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Abstract 

In this thesis two studies of reactive metal adsorption upon a low index single 
crystal silicon dioxide surface are presented in addition to a study of sulphur 
adsorption upon a low index single crystal nickel surface. 

Chromium growth upon the a-quartz Si02(0001) (J84xJ84) Rll 0 surface is stud
ied at three coverages, 0.25±O.08 ML, 0.5±O.16 ML and 1.0±0.33 ML, using surface 
extended x-ray absorption fine structure (SEXAFS). SEXAFS measurements, from 
the chromium K-edge, recorded at both grazing and normal incidence show that 
chromium growth proceeds via the formation of mesoscopic particles with a body 
centred cubic (b.c.c.) like structure having an average nearest neighbour Cr-Cr 
distance of 2.36±O.03 A. This represents a contraction of 5.6 % from the bulk b.c.c. 
lattice spacing of 2.49 A. There is no evidence of a surface reaction between chro
mium and the surface oxygen. 

SEXAFS was used to study titanium reactional growth on a-quartz (0001) 

(J84xJ84) Rll 0 and (lx1). Three nominal coverages were studied, 0.25±O.08 ML, 
0.5±O.16 ML and 1.0±O.33 ML. Both normal and grazing incidence SEXAFS data 
were recorded and show the formation of a spatially extensive region in which an 
interfacial reaction has occurred between surface oxygen and adsorbate titanium 
atoms. Coupled with this is the formation of subnanometre titanium clusters. The 
metal oxide has nearest neighbour Ti-O distances close to those of both the anatase 
and rutile forms of titania with the metallic titanium clusters having a Ti-Ti dis
tance within experimental error that of bulk hexagonal close packed (h.c.p.) tita
nium, 2.89 A. 

A re-examination of the surface geometry of Ni(1l0)c(2x2)S using SEXAFS has 
been performed. Data out to an electron wavevector of 9 A-I are analysed with 
a new code to assess the influence of multiple scattering. The first shell S-Ni 
distance is determined to be 2.20±O.02 A with the next nearest neighbour dis
tance being 2.29±O.02 A, giving a top-layer Ni expansion of 14±3% relative to 
the bulk. The influence of multiple scattering does not significantly alter these 
values from earlier studies. 
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Introduction 
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The adsorption of metals on oxides is an area of increasing interest in surface 

science.1 This is due to the importance of such systems in areas as diverse as ca

talysis2,3 and metalisation of semiconductors.4 Another area of great interest is the 

poisoning of catalysts by sulphur containing molecules. The three studies described 

in this thesis deal with these two areas of current interest. The first two are experi

mental studies of the adsorption of highly reactive transition metals upon a low 

index face of a single crystal of silicon dioxide. The Cr - quartz system is intended 

as an idealised model of the Philips catalyst used in the polymerisation of ethene,3 

the addition of a small percentage by weight of Ti to this catalyst has been shown 

to alter the degree of branching, hence the density of the polythene produced,3 

this being the motivation behind the study of the Ti - quartz adsorption system. 

The third is an experimental study of a prototypical adsorption system of sulphur 

upon a low index face of a single crystal of nickel. 

The two chapters which follow the Introduction describe the theoretical and 

instrumentational background to this work. Chapter 2 describes the theoretical 

details of surface extended x-ray absorption fine structure (SEXAFS) including 

descriptions of both the single scattering and multiple scattering formalisms used 

in the analysis of the data presented in this thesis. Chapter 3 describes the appara

tus required for the experimental studies including a brief overview of vacuum 

techniques, sample manipulation and characterisation, detailed descriptions of 

the detection methods employed and a brief description of synchrotron radiation. 

The first experimental study to be described is contained in chapter 4. This is an 

investigation of the a-quartz (0001)( J84xJ84) Rll 0 interface and is the first study 

of physical vapour deposition (P.V.D.) of a reactive transition metal upon single 

crystal silicon dioxide. SEXAFS measurements were employed at three coverages, 

0.2S±O.08 ML, 0.S±O.16 ML and 1.0±O.33 ML. The SEXAFS measurements, recorded 

at the Cr K-edge, are indicative of the formation of mesoscopic, b.c.c. like chro

mium particles with a nearest neighbour distance of 2.36±O.03 A. This is a con-
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traction of 5.6 % from the bulk b.c.c. nearest neighbour distance, 2.49 A. 

In chapter 5 SEXAFS studies of titanium adsorption on both the (lxI) and 

(J84 xJ84) RII 0 terminations of a-quartz (0001) are reported. 

Both normal and grazing incidence SEXAFS data were recorded and evidence of 

a spatially extensive, disordered sub-oxide of titanium is seen. This is manifested 

in the form of a Ti-O scattering pair with the Ti-O distances, at all coverages on 

both terminations, being very similar to the Ti-O distances in the anatase and 

rutile bulk phases of titania (1.96 A -2.03 A). Also observed, simultaneously with 

the oxide formation, is the deposition of Ti in the form of metal atoms with a 

nearest neighbour distance very close to that of bulk h.c.p. titanium, 2.89 A. 

Chapter 6 is a multiple scattering study of a prototypical sulphur adsorption sys

tem, Ni(1l0)-Sc(2x2). The purpose of this study was in the commissioning of the 

IRCSS Beamline 4.2 with a well characterised and studied system.4-7 In addition, 

data analysis was performed using a new variant of the Daresbury Laboratory 

EXCURVE code allowing the simultaneous fitting of up to three spectra thus ex

ploiting crystallographic symmetry in order to increase the determinacy of the fit. 

The first 5-Ni distance was found to be 2.20±0.02 A with the next nearest neigh

bour distance being 2.29±0.02 A. This corresponds to a top layer nickel expansion 

of I4±3 % relative to the bulk. Multiple scattering, whilst improving the fit qual

ity, does not significantly modify these structural parameters. 
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2.1 Introduction 

This chapter provides a brief account of the theory employed to analyse the 

experimental results presented in this thesis. Firstly x-ray absorption theory is 

discussed. A more extensive review of these techniques can be found elsewhere.1,2 

2.2 X-ray Absorption Spectroscopy 

Initially X-ray Absorption Spectroscopy was used to provide a basic insight into 

the electronic structure of atoms and provided the experimental evidence for 

quantum theory. Then in the 1920's post absorption edge fine structure was 

observed in polyatomics.2 

At the time, several opposing theories were advanced to explain this structure, 

amongst them that of Kronig.3 He hypothesised that the fine structure arises 

following a photoelectron ejected from a core level by an x-ray, being scattered 

by neighbouring atoms. This idea is basically correct, although only a few studies 

were performed at the time. It was not until the early 1970's that this physics was 

exploited when Sayers, Stern and Lytle suggested that the post-edge fine 

structure could prove to be extremely powerful in the elucidation of the structure 

of solids.4 Following their suggestion, which stimulated a great deal of new 

interest in x-ray absorption fine structure, the presently accepted theory for 

structural determination by XAS, which retains the basic principles of Kronig's 

original theory, was developeds. 
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Figure 2.1 X-ray absorption spectra of monatomic 

Kr and diatomic Br
2

• The Kr spectrum has been 

energy shifted to match the edge positions. 

Figure 2.1 shows the x-ray spectra of monatomic Kr and diatomic Br
2

• These two 

spectra are typical of x-ray absorption spectra in general. Firstly there is the sharp 

increase in the absorption profile, usually called an absorption edge. This edge 

corresponds to an increase in the absorption coefficient (J.l) of an atomic sub-shell 

(in this case the 1s core level) as the energy of the x-ray beam, which is incident 

on the sample, is swept through the core level's threshold of electron excitation. 

Also there is the approximately exponential tail to the absorption edge, which is 

due to the decreasing overlap between the wave function of the outgoing 

photoelectron and atom and the wave function of the initial bound state. As well 

as displaying these features, which are characteristic of all x-ray absorption 

spectra, Figure 2.1 demonstrates that post edge fine structure is present only in 

polyatomic systems (Le. Br2). The obvious reason for this being that there are no 

atoms to scatter the outgoing photoelectron in monatomic systems. This fine 

structure is usually divided into two separate regions: firstly, the structure close 

to the edge, which is usually described as the near-edge x-ray absorption fine 
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structure (NEXAFS), and secondly the extended x-ray absorption fine structure 

(EXAFS), which dominates from approximately 50 eV above the edge. The 

physics of these two regimes are discussed in the next two sections. 

2.2.1 EXAFS 

In quantum mechanics the photoabsorption coefficient (J.l) of an atomic core shell 

is described as the probability of creating a core hole in that shell. Mathematically 

this may be written as 

J.l a <f I E. P I i>, Equation 2.1 

where, I i>, the initial state, is the core level, E.p is the interaction operator and 

I £>, the final state, is the photoelectron and ion. Note that the core level electron 

is excited into a continuum state in the EXAFS region. In a polyatomic system this 

outgoing photoelectron is partially backscattered by the surrounding atoms (see 

Figure 2.2) and the resulting backscattered photoelectron wave, which is shifted 

in phase relative to the outgoing photoelectron wave due to both the distance it 

has travelled and the potentials of the emitting and backscattering atoms, 

Auger 
oleclron 

Photo
oloctron 

--t+-VacuulII ==:::t:t== Fermi lovel 

Fluoroscent 
photon 

( .)) L' (!". 
~,. , ~::.....", .. " ..... ,~. 

" ... -:;:-....., 
/ . ~ Photo-olectron wave '/ ,'C!) 

