized R, values from TLEED analyses for different models of (1x1)

structure formed by the incorporation of around 2 ML of O at the Zr(0001)

surface.

Model R,

A(C)B(C)ABAB.. 0.486
A(C)B(C)A(C)BAB.. 0.540
A(C)B(A)C(B)ABA.. 0.586
A(Co5)B(Co5)A(Co5)B(Co5)ABA.. 0.452
C(B)A(C)BABA.. 0.605
(C)A(C)BABAB.. 0.595
(A)B(C)ABABA.. 0.450
(B)C(A)BABAB.. 0.502
(A)C(A)BABAB.. 0.483
(C)A(C)B(C)ABAB.. 0.623
(A)B(C)A(C)BAB.. 0.516
A(B)(A)BABAB.. 0.433
A(B)B(ADABAB.. 0.538
A(A)B(B)ABAB.. 0.552
A(B)B(B)ABAB.. 0.497
A(A)B(A)ABAB.. 0.510
ABHYADB(A)BPABA.. 0.561
A(BYA(A)B(C)ABA.. 0.502
(C)B(A)ABABA.. 0.278
(A)B(B)ABABA.. 0.409
(C)B(B)ABABA.. 0.395
(A)B(A)ABABA.. 0.459
A(B)B(C)ABAB.. ) 0.548
A(A)B(C)ABAB.. 0.550
A(C)B(B)ABAB.. 0.570
A(C)B(A)ABAB.. 0.531
(A)B(ADA(C)BABA.. 0.386
(A)B(BY)A(C)BABA.. 0.430
(OB(ADA(C)BABA.. 0.405
(O)B(BY)A(C)BABA... 0.422
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Rp which have been optimized for each model type. Using Pendry’s statistical estimate [132], we
obtain var R, = 0.05 as the range of uncertainty on R;, (using R, = 0.27 as reference). According
to this criterion, the model (C)B(A;)AB.., with an optimized R;, value of 0.278, is clearly favored
over all other models tested. Figure 6.5 reports I(E) curves for the nine diffracted beams from

experiment and from calculation for the optimized model; the match generally appears satisfactory.

‘The atomic coordinates for the optimized structure are listed in Table 6.4. This structure has two

layers of O: one forms an overlayer where each O atom bonds to a metal site of three-fold
coordination (hollow type with local fcc-type stacking sequence), while the other layer has O atoms
in tetrahedral hole sites. The stacking sequence corresponds to the first three layers of anion-
terminated cubic ZrO, superimposed on the regular (hcp) zirconium structure. This surface form of
ZrO, appears laterally compressed by about 10% compared with the known (metastable) bulk form
with the fluorite lattice structure. The top five interlayer spacings are O(1)-Zr(1) 0.89 A, Zr(1)-O(2)
122 A, OQ2)-Z1(2) 2.22 A, Zx(2)-Zc(3) 2.56 A, and Zr(3)-Zr(4) 2.58 A. The latter two are not
believed to be significantly different from the Zr(OOOi) bulk value of 2.57 A, although uncertainties
in the first three values are estimated to equal +0.03, +0.03, +0.04 A respectively according to the
criterion discussed by Anderson et.al. [133]. The center-of-mass spacings for first four Zr layers
are summarized in Table 6.2 and compared to those of the corresponding 0.5 and 1 ML surfaces. A
particularly significant feature here is the expansion in the first Zr-Zr interlayer spacing to 3.44 A as
a result of some O atoms going into tetrahedral hole sites. The O-Zr bond lengths in this surface
structure are indicated to be 2.07 A for the overlayer O atoms and 2.22 A for those in the hole sites
(with the distances from each tetrahedral O atom to the neighboring upper and lower Zr atoms

being essentially equal).
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Table 6.4 Atomic coordinates in A for the TLEED-determined structure of the surface formed
by 2 ML of O at Zr(0001) and corresponding to the model (C)B(A)AB..