Figure 2.2 Schematics of both the photoabsorption 

and photoelectron scattering processes. 
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interferes with the original outgoing photoelectron wave. This final state 

interference, which need only be considered near to the centre of the absorber 

because the absorption coefficient is zero everywhere except where the initial 

state is non-zero, may be either destructive or constructive depending upon the 

phase difference between the two electron waves. Varying the incident x-ray 

energy changes the relative phase of the outgoing and backscattered waves and 

so the amplitude of the final state is modulated as a function of incident photon 

energy. It is this modulation of the final state, and thus the modulation of the x

ray absorption coefficient, which gives rise to the characteristic EXAFS "wiggles" 

in the post edge region of polyatomics. The wavelength of these wiggles depends 

upon the distance of the neighbouring atoms from the absorbing atom, and their 

amplitude depends upon the backscattering strength. Therefore, from this final 

state effect which is the fundamental basis of the EXAFS technique it is possible 

to gain structural data, even from systems with only short range order, since the 

final state modulation is derived from only near neighbour scattering. 

Quantitative analysis of EXAFS data may be performed using plane wave single 

electron scattering theory. The expression: 

X(k) = A(k) sin [2krij+<I>(k)] Equation 2.2 

describes EXAFS, within this paradigm, for the most rudimentary case in which 

the EXAFS signal, X(k), arises from a single shell of backscattering atoms at a 

distance r .. from the central absorbing atom. The term 2kr .. describes the phase g g 

difference between the two electron waves due to the separation of the 

backscattering atom (j) from the absorbing atom (i), where k is the photoelectron 

wavevector. CP(k) accounts for the phase shift due to the passage of the 

photoelectron wave through the potentials of the absorbing and backscattering 

atoms, and A(k) is the EXAFS amplitude term. A(k) is determined by a number 
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of parameters: the number of backscattering atoms, the backscattering strength 

of these atoms, the disorder, both thermal and static, within the system, and 

finally the inelastic processes which affect the outgoing photoelectron. These 

factors are expressed quantitatively by the following equation, 

A(k)= N* f(k) exp(-2cr2jk2) exp(-2r/A(k)). 

kr 
Equation 2.3 

Equation [3] holds as long as the initial state is an s-state (1=0), which is the case 

for all x-ray absorption data examined in this thesis. The term N* is related to the 

number of backscattering atoms. It is the effective co-ordination number of the 

central atom, which is employed in single crystal studies rather than the true co

ordination number N, because of the non-isotropic nature of the photoelectron 

wave6; N* reduces to N when studying polycrystalline or amorphous systems. 

For an 1=0 to 1=1 dipole allowed transition N* is given by: 

N~ = 3 L cos28j, 
j=l . Ni 

Equation 2.4 

where 8. is the angle between the electric field vector E and the vector r .. which 
) 1) 

connects the central atom, a, to atom b as depicted in Figure 2.3. Equation 2.4 is 

hv-+-----~ 

Figure 2.3 illustration of the definition of 8., which is 
) 

the angle between the electric field vector E and the 

vector rij" 
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particularly useful in surface EXAFS studies of single crystals, since when it is 

coupled with the anisotropy and symmetry of a surface, along with the linear 

polarisation of synchrotron radiation it can aid adsorption site determination. 

The next term, CP(k), is the backscattering amplitude of an individual atom. This 

term depends upon the atomic potential of the backscattering atom, and thus is 

Z-dependent. Exp-(2cr2ik2), a Debye-Waller like term, accounts for the both the 

static disorder arising from imperfections in the crytsal and dynamic, thermal 

disorder of the system. Finally, the term exp( -2r/ A(k)), in which I is the electron's 

mean free path, is used to describe the reduction in EXAFS amplitude arising 

from inelastic processes affecting the photoelectron. 

As stated above, equation 2.2 is only applicable to scattering from a single shell 

of like atoms and therefore a more general form is required, in which the 

contributions from different scattering shells are accounted for by summing over 

all the different shells. This more general form is expressed thus: 

where 1/kr2 describes the decay in amplitude of the receding wavefrone. 

Equation 2.5 usually approximates rather well to experimentally observed 

EXAFS, but it must be borne in mind that several simplifying approximations 

have been made which may not always be valid. A brief discussion of these 

assumptions is now given. A more detailed analysis is to be found in the 

literature.1 

Probably the most inadequate assumption made in the EXAFS formalism, as just 

described, is the approximation of the electron wave incident on the backscatterer 

to a plane wave. This approximation holds true only when the effective size of 
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the backscattering atom is very small in comparison to the separation between 

it and the absorbing atom. At low k values, when the photoelectrons are less 

energetic, this approximation is not valid because the effective atom size is much 

greater and can be approximately equal to the interatomic distance. This increase 

in effective size occurs because a less energetic photoelectron penetrates less 

deeply into a scattering atom and is scattered by the more spatially diffuse 

valence electrons. Therefore a curved wave formalism is required if the 

information within this low k region is to extracted. Lee and Pendry formulated 

such a theory in 1976,8 but it proved to be too computationally intensive. 

Gurman, Binsted and ROSS9 used an analytical averaging process to simplify the 

theory, in order to make the calculation more practicable. It is this simplified 

curved wave theory which provides the basis for the EXAFS analysis software 

EXCURV10, which has been used to analyse all the EXAFS data in this thesis. 

Secondly, the assumption that the EXAFS arises only from single scattering 

needs to be considered. Multiple scattering generally involves sca ttering through 

at least two angles close to 90° and a relatively long electron path. Usually the 

probability of this occurring at the relatively high electron energies of the EXAFS 

region is extremely low. This is because the probability of scattering through 900 

is very small due to the scattering being very anisotropic (scattering at these 

energies is highly peaked in the forward direction, with a smaller backscattering 

probability and only a very small probability of scattering through 90°), and also 

because the mean free path of the electrons is quite short (not more than 2-3 times 

the interatomic distance at kinetic energies of 50 eV and greater). There is one 

geometry however where multiple scattering is important, and that is when a 

pair of atoms is colinear, or nearly colinear, with respect to the absorbing atom7• 

In this geometry the outer of the two atoms has an increased contribution to the 

scattering of the photoelectron due to the focusing of the electron wave by the 

potential of the intervening atom. This phenomenon is usually termed either 
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shadowing or the focusing effect. 

The assertion that a single scattering formalism is sufficient to describe the 

interactions of photoelectrons with kinetic energies> 40 e V in extended condensed 

media which contribute to EXAFSl,11 is now being challenged as it has been 

shown that a significant improvement in fit quality can be obtained using a 

multiple scattering formalism for well ordered systems with high symmetry12,13. 

It is important, where possible, to account for both multiple and single scattering 

paths in cases of surface EXAFS with more than one post absorption edge 

oscillation in order to account for interference effects which may arise. However, 

the poor signal to noise ratios have limited attempts to establish the importance 

of multiple scattering at high Z K-edges. In C K-edge studies Baberschke's group 

have shown that MS is important.14 

Multiple scattering is dependent upon the relative atomic positions of 

neighbouring atoms in several shells. Multiple scattering effects are therefore 

particularly sensitive to the stereochemical coordination of adsorbate atoms to 

the substrate. It is considered that the single scattering approximation is valid if 

the photoelectron wavelength, A.=h/ p=21t/k, is less than the interatomic distance, 

d, such that k>21t/ d. 

A simplified treatment of multiple scattering arising from the K-edge EXAFS of 
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a three atom system is shown below.Is A more complete treatment is given in 

reference 16: 

In equation 2.6 the first term represents the single scattering contribution as in 

equation 2.3 and the second and third terms represent multiple scattering events. 

<Pi and 8 are the phaseshifts due to scatterer and adsorber atoms at radius rio This 

treatment does not, however, include the effect of a finite photoelectron lifetime. 

At long pathlengths multiple scattering may become more prevalent than single 

scattering photoelectron scattering paths, particularly in the case of favourable 

geometries such as adsorbate atoms which are near coplanar with substrate 

atoms. 

--8---- ...... ./ ....... 
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Figure 2.2 A) Single scattering process in EXAFS. 

B) Multiple scattering processes responsible for 

XANES and contributions to EXAFS. 
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The treatment employed in this thesis is the full spherical theory including the 

small atom approximation to the polarisation dependent angle factor which 

breaks down only within about 30 eV of the absorption edge.9 This was coupled 

with ab-initio calculated Hedin-Lundqvist potentials encompassing an energy 

dependent self-energy correction term17• 

Another assumption in equation 2.5 is that a system always exhibits Gaussian 

disorder. This is implicit in both the use of a Debye-Waller like type damping 

term and in the phase shift term. Again this assumption does not always hold 

true, and breaks down for atoms having large vibrational amplitudes, which can 

no longer be modelled using a simple parabolic approximation for their potential. 

To the lowest order, any such anharmonicity in the vibrational amplitude will 

manifest itself only in the phase and not in the amplitude of X(k), and so an 

appropriate extra term is required only in the phase term of the EXAFS equation 

to avoid large errors in bond distance determination.ls 

Finally, equation 2.5 assumes that photoionisation is only into the primary 

channel. In other words it neglects many body channels such as shake-up, shake

off, and plasmon excitation. The outgoing photoelectrons resulting from these 

phenomena should also, in theory, suffer scattering and produce their own 

EXAFS, but fortunately their contributions to the EXAFS signal are not too 

significant. Shake-up processes are not important, because their cross section is 

too small to be detected in EXAFS. Shake-off and other processes have larger 

cross sections, but their large energy spread means that any EXAFS oscillations 

tend to be smeared out.19 Thus almost exclusively it is the single electron channel 

which contributes to the EXAFS signal and these many body channels may be 

accounted for by merely introducing an amplitude reduction factor So2(k), which 

is dependent only on the type of absorbing atom20• 
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Having discussed the merits of the various assumption made in equation 2.5, the 

final point which needs to be addressed is the importance of the phase shift term. 

As can seen from equation 2.5, accurate phase shift data are required to enable 

bond distances to be determined with any certainty. They may either be calculated 

or obtained from a suitable model compound. The use of model compounds for 

phase shift data is made possible because the phase shift of an element changes 

only slightly with chemical enviroment,21 especially for photoelectron energies 

~ 100 e V, where the scattering is almost entirely from core electrons. Calculation 

of theoretical phase shift data is usually carried out by employing an ab-initio 

method developed by Lee and Beni.19 

In summarising the above discussion one may conclude that EXAFS is an 

excellent technique for structural determination due to its elemental specificity 

and its reliance on short range order only. These attributes also mean that it is 

well suited to surface studies, especially adsorbate-substrate systems. Surface 

EXAFS (SEXAFS) measurements are, however, more exacting and generally 

more difficult to analyse, because the data ranges are usually shorter than for 

bulk measurements. This shortening of the data range arises from several 

sources. Firstly, the absorbing atom generally has a low atomic number and so 

there is a higher density of absorption edges, which can limit the data range. 

Secondly, the surface Debye temperature is often quite low, which gives rise to 

heavy damping of the EXAFS. In addition, surface bond distances are usually 

quite short leading to longer period EXAFS oscillations than is usual for bulk 

EXAFS. Lastly, the signal is weaker due to the reduction in the number of 

absorbers and sometimes scatterers, so that the EXAFS at higher k values may be 

obscured by experimental noise. 
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2.2.2 NEXAFS 

The physics of the NEXAFS region is somewhat different to that of the EXAFS 

region. Firstly, although equation 2.1, which was used to describe a photoinduced 

electronic transition in the EXAFS region, may also be used to the describe the 

same process in the NEXAFS regime, the final state description must be changed. 

In the EXAFS region the electron is excited into a continuum state, whereas in the 

NEXAFS region the electronic excitation is into low-lying extended states, which 

arise from bonding interactions, and so these details need to be incorporated into 

the final state. Also, unlike EXAFS, the electrons suffer multiple scattering due 

to both the isotropic nature of the electron-atom scattering at these lower 

energies and the lengthening of the electron's mean free path; multiple scattering 

becomes progressively more important within the NEXAFS region as the 

absorption edge is approached. Therefore the NEXAFS region of an absorption 

spectrum is a far richer seam of information than the EXAFS region with more 

details about both the geometric and the electronic structure of the environment 

to be mined. For example, not only radial distances, but also the orientations of 

molecules with respect to the surface can be extracted from NEXAFS data. 

The multiple scattering suffered by the photoelectrons in the NEXAFS region 

usually means that data analysis is rather more demanding in this region than in 

the EXAFS region. However, this is not always so and it is now generally 

accepted that most of the features in the NEXAFS spectrum of a simple molecular 

adsorbate can be analysed in a relatively straightforward manner without 

relying on cumbersome multiple scattering calculations. This is because the 

NEXAFS is dominated by excitations into the bound, or quasi-bound, electronic 

states of the molecule and not by excitation into the more delocalised states of the 

substrate. IS However in the case of metals the core hole is well screened by the 
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conduction electrons in the valence band and no bound states are present. Due 

to variation in the density of states near the Fermi energy, E
F

, structure occurs 

within ±10 eV of the edge and this is separate from XANES and is known as 

XAMES, X-ray Absorption Main Edge Structure.ll This, along with the chemical 

shift of the absorption edge, gives information concerning the oxidation state 

and interactions between metallic adsorbate atoms and the substrate. 

The chemical shift of absorption edges is due to the tighter binding of core levels 

due to the change in effective nuclear charge associated with the valence 

electrons participating in bond formation and also the onset of an energy gap 

associated with the transition from, in the case of metals, a screened metallic form 

to a chemical compound. In general in the case of metals this shift is to the higher 

energy side of the absorption edge increasing in line with the increasing valence 

state of the cation formed. This effect can be masked by a high degree of 

covalent nature in the bonds formed, the shared nature of the covalent electrons 

screening the core hole. 
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Chapter 3 

Instrumentation 
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3.1 Introduction 

This chapter contains a description of the equipment used to carry out the 

experiments described in later chapters. The equipment is associated with 

surface EXAFS experiments carried out at the Synchrotron Radiation Source 

(SRS), Daresbury Laboratory. A description of the sample characterisation 

techniques is also given, along with a description of the beam line used, namely 

the double crystal monochromator IRCSS Beamline 4.2. 

3.2 The IRC NEXAFS Chamber 

The equipment used to carry out the experiments actually comprises of two 

chambers; a beam monitor (Iu) instrument as well as the main experimental 

chamber. Both UHV chambers were constructed by Vacuum Science Workshop 

(VSW). The role of the 10 chamber is extremely important for normalisation in 

the investigation of adsorbates on single crystals using SEXAFS. A schematic of 

the chamber is shown in Figure 3.1. 

3.2.1 Vacuum Techniques 

In order to achieve the UHV conditions necessary for these experiments, the 

chamber was pumped down from atmospheric pressure in a manner which put 

as small a loading as possible on each of the pumps. The requirement for UHV 

is of great importance in the study of Cr and Ti K-edge SEXAFS because of the 

great reactivity of these elements to water, oxygen and carbonaceous species. 

The chamber was initially pumped down using an oil free carbon vane pump, 

which reduced the pressure to 2/3 bar. A liquid nitrogen cooled sorption pump 
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Figure 3.1 Side view of IRess NEXAFS chamber 
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was then used to reduce the pressure to approx. 1 x 10-3 mbar. The final pump 

down was achieved using 160 1/ s and 510 1/ s turbomolecular pumps, and ion 

pumps. The whole chamber can be baked, a typical bake being -180° for 12 

hours, resulting in a chamber pressure of 2 x 10-10 mbar. 

3.2.2 Level 1 

The upper level of the chamber in is shown in detail in Fig. 3.2. It contained: 

(1) Omicron rear-view LEED optics for Low Energy Electron 

Diffraction, 

(2) an AS10 or Phi ion gun for sample cleaning, 

(3) a MElO microevaporator metal source, 

(4) a VG Quadrupole mass spectrometer ( 200 amu ). 

3.2.3 Level 2 

The second level shown in detail in Figure 3.3 is the region in which the 

experiments are carried out. This contained: 

(1) a HA 100 Electron energy analyser, 

(2) a VSW EG5 electron gun, 

(3) a liquid nitrogen cooled titanium sublimation pump, alternatively 

liquid nitrogen cooled Cr sources, 

(4) a Ti filament source, 

(5) EG&G 3 channel solid state fluorescence detector, or, 

(6) Single wire gas proportional counter. 
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Figure 3.2 A schematic diagram of the upper level of the chamber in 

which sample preparation was carried out. (Scale = 1:5) 
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Figure 3.3 A schematic diagram of the middle/ experimental level of 

the chamber. (Scale = 1 :5) 
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3.3 Sample Manipulation 

The samples used were mounted on a VG Omniax sample manipulator, which 

is inserted via an eight inch port at the top of the chamber. This allowed for the 

sample to be rotated in the plane of the synchrotron, i.e. the polar angle, and 

also allowed the azimuthal angle to be varied, i.e. the plane perpendicular to 

the that of the synchrotron. The sample was mounted on a sample plate which 

had the possibility of being heated by filaments at the back of the sample plate. 

A positive voltage could also be applied to the isolated sample plate. This 

enabled electron beam bombardment sample heating to high temperatures 

although this was not used in these experiments as it resulted in a degradation 

of surface quality. The sample plate also had a reservoir thermally attached, but 

electrically isolated, which could be filled with liquid nitrogen, thus allowing 

the sample to be cooled to - 90 - 100 K. 

3.3.1 Sample Transfer 

The sample transfer system consisted of a standard magnetically coupled 

transfer arm with 700 mm travel, a 40 mm x 20 mm molybdenum backplate and 

a sample plate as shown in Figure 3.4. The transfer arm was attached to a four 

way cross. On the orthogonal axis to the transfer arm a pumping hose to a 160 

1/ s turbomolecular pump and a loading port consisting of an FC38 windowed 

port with a Viton gasket were mounted. This pumping array achieved a base 

pressure better than 5x10-7 mbar, resulting in a main chamber pressure of less 

than 5xlO-9 mbar during sample transfer. 

The main chamber reqUired only approximately 30-60 mins to return to base 

pressure. The transfer plate located in a space in a collar on the end of the 

transfer arm by the tab seen in Figure 3.4. 

The sample was mounted horizontally on the transfer plate by the use of 
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tantalum clips which located in a recess lying 0.5 mm below the sample surface 

along two sides of the sample. This allowed the synchrotron beam an 

uninterrupted path to the sample surface in both grazing and normal 

incidences. 

The transfer plate is located on the backplate by tantalum clips overlying a 0.5 

mm recessed area within the transfer plate. This allows movement in all planes 

normally associated with the use of an Omniax or HPLT crystal manipulator. 

Ta Clips 

0.5 mm Recessed 
Area 

20mm 

00 0 

o 

Figure 3.4 Transfer plate and backplate 

3.4 Sample Characterisation 

0.5 mm Recess 

[f 
a-Quartz 
Sample 

Sample cleanliness was investigated in all cases using Auger electron 

spectroscopy (AES)/ which employed 3 keY electrons from the EGS electron 

gun. Surface order was checked using LEED.l The surface sensitivity of AES 

comes from the short mean free path of electrons in a solid, typically < 20 A for 

electrons of kinetic energy between 10 to 2000 eV.2 

One of the disadvantages of using AES with such a powerful electron source, 

however, is that there is a distinct possibility that beam damage may occur. 
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Indeed this has been previously observed for high electron fluxes incident upon 

a-quartz surfaces3 and therefore the use of AES was kept to a minimum. 