Atomic label X Y y4
o(1) 1.62 -0.93 0.00
Zr(1) 1.62 0.93 0.89
0Q2) 0.00 0.00 2.11
Zr(2) 0.00 0.00 4.33
Zr(3) 1.62_ 0.93 6.89
Zr(4) 0.00 0.00 9.47
bulk repeat vector 1.6160 -0.9330 2.5738
1.6160 0.9330 2.5738
2D repeat vector  1.6160 -2.7990 0.0000
1.6160 0.0000

2.7990

The z-direction is perpendicular to the surface, and the x- and y-directions are parallel to [1120 ]

and [ 1100] respectively
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6.3.3. Diécﬁssion‘

Oxygen has a strong tendency to incorporate into the structure of metallic zirconium (Section
5.3.5). Strictly for the conditions studied in this work, thermodynamics favors the dissolution of O
into bulk Zr [148], and in turn kinetic factors must have a role in controlling the surface O/Zr(0001)
systems that have been studied in this program, as well as in complementary work done elsewhere
[17,156]. As the total O coverage increases, the partial ionic character is expected to get more
established in the surface region, and this may reduce the activation barriers for O migrating back
(e.g. from the second Zr-Zr interlayer spacing to the first). In any event, there are independent
indications from measurements of both work function and Auger spectra that structural changes
occur for the O/Zr(0001) system at around 1 ML [17,156,157]. Quite independently, the study here
finds no support for the 2 ML structure corresponding to a simple extension from the models
indicated for the 0.5 and 1 ML systems. For example, this analysis is not consistent with models
like A(C)B(C)AB.. or A(Cy5)B(Cos)A(Cos5)B(Cos)AB.. being applicable to the 2 ML surface
structure. In consequence, this work strongly supports a change in structure at above 1 ML, and
accordingly we postulate that the changes in work function and Auger spectra previously noted for
the O/Zr(0001) system in this coverage regime are associated with the formation of a ZrO,-like
surface model.

No new superstructure beams were observed by LEED for the 2 ML O/Zr(0001) system, and
therefore the calculations made have assumed that the overlayer part of the structure involving O
has the same diperiodic repeat dimensions as the Zr(0001) substrate. For the favored structure, this
requires a lateral compression by about 10% in surface ZrO, compared with the cubic bulk structure

[160] (3.60 to 3.23A); accordingly this surface compound appears as having a modified form

compared with known bulk forms of ZrO, (in any event the thermodynamically most stable bulk




form at normal conditions is baddeyelite which is monoclinic [164]). The stacking sequence
identified for the top three layers in the 2 ML surface structure match those for the corresponding
layers at the (111) surface of cubic ZrO, with anion termination. For the bulk (fluorite) structure,
Tasker [165] noted, on the basis of electrostatic continuum calculations, that the non-polar, anion
termination should bé- energetically fa;/ored over the polar, cation termination, for which the first
four layers can be expressed as A(B)(A)B.. . Consistent with fhis, the present work provides no
support for the latter inodel type in the éontext lof the 2 ML O/Zr(0001) surface system.

That the 0.5 ML (2x2) structure fo'r'med by O at the Zr(0001) surface involves O incorporating
both between the first and second layers, and between the second and third layers, strongly suggests
that O . . O electrostatic repulsions have a significant role in determining its form (a similar
sfatement can also be made .for the 1 ML Structure). Additionally, incorporation into octahedral
holes requires only a relativély small modification to the bulk Zr structure (e.g. the interlayer
spacing increases from 2.57 to about 2.65 A), and accordingly the O/Zr(0001) surfaces at 1 ML and
below have structures related to that in (metastable) bulk ZrO, which adopts the NaCl lattice with
the O atoms occupying octahedral hole sites with respect to the structure formed by the Zr atoms.
But as the O coverage in the surface region increases, the most stable form may be expected to
represent an appropriate balance between the various Zr to O, Zr to Zr and O to O bonding and
repulsive interactions. As a simple example, the cation-termination model of surface ZrO,, with the
arrangement A(B)(A)BA.., seems less favorable than (C)B(A)AB.. entirely on grounds of the
increased O . . O repulsions in the former.