LEED was used throughout, as previously mentioned, as a purely routine check 

on the surface order. A diagram of the setup used is shown in Fig. 3.5, and 

consists of a four grid system, with a LaB6 filament in the integral electron gun. 

There is a problem with using such a filament when gases are introduced into 

the chamber, as the filament tends to be poisoned. The transfer width of the 

low energy electron beam is approximately 100 A, and thus the surface needs to 

be ordered over such distances before a clear diffraction pattern can be 

observed.1 The diameter of the electron beam is of the order of 0.5 mID. Hence, 

the diffraction pattern arises from scattering from the various domains on the 

surface. A detailed multiple scattering analysis is required if a full structural 

determination is to be carried out using LEED, and this can be time consuming. 

Electron beam damage is also an issue with LEED. Even though the energy 

used is comparatively low, the LEED pattern was seen to degrade with time. 

Filament 
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G3 
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Figure 3.5 A schematic diagram of the low energy electron 

diffraction setup. The incident electron beam is provided by the 

electron gun and backscattered electrons are imaged on the 
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screen S after passing through grids G. 

3.5 Metal Dosers 

3.5.1 VSW ME10 Microevaporator 

The MElD microevaporator was utilised for the evaporation of a collimated 

beam of Ti atoms onto the quartz substrate. As shown in Figure 3.6, the 

microevaporator consists of a coiled 0.15 mm tungsten filament mounted 

approximately 3 mm distant from the tip of a positively biased 1.0 mm diameter 

Ti wire. The thermionic emission of electrons from the tungsten filament results 

in electron beam heating of the of the Ti wire causing the evaporation of atomic 

Ti. 

FC 38 Flange 

O.15mm Tungsten 

C 11
· . Filament 

o ImatIng 
Shroud 

Primary 
Collimating 
Plate 

lmm Diameter 
Evaporant 
Wire 

Figure 3.6 VSW MElD Microevaporator 

\ 
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Feedtruoughs 
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Drive 

High Voltage 
Feedthrough 

The input power is maintained at a constant level by use of a feedback circuit 

within the control unit. Typical operating conditions were 12.5 rnA emission 

current and 1.25 kV bias voltage yielding a power density of 15.625 W /mm2. 

The microevaporator was initially degassed by use of an internal degas 

programme and subsequently by the application of an emission current of 
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approximately 6 rnA at 1 kV whilst no deposition was carried out.4 The two 

stage collimation system, shown in Figure 3.6, produced a 10 mm diameter 

beam at a distance of 60 mm from the second, outer shroud collimator. This 

doser could not be utilised for the dosing of chromium due to the difficulties 

associated with machining wire and rods from chromium. 

3.5.2 Titanium Filament 

This was a resistively heated titanium filament approximately 2 mm in 

diameter mounted in a liquid nitrogen cooling jacket in order to reduce 

outgassing to a minimum during operation. This doser was not collimated and 

resulted in the global dosing of the sample and its immediate environs. Typical 

operating conditions were 35 A at 12 V for approximately 10 s. Degassing 

consisted of the passing of 40 A through the filament for 10 s. 

The maximum pressure observed during operation of this filament source was 

5x10-1ombar, rising to 8x10-lO mbar during degassing. 

3.5.3 Electrodeposited Cr Source 

A high purity Cr evaporator was fabricated via the electrodeposition of Cr onto 

a clean 0.25 mm tungsten wire bent into a hairpin shape from an alkaline 

solution of CrO/ Electroplating was carried out using a Pb anode and the W 

wire as cathode. A current of 45 rnA and a voltage of 3 V were used, the current 

corresponding to a current density at the wire of the order of 104 Am-2• 

Electroplating for 18 hours resulted in the deposition of approximately 75 mg 

onto a 0.25 mm W wire. 

The sources were mounted on a standard low voltage three pin FC38 

feed through within a liquid nitrogen cooled jacket in order to minimise 

31 



outgassing into the chamber. The source was initially degassed at 5 A prior to 

bakeout of the vacuum system in order to remove any water incorporated into 

the source during fabrication. A second degassing cycle, again at 5 A, was 

carried out during the bakeout procedure. During deposition the sources were 

run at a current of 7 A and the base pressure of the chamber was not observed to 

increase above the base pressure of 2xlO-1o mbar. 

Following deposition only Cr, Si and 0 could be detected in AES spectra. 

3.6 Fluorescence Detectors 

1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 

Auger 
electron 
yield 

1 
H 

6 8 
CO 

z 
2224 
Ti Cr 

Figure 3.7 Relative cross sections of X-ray fluorescence yield and 

Auger electron yield for K shell ionisation as a function of Z.6 

35 
Br 

In surface X-ray absorption experiments the decay of the core hole is monitored 

rather than X-ray transmission. This involves detecting Auger electrons or 

fluorescent photons. 

The use of a fluorescence detection scheme is necessitated by the large band gap 
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of silicon dioxide. This results in sample charging rendering the use of electron 

detection schemes inappropriate. Figure 3.7 shows the relative fluorescence and 

Auger electron yields for a range of atom types, chromium and titanium being 

highlighted. This shows the preponderance of Auger electron emission over 

fluorescent photon emission for low Z atom types. Despite the relatively low 

cross-section, fluorescence detection can still be the method of choice because of 

the insensitivity to charging and high signal to background leveF 

3.6.1 Gas Proportional Counter 

This detector was utilised for the collection of the c(2x2)S-Ni(1l0) data 

presented in Chapter 6 of this thesis.s The detector is a gas flow proportional 

counter mounted on a reentrant flange assembly in the horizontal plane 

perpendicular to the synchrotron beam as shown in Figure 3.B. The supported 

0.125 mm Be window is 50 mm in diameter allowing the collection of a solid 

angle of 0.41t sr. 

The Be window acts to prevent the detector gas, PlO (10% CH
4 

in Ar mixture), 

which is continuously flowing through the detector at slightly over atmospheric 

pressure from entering the V.H.V. chamber. 

Au Anode 

O.125mm 
Be Window 

=::;:::-.. Gas Out 
~==~======~==~~ 

Pre-Amplifier 

Figure 3.8 Single Wire Gas Proportional Counter 

X-rays passing through the Be window ionise the counter gas, electrons being 

33 



multiplied by impact ionisation due to the electric field of the gold anode wire. 

The standard operating conditions have the Au wire at + 1.5kV bias. The 

resulting pulse of electron charge is collected at the anode wire and amplified 

by a charge sensitive preamplifier. The adsorbate fluorescence can be 

discriminated from bulk or contaminant fluorescence using a timing single 

channel analyser. The energy resolution of the analyser is -1 keV at the S K

edge, which does not allow the resolution of the elastically scattered light peak 

from the adsorbate signal. However Ni Kex arising from Ni Is ionisation by third 

order light could readily be discriminated out from the adsorbate signal. 

3.6.2 Solid State Si-Li Detector 

The 3 channel lithium drifted silicon X-ray fluorescence detector used in 

recording of all 
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Figure 3.9 Schematic of EG&G 3 Channel Solid State 

Fluorescence Detector 
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titanium and chromium surface EXAFS data presented in this thesis is shown 

schematically in Figure 3.9. The 25 mm thick Be window serves to attenuate low 

energy substrate fluorescence and is 15 mm in diameter. The p-i-n junction is 

formed by the diffusion of Li into a p-type single crystal of silicon. The lithium 

serves to compensate charge due to impurities in the silicon single crystal thus 

increasing the intrinsic layer in which X-rays form electron-hole pairs. Upon the 

application of a negative bias (-400 V) the charge carriers generated by an 

incident photon are swept to the electrodes before recombination can occur. 

This is shown in Figure 3.10. The detector is operated at liquid nitrogen 

temperatures (-77 K) in order to reduce the mobility of the lithium ions. 

I 
8 I 

p Ie 
~e 
hv n 

~~ hv 

I 
A B C 

Figure 3.10 p-i-n Junction Energy Band Diagram Under Reverse 

Bias A: Electron Diffusion B: Drift Space C: Hole Diffusion 

The number of electron-hole pairs generated is :9 
E 

n=-Y. 
Vi' Equation 3.1 

En is the photon energy in e V, 
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VI is the intrinsic bandgap of Si (3.8 eV), 

n = 1309 at the Ti K-edge (4976 eV) and n = 1577 at the Cr K-edge (5996 eV) 

The electrons are swept to the positive terminal where the total charge collected 

is: 

Q =n<L, Equation 3.2 

where <L = 1.6 X 10-19 C, 

This terminal is connected to a preamplifier where the charge, Q, is stored in a 

capacitor, CfI so the resulting pulse has an amplitude of : 

V 
Q qeEv 

o = C
f 
= Vi C( Equation 3.3 

The resolution of the Si(U) detector is given by : 
~E FWHM 
Ev - Ev Equation 3.4 

where the full width half maximum, FWHM, of the peak is given by : 
1 

FWHM = {cr2Noise +[2.35(F Ev Vi)!]2 p: Equation 3.5 

SNoise represents a degradation of the resolution due to preamplifier noise. 

Thus the theoretical resolution at the Ti K-edge, assuming zero preamplifier 

noise, is 85 eV and similarly at the Cr K-edge is 93 eV. 

3.7 The SRS Daresbury Laboratory 

The advantage of utilising a synchrotron for surface science experiments lies in 

the benefits which can had from a tunable, plane polarised, high intensity 

source of photons. The fact that all three of these desirable features can be 

exploited, which has been taken advantage of over the past two decades, 

leading to a wealth of science. 

3.7.1 Synchrotron Radiation 

Synchrotron radiation is the electromagnetic radiation produced by charged 
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particles moving at relativistic velocities in a circular path.1O-12 This radiation 

represents the main energy loss mechanism for particles so constrained. Even 

for non-relativistic velocities the radiation is highly directional in the plane of 

rotation, as shown in Figure 3.11. 

The radiated power of relativistic charged particles is inversely proportional to 

the fourth power of the particle mass, leading to the use of electrons in 

synchrotron radiation storage rings. The basic components of a synchrotron 

radiation source are a number of dipole magnets to bend the electron beam 

along a circular trajectory and therefore to act as the basic source of radiation.12 

These magnets are separated by straight sections in which are located numerous 

components, including multi-pole electron beam focusing magnets, wiggler 
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----- .... 
Acceleration 

Case 1: 
v -«1 
c Case 2 : 

Electron Orbit 
--------.... 

Acceleration .... , \ }Arc viewed 
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Figure 3.11 Radiation emission pattern of electrons in circular 

motion. Case 1, non-relativistic electrons. Case 2, relativistic 

electrons.1o 

insertion devices and undulators. Radio frequency cavities are used to 
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accelerate the electron beam to the required energy (if necessary) and to make 

up the energy lost due to emission of synchrotron radiation. These devices 

generate an electric field parallel to the beam orbit alternating in polarity, 
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Figure 3.12 Vertically integrated photon flux from the 

Daresbury SRS as a function of photon energy (0.1 % 

bandwidth). 

usually sinusoidally at high frequency, typically in the range 50 - 500 MHzP 

The electrons stored in such a magnetic lattice form into bunches; 160 bunches 

in the case of the SRS in multi-bunch mode. This effectively means that an 

observer only sees light whenever a bunch passes an observation window, 

giving synchrotron radiation a well defined pulsed time structure. At the SRS a 

pulse is seen every 2 ns in multibunch mode. 

38 



The characteristics of the particular source depend on its operating energy, 

bending magnet radius, the stored current and the magnetic fields involved. 

The SRS typically runs at 2 GeV, with stored current of ca. 300 rnA. The 

electromagnetic radiation so produced covers the energy range from the 

infrared to hard X-rays; the intensity distribution from the SRS is shown in Fig. 

3.12.11 

The photon energy range of importance for the Surface EXAFS experiments to 

be described are 2400 - 6200 e V. Hence the following discussion will be 

concerned with the double crystal monochromator designed for these photon 

energy ranges. Before discussing the mono chroma tors, some of the special 

properties of synchrotron radiation can be summarised as:10 

1. Wide spectral range; 

2. Polarised; 

3. High intensity; 

4. Collimated in the vertical plane (hence small spot size can be achieved); 

5. UHV compatible (since the storage ring itself is at UHV) and 

6. Pulsed (feature not used in these experiments). 

3.7.2 Beamline 4.2 

A schematic layout of the beamline is shown in Figure 3.13. The premirror 

system consists of a plane mirror followed by a sagittal cylindrical mirror. They 

are placed close together at a distance of 12.5 and 13.5 m, respectively, from the 

SRS tangent point.14 These mirrors are in a (+1, -1) configuration and are 

arranged to have the same fixed angle of incidence, 89.55°, so that the exit beam 

lies in the horizontal plane. The functions of the mirrors are decoupled. The first 

mirror takes the heat load, while the second mirror serves to focus the beam 

horizontally onto the sample. The plane mirror is made from Herasil and has an 
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selected in situ by mechanical translation of the mirror. The cylindrical mirror 

has an optical surface of size 800 x 42 mm coated in two equal stripes of Pt and 

Cr. The metal coatings on the two mirrors allows for higher order rejection.14 Its 

sagittal radius is 7.07 em, giving a 2:1 demagnification onto the sample. The 

mirror mount incorporates an in situ bending mechanism to change the 

meridian radius. A meridian radius of 1146 m gives a stigmatically focused 

beam, while a radius of 3438 m gives a parallel exit beam. This allows the 

convergence onto the monochromator to be varied and thus a selection of two 

different resolution/spot size modes.14 Baffles in the beamline allow selection of 

the reflective surface of the cylindrical mirror. 

The double crystal monochromator was manufactured by Bird and Tole, Ltd. 

The photon energy range is spanned by rotation of the first crystal while the 

second crystal rotates and translates, keeping the beam position fixed. These 

movements are made by a drive mechanism that is coupled to a single ex

vacuum stepper motor. The Bragg angular range of the monochromator is 14° to 

76°. In addition to the main drive, two other in situ adjustments of the first 

crystal are possible, using in-vacuum stepper motors. These are "pitch" about 

the rotation axis to rock on to the Bragg peak, and a "roll" adjustment in the 

direction normal to the beam. The roll of the second crystal can be adjusted in 

the same manner. 

The two roll adjustments are required to ensure that the two crystals remain 

parallel during the photon energy scan, otherwise there can be a considerable 

horizontal tracking of the exit beam as function of photon energy. In practice, it 

has been found that to obtain a stationary exit beam requires a one time 

adjustment of the two roll movements when a photon energy range is selected 

for a particular experiment. Subsequently, no routine adjustment of roll is 

required during the experimental run. 
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The pitch adjustment is made by maximising the drain current signal from a 2.5 

/lm thick aluminium foil in the beam monitor (10) section immediately after the 

monochromator. It has been found necessary to maximise this signal at the start 

of a photon energy scan and subsequent use of computer controlled adjustment 

of pitch, using a feedback current from the 10 foil to the stepper motor, at each 

discrete photon energy within a scan has proved essential in the acquisition of 

SEXAFS data. 

With a Ge(111) crystal pair in the monochromator, the resolution of the beamline 

at 2500 eV is -1 eV, with a photon flux of 1.5xlOll photons/sec/lOO rnA. The 

resolution at 5000 eV is approximately 2.4 eV and increases only marginally at 

6000 eV when using Ge(111) crystal pairing. 15 The spot size with the full beam is 

2 rom (vertical) by 4 rom (horizontal), which may be reduced by using baffles in 

the beamline. Different crystal pairs (Ge(111), 1nSb(111), Ge(220), Si(111) and 

Quartz(1010) ) are available to vary the usable energy range and provide higher 

resolution. Using a combination of the mirror coatings and monochromator 

crystal pairs, the beamline is specified to operate in the energy range 640 eV < 

hv < 10 keV. The experiment described in chapter 6 utilises the spectral region 

above the S K-edge (2470 eV). For these experiments situation, the plane mirror 

was laterally translated to illuminate the uncoated quartz strip, and baffles were 

used to allow light only from the Cr coating of the second mirror into the 

monochromator. A pair of Ge(111) Bragg reflectors was installed in the 

monochromator. This combination allowed operation of the monochromator 

with little higher-order content in the output. The cylindrical mirror was not 

focused in the meridian direction so that a beam parallel in the dispersive 

direction was incident on the entrance slit of the monochromator. The 

experiments described in chapters 4 and 5 (4950 eV - 6400 eV) utilised the 

quartz strip of the plane mirror coupled with the platinum strip of the second 

mirror, again utilising the Ge(111) monochromator crystal pairing. This 

monochromator crystal pairing results in an increased flux but poorer 

resolution than the Ge(220) pairing which was available for this energy range. 
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Chapter 4 

A SEXAFS study of a-quartz 

(OOOl)(J84xJ84) Rllo- Cr 



4.1 INTRODUCTION 

The metal- oxide interface of chromium has invoked interest due to the potential 

importance of the system in areas as diverse as the formation of novel CMOS 

structures},2 formation of magnetic multilayers3
,4 and heterogeneous catalysis, 

the latter involving a strong metal support interaction.5,6 This interest in the nature 

of these interfaces encompasses a wide range of phenomena from the nature of 

bonding in the interfacial region and the effect of further metal deposition to the 

electronic structure of the interface and its departure from those of the bulk, either 

substrate or adsorbate. The Cr / Si02 system has particular relevance as an idealised 

model system for a range of important ethene - polythene conversion catalysts?,8 

EXAFS, the technique employed here, has successfully been used in the study of 

highly dispersed metal and zeolite catalysts for many years.9-
13 

The present study, an investigation of the effect of reactive metal adsorption upon 

a single crystal silicon dioxide substrate, follows from the systematic investigation 

of the growth of a wide range of metals upon Ti02 (110)14-19, copper deposition 

upon a-alumina (0001) surfaces20 and Ag upon MgO (100).21,22 

A previous study of Cr adsorption upon Ti02 (110) has evidenced the formation 

of a quasi two dimensional growth mode of Cr upon this substrate due to a surface 

wetting effect.16 Studies have been carried out of metal adsorption upon single 

crystal surfaces of alumina and tit ani a but not upon true single crystal surfaces of 

.1. 23 sllca. 

Adsorption of metals upon silicon dioxide has until now been limited to studies 

carried out upon thin oxide films thermally grown upon single crystal silicon 

wafers24,25 or cleaved polycrystalline glass samples.26 This is due to the difficulties 

in applying electron spectroscopies27 to bulk silicon dioxide arising from the highly 

insulating nature of the substrate, the bulk band gap being approximately 9.0 

eV?8 This problem is, however, circumvented in SEXAFS measurements of the 
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local structure by the use of fluorescence yield detection. This is the method 

employed here. The (0001) surface of a-quartz has two known stable terminations,29 

the (lx1) unreconstructed surface and also (/84x/84) Rll 0 reconstruction. This 

reconstruction is thought to be due to the effect of Dauphine twin domains resulting 

from an incommensurate phase at the surface upon cooling through the ~ - a 

h tr .. 29-31 P ase ansltIon. 