However other comparisons are less direct. For example, Table 6.5 lists results from the first-
principles total-energy calculations by Yamamoto for the 2 ML O/Zr(0001) surface structure [166].

In that work, the model (B)A(C)BA.. is favored over (C)B(AAB.. by about 0.25 eV per O atom,
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although it is also noted that some of the calculated Zr-Zr interlayer spacings differ appreciably
frdm those obtained from LEED analyses. Taking a purely ionic model for illustrative purposes,
these two models would be expected to have atomic charges +3 and +1 for the first two Zr layers in
(A)B(C)AB.., but +7/2 and +1/2 for the first two Zr layers in (C)B(A;)AB... Assuming further that
_ all ionic charges are uniformly distributed on the layers, and that their interlayer distances fit the
conditions defined above for the choice of initial reference structure, then the electrostatic
interactions among the first four layers are indicated to be proportional to -10.06 and -11.70 for the
models (A)B(C)AB.. and (C)B(A)AB.. respectively. The latter appears to gain from more
favorable attraction terms plus a reduction in the Zr** . . Zr* repulsion term, but these simplistic
arguments do not of course take account of the covalent bonding terms that must also operate. In
principle the total energy calculations should accommodate all these factors, but in addition there
still remains an open question regarding the degree to which the surface structure studied by LEED
is thermodynamically stable, even in the restricted sense of comparing with other structures where

layers of O bond in the top three or so layers of Zr(0001).
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Chapter 7: Concluding Remarks

7.1 Summary of New Results
7.1.1 XPS

The XPS work reported in this thesis represents exploratory research in which a thin film
approach is used to study interfacial chemistry in the challenging O/Zr system. By keeping the
film sufficiently thin, XPS could be used to reveal changes in the interfaces after exposure to
reactive gases. In particular, studies were made of changes in the lower oxidation state material
(ZrOy), identified at the interface between oxide and substrate, that can be further oxidized to
form ZrO; by either H,O or O, at 300°C, although the process is hindered as the oxide layer gets
thicker. A new observation was that exposure to D, can promote the ZrOx to ZrO, conversion;
this apparently remarkable result has opened up a series of subsequent research investigations
[91,92]. The effect of H has also been recognized in these follow-up studies, which provide
independent evidence that H can activate oxidation for a partially oxidized zirconium thin film.
Such effects are likely to be relevant to the properties of oxide coatings on real CANDU pressure
tube material, for which hydrogen is believed to have a destabilizing influence under certain

circumstances.

7.1.2 LEED

New LEED crystallographic studies have been made for a cleaned Zr(0001) surface as
well as for three surfaces with differing O coverages, and interesting changes in structural
features have been identified as the coverage evolves. At the lower coverage, O incorporates into

zirconium without too seriously disrupting the metal lattice. Both the 0.5 ML and 1 ML surface
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structures have O atoms occupying octahedral holes in the metal, which can occur with only a
small change (<4%) in the Zr-Zr interlayer spacing. Accordingly, they have structures related to
that of bulk, but metastable, ZrO. Here O-O repulsive interactions appear to play an important
role in determining the form of the structures. For example, in the 0.5 ML case, O-O repulsions
are reduced by the O atoms incorporating both between the first and second metal layers, and
between the second and third metal layers, with one (2x2) array being laterally displaced with
respect to the other. As the coverage increases to 1 ML, O atoms still appear distributed into the
same two interlayer regions. But now the O atoms are distributed somewhat randomly in the
octahedral hole sites with a loss of long-range order. Further structural change is indicated for a
total O coverage of about 2 ML; now 1 ML of O atoms incorporate into tetrahedral holes
between the first and second Zr layers, and the other 1 ML of O occupy 3-fold sites on top of the
Zr(0001) surface. This structure has surface layers resembling the stacking sequence at a (111)
surface of cubic ZrO,; this leads to 34% expansion in the first Zr-Zr interlayer spacing.