4.2 EXPERIMENT 

Experiments were performed in an UHV chamber, base pressure below 2x10-10 

mbar, equipped with a VSW HA 100 MCD hemispherical analyser, VSW EG5 

electron gun, Omicron rearview LEED for sample characterisation, VG Micromass 

200 quadrupole mass spectrometer for residual gas analysis and sample transfer 

system. (See Section 3.3.1) 

Chromium K-edge (5989 e V) SEXAFS measurements were performed using a 

Ge(111) crystal pair in the double-crystal monochromator of station 4.2 at the SRS, 

Daresbury Laboratory. (See Section 3.7.2)32 

Figure 4.1 LEED Pattern of a clean a-quartz (0001) 

(/84x/84) R11° reconstructed surface. Primary beam energy 63 

eV. 
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Figure 4.2 Idealised surface net for a-quartz (0001) (lxl) surface 
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An EG&G 3 channel lithium drifted silicon solid state fluorescence detector, (See 

Section 3.6.2), was used to record the Cr Ka fluorescence yield as a monitor of the 

surface X-ray absorption coefficient. Normalisation of the surface EXAFS data to 

the incident photon flux was accomplished by measuring the drain current from 

a thin Al foil placed between the monochromator and sample chamber. Surface 

EXAFS and XANES spectra were recorded at ambient temperature, 298K, with 

the E vector in the [laTa] azimuthal direction in both near normal, 9i = 20°, and 

near grazing, 9i = 70°, angles of incidence. 

1000 
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Figure 4.3 Auger electron spectrum from an as prepared a-quartz 

(OOOl)(J84xJ84) Rll ° surface. (Primary beam energy 3 keY, 

normal emission.) 

The a-quartz sample (Pi-Kern) was polished to within 0.3° of the (0001) plane as 

determined by Laue diffraction. The (J84xJ84) R11 ° reconstruction was formed 

by an etch in 2% HF followed by ex-situ annealing of the sample to 900°C for 3 

hours in air, then allowing the sample to cool to 350°C and transferring to UHV 

whilst still above 200°c.29 Surface order and cleanliness were checked via LEED. 

A typical LEED pattern is shown in Figure 4.1, and an Auger spectrum from a 
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freshly prepared a-quartz (0001)( J84xJ84j R11° surface is shown in Figure 4.3. 

These measurements were made at the edge of the sample in order to minimise 

electron beam damage to the surface area to be investigated.33 

o 
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-1000 

-1500 

100 200 300 400 500 600 
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Figure 4.4 Auger electron spectrum from 0.25 ML Cr (assuming 

dispersed Cr) deposited upon an a-quartz 

(OOOl)(J84xJ84j Rll 0 surface. (Primary beam energy 3 keV, 

normal emission.) Displacement of Cr and 0 features is due to 

dynamic sample charging. 

Vapour deposition of chromium was achieved via evaporation of chromium 

electrodeposited upon a resistively heated tungsten wire.34 During evaporation 

the pressure in the chamber was observed to increase to a maximum of 7xlO-10 

mbar. Prior to metal deposition the substrate fluorescences were monitored to 

ensure the substrate was free of chromium. Nominal chromium coverages were 

estimated from the ratios of the O(KLL) and Cr(LMM) Auger signals at 0.25 ML. 

Figure 4.4 shows the AES at 0.25 ML Cr coverage. Following correlation of the 

AES and edge steps at 0.25±O.08 ML, higher coverages were estimated from the 

Cr K-edge step. The Cr and 0 Auger signals were chosen to derive coverages due 

to their similar energies as this would result in similar behaviour under sample 

charging. This again was an attempt to minimise the known effects of electron 

beam damage on the Si02 surface. The surface cleanliness was checked again at 



the end of each set of measurements and coverages recalculated in order to check 

for oxygen and carbon contamination during data acquisition. 

Background subtraction of the SEXAFS data was performed using the Daresbury 

Laboratory EXBACK programme and a single scattering fitting procedure used a 

new single scattering variant of the EXCURV92 code35,36 which allows 

simultaneous fitting of both normal incidence and grazing incidence spectra in 

comparison to a previously constructed model, leading to a self-consistent array 

of fitting parameters. The refinement procedure exploits, where applicable, the 

crystallographic symmetry of the data to increase the determinacy of the fitting 

parameters.37 This new code utilises full spherical wave theory, in which the small 

atom approximation to the polarisation-dependent angle factor breaks down only 

within about 15 eV of the edge 38,39 and also ab-initio derived phase shifts using 

Hedin-Lundqvist potentials.4o 

4.3 RESULTS 

To investigate the nature of the growth mode of Cr upon single crystal a-quartz 

(0001) surfaces a series of fluorescence yield Surface EXAFS measurements were 

performed at a range of chromium coverages from 0.25 ML to 1.0 ML, the raw 

data being shown in Figure 4.5. Fluorescence yield SEXAFS is particularly useful 

as it is insensitive to the effects of sample charging27 which is likely to be 

exacerbated in this case by the formation of a surface capacitance upon metal 

adsorption.41 It is also highly surface specific for the case of adsorption of a non

substrate atom type upon the substrate and also allows the detection of coverages 

below the level detectable by Auger electron spectroscopy due to the excellent 

signal-background ratio.42 

Data analysis made use of the bulk EXAFS Cr spectrum, shown in Figure 4.6. This 

was recorded at 298K, using Station 8.4 at the SRS Daresbury by Dr. J.F.W. 

Mosselmans. The coordination numbers of the four shells utilised in the fit were 
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Figure 4.5 Cr K-edge surface EXAFS data recorded from the (l

quartz (0001) (J84xJ84) Rll 0 reconstruction at 298 Kwith the E 

vector parallel to the [1010] azimuth with both 70° incidence angle 

(upper line) and 20° incidence angle (lower line). Coverages are 

as indicated. The data are normalised between coverages at 6040 
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Figure 4.6 Cr K-edge bulk EXAFS spectrum and corresponding 

Fourier transform at 298 K after background subtraction 

conversion to k space and weighting to k2• The experimental data 

(solid line) is compared to the best fit theoretical calculation 

(broken line) of a model containing the four nearest neighbour 

coordination spheres. 
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set to those of bulk Cr and the radial distances varying at most by only 0.01 A 

from the bulk values. This allowed the initial values of the Fermi energy correction 

to the EF value derived in background subtraction and also Debye-Waller like 

factors and other correlated factors known to affect the amplitude of the EXAFS 

such as the lifetime of the photoelectron and many body effects to be derived.42 

In analysis of the surface EXAFS only structural parameters such as coordination 

number (in the case of randomly oriented sub-nanometric models) and the radial 

distances of coordination spheres were utilised as variables in the analysis 

procedure. This does however neglect the large degree of anharmonicity in the 

motion of atoms in small particles which can result in derived coordination 

numbers which are significantly less than the actual values.43
,44 The exclusion of 

the Debye-Waller like factor from the analysis is based upon the assumption that 

static and thermal disorder are comparable for all spectra. This assumption if wrong 

will lead to errors in the calculated coordination numbers. 

Coordination 
0 

Coverage Radius fA R-factor 
Number +0.2 +0.03 A 

0.25 ML 1.4 2.37 75 
0.6 2.86 

O.5ML 1.2 2.35 78 
0.7 2.90 

1.0ML 1.2 2.37 69 
0.7 2.86 

Table 4.1 Best fit parameters and R-factors of theoretical models. 

Quoted errors are derived from EXCURVE programme?3,34 
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Figure 4.7 Cr K-edge SEXAFS spectra of Cr deposited on a-quartz 

(0001) (J84xJ84) Rll ° reconstruction at 298 K after background 

subtraction conversion to k space and weighting to k2
. The 70° 

incidence angle data (broken lines) and 20° incidence angle data 

(solid line) were recorded with the E vector parallel to the [loTO] 

azimuth. 
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Figure 4.8 Fourier Transforms of Cr K-edge SEXAFS spectra of 

Cr deposited on a-quartz (0001) (J84xJ84) R11° reconstruction 

at 298 K after background subtraction, conversion to k space and 

weighting to k2• The 70° incidence angle data (broken lines) and 

20° incidence angle data (solid line) were recorded with the E 

vector parallel to the [1010] azimuth. 
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Model R-factor 

b.c.c (001) 431 

f.c.c. (001) 669 

Table 4.2 R-factor values for potential models used in data 

analysis. 

The 20° and 70° angle of X-ray incidence data show no significant differences as 

evidenced by the data in Figures 4.6 and 4.7 the latter showing the experimentally 

recorded SEXAFS data after background subtraction. The corresponding Fourier 

transforms are shown in Figure 4.8 

The model proposed is based upon a quasi-spherical b.c.c. like arrangement of Cr 

atoms with a centrally coordinated absorber Cr atom. The nearest neighbour, next 

nearest neighbour distances and coordination numbers derived from the 20° 

incidence angle data shown in Figures 4.9, 4.10 and 4.11, which relate to coverages 

of 0.25±0.08 ML, 0.5±O.16 ML and 1.0±O.33 ML respectively are shown in Table 4.1. 

From this it can be seen that the meso-particles exhibit a nearest neighbour distance 

close to that of the bulk b.c.c. lattice, 2.49 A,45 with a second nearest neighbour 

distance of 2.88 A.45 The nearest neighbour distances do not vary significantly 

between the three coverages from 2.37±O.03 A at 0.25 ML to 2.35±O.03 A at 0.5 ML 
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Figure 4.9 Cr K-edge SEXAFS spectrum and corresponding 

Fourier transform of 0.25 ML Cr deposited on a-quartz (0001) 

(J84xJ84) Rll 0 reconstruction at 298 K after background 

subtraction, conversion to k space and weighting to k2
• The 

experimental data (solid line) is compared to the best fit theoretical 

calculation (broken line). The spectrum was recorded at an 

incidence angle of 200 with the E vector parallel to the [lOTO] 

azimuth. 
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Figure 4.10 Cr K-edge SEXAFS spectrum and corresponding 

Fourier transform of 0.5 ML Cr deposited on a-quartz (0001) 

(J84xJ84) Rll 0 reconstruction at 298 K after background 

subtraction, conversion to k space and weighting to k2
• The 

experimental data (solid line) is compared to the best fit theoretical 

calculation (broken line). The spectrum was recorded at an 

incidence angle of 20° with the E vector parallel to the [1010] 

azimuth. 
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Figure 4.11 Cr K-edge SEXAFS spectrum and corresponding 

Fourier transform of 1.0 ML Cr deposited on a-quartz (0001) 

(J84xJ84) Rll 0 reconstruction at 298 K after background 

subtraction, conversion to k space and weighting to k2. The 

experimental data (solid line) is compared to the best fit theoretical 

calculation (broken line). The spectrum was recorded at an 

incidence angle of 200 with the E vector parallel to the [1010] 

azimuth. 

59 



coverage and 2.37±O.03 A at 1.0 ML Cr coverage. 

In all three Cr coverage cases, as seen in Figures 4.9, 4.10 and 4.11, there is a constant 

decrease in nearest neighbour distance of 5.6 % from the bulk b.c.c.lattice distance. 

4.4 DISCUSSION 

4.4.1 Structural Considerations 

A number of models were utilised in attempting to fit the data. An f.c.c. bulk 

lattice and a b.c.c. bulk lattice were investigated in addition to the use of a freely 

varying nearest neighbour coordination number in order to emulate a variation 

in size of an approximately spherical b.c.c.-like sub-nanometric particle. In the 

f.c.c. and b.c.c. models a good fit in the experimentally derived bond length, was 

readily attainable, however the amplitude of the calculated rapid curved wave 

results for these models was too large in both recorded polarisations. The least 

squared minimisation R-factor for these models at 1.0 ML Cr coverage are shown 

in Table 4.2. It should be noted that the lack of polarisation dependence in the 

experimentally derived data is indicative of meso-particulate formation.2o 

The reduction in the Cr nearest neighbour distance is in excellent agreement with 

an earlier EXELFS study of air oxidised chromium particles46 and EXFAS of small 

UHV deposited chromium particles.47 It is also consistent with EXAFS studies of 

small particles of Pt in which an apparent bond contraction was noted with 

increasing temperature,48 this apparent contraction being attributed to the effect 

of anharmonicity in the atomic motion of atoms in very small clusters.44 EXAFS 

studies of Pt adsorption on y-alumina have shown three dimensional particle 

formation with annealing to 300°C, a higher temperature anneal at 450°C resulted 

in the formation of two-dimensional rafts of pt.49 Structural transformations have 
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been previously attributed to hydrogen desorption from the metal-support 

interface.50 However it should be noted that there is a high degree of correlation 

present between EF and the radial distances, typically 0.85, would be sufficiently 

large to significantly affect these radial distances if there were significant variation 

in Ep however EF remained within 1.5 eV of the initial value of 12.5 eV for all 

spectra. 

Theoretical studies have shown a dimer growth mode dominates at Cr cluster 

sizes of less than 12 atoms.51 However the experimentally derived bond length of 

the dimers is significantly less, 1.68 A,52 than the 2.36 A observed here which is, as 

noted earlier}7 in keeping with a b.c.c. like arrangement in small particles. At 

cluster sizes of greater than 12 atoms a b.c.c.like arrangement is seen to dominate.51 

The apparent reduction of coordination number below 2.25, for an idealised b.c.c. 

cluster of 12 atoms, can be explained by the errors introduced due to the large 

anharmonicity of' edge' atoms in clusters,43,44 which represent a significant fraction 

of the total number of atoms in these mesoscopic particles and also the contribution 

to the edge step, used in normalisation procedures (See Chapter 2), from Cr atoms 

present in sites which do not contribute coherently to the SEXAFS, further it 

neglects surface wetting effects that have been shown to be appreciable in the 

case of reactive metal adsorption upon oxides.53 The effects of anharmonicity are 

exacerbated by the weighting of experimental data to high powers of the 

wavenumber, k.43,44 Further to this the ratio of first to second shell coordination 

numbers, typically 0.6±O.2, lies very close to the expected value of 0.75 for a b.c.c. 

lattice. The apparent reduction is attributable to only partial occupation of the 

second coordination sphere. 

An attempt to calculate the surface fraction covered can be made by assuming the 

formation of single discrete spherical mesoscopic particles. Each particle will 

contain, utilising the calculated coordination numbers and b.c.c.like structure, on 

average approximately 4-5 atoms and therefore at 0.25 ML coverage only 6.0% of 
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the surface will be covered by the particles and similarly 12.0 % at 0.5 ML and 24.0 

% at 1.0 ML Cr coverages. 

Attempts to include 0 or Si in the model resulted in no improvement in the quality 

of the fit as indicated by no change in the least squared minimisation R-factor, 

coupled with the reduction in the 0 and Si coordination numbers to a near zero 

value. It is therefore concluded that unlike Ti adsorption, on both this the 

( J84 x J84) R11° reconstructed surface and the unreconstructed (1x1) surface, no 

intercalation of adsorbate metal atoms into the subsurface layers is suggested. 

Despite the appearance of shoulders in the Fourier transforms of the data that 

correspond to the bond lengths of the known chromium oxide structures attempts 

to include Cr - 0 scattering could not be justified as there was no improvement in 

the quality of the fit. Cr20 3 has 3 ° atoms at 1.97 A and a further 30 atoms at 2.02 

A.4S Cr in Cr03 has four 0 nearest neighbours lying between 1.79 A and 1.81 A,S4 

while in Cr02 there are four 0 atoms lying 1.92 A and a further two at 1.87 A.45 

The formation of a chromium silicide phase is not evidenced. The metal rich Cr3Si 

phase has a metal silicon distance in excess of 2.86 ASS and no feature is observed 

at this distance in the data. Moreover the Si rich CrSi2 phase has a Cr - Cr distance 

which is expanded from the bulk spacing of 2.49 A by approximately 15%,55 By 

comparison a Cr-Cr distance of ca. 2.36 A is observed here. 

4.4.2 Thermodynamic Considerations 

When considering the nature of interfacial reactions between reactive metals and 

oxide substrates it is convenient to consider the thermodynamic properties of the 

interface in terms of the free surface energies of the substrate and the adsorbate 

species and also the interfacial energy must be accounted for.56 The principal 

component of this interfacial energy is the relative enthalpies of the adsorbate 
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oxygen bond and the substrate-oxygen bond. 15 The deposition of Cr upon a Ti02 

(110) substrate has been seen to result in the growth of a quasi-two-dimensional 

overlayer at coverages of less than 0.8 ML.17 However the free surface energy of 

Ti02 is in the range 0.27 -0.39 Jm-2,57 this is significantly lower than the surface 

energy of Si02,57 0.604 Jm-2. On this basis the total energy of the system could be 

lowered significantly more by an interfacial reaction and spreading of Cr adsorbate 

upon the Si02 substrate than in the case of Cr adsorption upon Ti02 . 

The lack of formation of a metal oxide layer, e.g. Cr20 3, is entirely consistent with 

the thermodynamic stability of the Si - a bond versus the Cr - a bond. The Si - a 
bond has a bond energy of 4.5 e V58 and the Cr - a bond is less stable with a bond 

energy of 3.8 eV.58 On this basis a negligible reaction of substrate bound oxygen 

with adsorbed chromium is expected. Further to this is the increase in free surface 

energy of Cr upon oxidation, from 2.056 Jm-2 59 for the polycrystalline metal to 

2.77 - 4.59 Jm-2 60 for various single crystal oxide faces of Cr20 3• This would favour 

the stable formation of metallic particles with only a very limited degree of 

interfacial reaction. Similarly the reaction of Cr with Si has been shown to have an 

activation energy of 2.9 e y61 and is therefore thermodynamically unfavourable at 

room temperature. 

In addition it is possible, considering the preparative method employed}9 that 

the quartz surface will be at least in part hydroxylated as it has been shown that 

quartz surfaces hydroxylate spontaneously in air.62 Therefore when considering 

the probability of oxide formation the enthalpy requirements for the rupture of 

the Si - OH bond must be considered. This has been shown to be 3.4 ey63 which is 

only slightly less than the Cr - 0 bond energy. Again however the relative surface 

energies of the resultant compounds would serve to limit any such reaction. As 

noted earlier low temperature Pt adsorption upon 'V-alumina 49 results in three

dimensional particles associated with a hydroxylated termination of the substrate 

at the metal-substrate interface. 
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Figure 4.12 Cr K-edge XANES recorded from a.-quartz (0001) 

(J84xJ84)Rllo at 298 K at 0.25 ML, 0.5 ML and 1.0 ML 

coverages. The spectra were recorded at an incidence angle of 20° 

with the E vector parallel to the [1010] azimuth. 
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The constancy in the size of the Cr particles formed infers a limitation in surface 

diffusivity of the adsorbed Cr atoms. This may arise from the possible 

hydroxylation of the surface or the pinning of Cr clusters by dislocations at the 

D h·, . d . 11 64 aup me twm omam wa s. 