Chemical state evolution during the oxidation of zirconium appears to be seen in XPS as
the lower oxidation state material that is converted to ZrO; in the oxidizing environment. The
latter change can be identified directly since the amount of O present is limited, and its diffusion
into the bulk is inhibited by the choice of a Au substrate. For the structural studies by LEED, the
effect of O diffusion into bulk Zr is limited by kinetic factors associated with the temperature
range used so that, in all three surface structures, the O atoms remain especially in the region of
the first three Zr layers. For these conditions, the O concentration around the surface can
increase with oxygen exposure, therefore leading to the formation of a surface oxide layer.
Overall, these studies prbvide a picture for the evolution of chemical state and structure at the Zr

interfaces during incipient oxidation.
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7.2 Future Directions

This work has established some useful approaches which should help gain new
fundamental information for interfacial properties of oxidized zirconium, with possible relevance
to challenges related to pressure tube corrosion in nuclear reactors. Future expansions are

possible in the following directions:

7.2.1 Interaction with H and H,O

A particularly important future direction is to learn how an oxidized zirconium interface
is chemically affected by incorporated H. Such information appears very relevant for
establishing better understanding for nuclear reactor pressure tube corrosion. The XPS study
reported here shows that the Zr02/ZrOvx interface provides a potentially important indicator of
change below the oxide surface, but even so the mechanistic details of H bonding in these
materials are still not known. Such information should be obtainable from vibrational
spectroscopy, including high-resolution electfon energy loss spectroscopy (HREELS) [167], and
work is already planned in this direction. It is hoped that this will help to develop a mechanistic
model for the role of H in the oxidation process, for example to distinguish between molecular
and atomic adsorption, to identify underlayer absorption and the actual species involved (e.g. H,
OH), and to determine conditions for H incorporation (temperature, defect sites etc.). Further,
study of the H effect has fundamental scientific interest, even though the initial motivation was
provided by the technological problem of pressure tube corrosion. Additionally, it will be
interesting to study effects of deliberately added H on the Zr(0001) surface in relation to
speculation that H contamination may affect some measured surface relaxations (noted in

Chapter 5). Such work should help reveal the origin of discrepancies reported for surface
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relaxations between the results from first principles calculations and from LEED, including for
Zr(0001).

Water chemistry is relevant to the problem of corrosion in CANDU pressure tubes
because one side of a tube is in contact with heavy water at 300°C. Observations in Chapter 3
have shown the ability of H,O (at even very low pressure) to form oxide films and to oxidize
partially oxidized films. Improved understanding is needed for the role of H,O in relation to the
details of dissociative adsorption and binding states, as well the conditions for water adsorption
and dissociation (e.g. terﬁperature, coverage). New structural information can be obtained by
studying the interaction of H,O with an oriented ZrO, surface using HREELS, in conjunction
with other basic surface characterization techniques. As noted previously, ZrO, samples are not
readily available for surface science study, but this work has established that the 2 ML
O/Zr(0001) system should provide an useful model for the oxide surface. The quantitative side
of this work also helps substantiate other studies where very thin layers of ZrO, are believed to
have been prepared by depositing Zr in an oxidizing environment onto different substrates,

including Pt(111) [84] and Au(111) [90].

7.2.2. Interfaces in Heterogeneous Material

Real pressure tube material for the CANDU reactor is not only heterogeneous in the
vertical sense (i.e. variation in O composition with depth), but composition variations are known
to be present as a result of its alloy nature (e.g. 2.5wt% Nb) and other impurities (e.g. Fe) which
appear to affect interfacial properties [168-170]. Following the approach in this work, studies
have been extended to those involving Zr/Nb, Zr/Fe, and Nb/Fe interfaces [171-174], but

mechanistic information is still needed. Again vibrational spectroscopy (including HREELS)
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should be particularly helpful for investigating the role of water interactions in these systems.
For example, it should be useful to investigate how the presence of Nb or Fe may affect the
nature of surface oxide, and its ability to incorporate H (e.g. from H,O). The long-term aim of
this program remains to study the chemistry of individual interfaces associated with
heterogeneous CANDU pressure tube material, so that AECL scientists and others can build up a
broader mechanistic model for its oxidation and interactions with molecules in its environment,

including H,O.
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