4.4.3 Cr K-Edge XANES 

Figure 4.12 shows Cr K-edge XANES, taken at 20° incidence angle at 298K from 

all three coverages studied. This shows no significant increase in the binding energy 

of the core level at the half intensity point, 5988.5 eV at 0.25 ML 5988.0 eV at 1.0 

ML Cr coverage. This is in direct contrast to the corresponding 2.4 eVshift in edge 

position observed for Ti adsorption upon both the (lx1) and (J84xJ84) Rll 0 a

quartz surfaces. It is suggested that the lack of the absorption edge shift in the 

case of Cr adsorption when compared to Ti adsorption is due to the nature of the 

surface interaction in that a direct chemical reaction is occurring on Ti adsorption 

but no reaction is observed for Cr adsorption. 

4.5 Conclusion 

Cr adsorption upon a-quartz (0001) (J84xJ84) Rll 0 results in the formation of 

subnanometric meso-particles having an average size of approximately 4 -5 atoms 

for coverages below 1.0 ML. The lack of reaction of Cr with surface oxygen and 

coalescence of these particles in attributed to either possible hydroxylation of the 

silica surface resulting is a more stable surface than the 0 terminated surface or 

the pinning of the clusters at the Dauphine twin boundaries by dislocations in the 

quartz lattice. 
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Chapter 5 

A SEXAFS study of a-quartz 

(0001)( J84 xJ84) R11 0 - Ti and a-quartz 
(0001)(lx1)-Ti 
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5.1 INTRODUCTION 

The titanium - silicon dioxide interface has gained prominence due to its impor

tance in a wide range of commercially and technologically important systems such 

as metalisation of CMOS devices/the formation of low resistivity contacts to Si in 

ultra-large scale integration (ULSI)2 and the effect of Ti loading in ethene polym

erisation catalysts on the degree of branching of the polyethene formed.3 

The study described in this thesis is the first investigation of the effect of reactive 

metal physical vapour deposition (PVD) upon a single crystal silicon dioxide 

substrate. It follows from the systematic investigation of the growth of a wide 

range of metals upon Ti02 (110), which have elucidated trends in surface wetting 

which are correlated to metal reactivity, the growth modes of metals upon this 

surface4-12 and the surfactant effect of coadsorbed reactive gases with metal depo-

sition.13 

Adsorption of metals upon silicon dioxide has until now been limited to studies 

carried out upon thin oxide films thermally grown upon single crystal silicon 

wafers or mica sheets14-19 and cleaved polycrystalline glass samples.20,21 This is due 

to the difficulties in applying electron and ion spectroscopies22 to bulk silicon di

oxide arising from the highly insulating nature of the substrate, the bulk band 

gap being approximately 9.0 eV.23 This problem is circumvented here via the use 

of a fluorescence yield detection scheme for the surface EXAFS measurements 

presented. The (0001) surface of a-quartz has two known stable terminations,24 

the (lxl) unreconstructed surface and also the (J84xJ84) Rll 0 reconstruction. 

This reconstruction is thought to be due to the effect of Dauphine twin domains 

resulting from an incommensurate phase at the surface upon cooling through the 

~ - a phase transition.24-26 
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5.2 EXPERIMENT 

Experiments were performed in a UHV chamber, base pressure below 2x10-1O mbar, 

equipped with a VSW HA 100 MCD hemispherical analyser, VSW EG5 electron 

gun and Omicron rearview LEED for sample characterisation. A VG Micromass 

200 quadrupole mass spectrometer was used for residual gas analysis and sample 

transfer system. (See Section 3.3.1) 

Titanium Kedge (4966 e V) SEXAFS measurements were performed using a Ge(l11) 

crystal pair in the double-crystal monochromator of station 4.2 at SRS, Daresbury 

Laboratory.27 (See Section 3.7.2) An EG&G 3 channel lithium drifted silicon solid 

state fluorescence detector (See Section 3.6.2) was used to record the Ti Ka fluo

rescence yield as a monitor of the surface X-ray absorption coefficient. Normalisa

tion of the surface EXAFS data to the incident photon flux was accomplished by 

measuring the drain current from a thin Al foil placed between the monochromator 

and sample chamber. Surface EXAFS and XANES spectra were recorded at ambi

ent temperature,298 K, with the E vector in the [1010] azimuthal direction at both 

near normal, 8
j 
= 20°, and near grazing, 8j = 70°, angles of incidence. 

The a-quartz sample (Pi-Kern) was polished to within 0.3° of the (0001) plane as 

determined by Laue diffraction. The (lx1) surface was obtained by etching the 

sample in 2% HF followed by ex-situ annealing of the sample, in air, to 350°C for 

6 hours then transfer to the UHV chamber via the sample transfer system whilst 

still at a temperature in excess of 200°C.24 A typical LEED pattern from the (Ixl) a

quartz (0001) surface is shown in Figure 1. The (J84xJ84) Rll 0 reconstruction 

was formed by an etch in 2% HF followed by ex-situ annealing of the sample to 

900°C for 3 hours in air, allowing the sample to cool to 350°C, and transferring to 

UHV whilst still at a temperature in excess of 200°C.24 Surface order and cleanli

ness were checked via LEED and AES at the edge of the sample in order to mini

mise electron beam damage to the surface area to be investigated.28 

72 



Vapour deposition of titanium was achieved via either an electron beam 

Figure 5.1 LEED pattern from a-quartz (0001) (lxl). (Primary beam 

energy 92 e V) 

microevaporator, VSW MEIO, or direct evaporation from a resistively heated tita

nium filament. During evaporation the pressure in the chamber was observed to 

increase to a maximum of 7x10-JO mbar, of which the predominant gas was hydro

gen. Titanium coverages were calculated from the ratios of the O(KLL) and 

Ti(LMM) Auger electron signals at 0.25±0.08 ML. This was then correlated with 

the Ti K-edge step at 0.25 ML coverage. Higher coverages employed the interpo

lation of the magnitude of the absorption edge. The Ti and ° Auger signals were 

chosen as they exhibit similar charging effects due to their similarity in kinetic 

energy. The Auger spectrum from which the coverages were estimated is shown 

in Figure 4.2. This again was an attempt to minimise the known effects of electron 

beam damage on the Si0
2 

surface.28 The surface cleanliness was checked at the 

end of each set of measurements and coverages were recalculated in order to check 

for oxygen and carbon contamination during data acquisition. No contamination 

was detected. 
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Figure 5.2 Auger electron spectrum from 0.25 ML Ti deposited 

upon a-quartz (0001) (lxl). (Primary beam energy 3 keV, normal 

emission) 

Background subtraction of the EXAFS data was performed using the Daresbury 

Laboratory EXBACK programme utilising first order polynomials in the pre-edge 

region and up to three second order polynomials with a constant first derivative 

for the post edge region. The fitting procedure used a new variant of the EXCURV92 

code 29,30 which allows simultaneous fitting of both normal incidence and grazing 

incidence spectra in comparison to a preconstructed model, leading to a self-con

sistent array of fitting parameters. The refinement procedure exploits, where ap

plicable, the crystallographic symmetry of the data to increase the determinacy of 

the fitting parameters.31 Non-structural parameters such as Debye-Waller like fac

tors and many body effects were ascertained from the fitting of a multilayer Ti 

spectrum, shown in Figure 5.3, leaving only structural parameters to be varied 

during the fitting procedure. This new code utilises full spherical wave theory in 

which the small atom approximation to the polarisation-dependent angle factor 

breaks down only within about 15 eV of the edge 32,33 and also employs ab-initio 

derived phaseshifts using Hedin-Lundqvist potentials.34 
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Figure 5.3 Ti K-edge EXAFS spectrum and corresponding Fourier 

transform of multilayer Ti deposited on a-quartz (0001) 

(J84xJ84) Rll 0 at 298 K after background subtraction, 

conversion to k space and weighting to k3
. The spectrum was 

recorded with the E vector parallel to the [1010] azimuth at an 

incidence angle of 9i=20o. 
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5.3 RESULTS 

To investigate the nature of the growth mode of Ti upon single crystal a-quartz 

(0001) surfaces a series of fluorescence yield Surface EXAFS measurements were 

performed for titanium coverages of 0.25±O.OS ML, 0.5±O.16 ML and 1.0±O.33 ML. 

Fluorescence yield SEXAFS is particularly useful as it is insensitive to the effects 

of sample charging22 which is likely to be exacerbated in this case by the formation 

of a surface capacitance upon metal adsorption.3S It is also highly surface specific 

for the case of adsorption of a non-substrate atom type upon the substrate and 

also allows the detection of coverages below the level detectable by Auger elec

tron spectroscopy due to an improved signal-background ratio.36 

Figure 5.4 shows normalised Ti K-edge SEXAFS data from Ti on the a-quartz (0001) 

(lx1) surface. Correspondingly, Figure 5.5 shows the normalised SEXAFS data 

from the (J84xJ84) Rll 0 termination. 

As can be seen from Figure 5.6 there is a lack of a polar angular dependence in the 

data, which is taken as an indication of an interfacial region which extends sig

nificantly both in the plane of the surface and also perpendicular to it. Figure 5.7 

contains the corresponding Fourier transforms. This lack of polar angular depend

ence is a feature common to all spectra for both the (1x1) and (J84xJ84) R11 0 sur

faces and therefore only near normal incidence spectra, recorded at e
j 
= 20° will be 

shown. 

5.3.1 Ti Adsorption on the (lxl) (0001) a-quartz surface 

Figures 5.S, 5.9 and 5.10 shows the background subtracted SEXAFS data, weighted 

to k3, recorded at 0.25±0.OS ML, 0.5±O.16 ML and 1.0±0.33 ML Ti coverages respec

tively, on the a-quartz (0001) (lx1) surface and their Fourier transforms with the 
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Figure 5.4 Ti K-edge X-ray absorption spectra from Ti adsorption 

upon a-quartz (0001) (lx1) at 298 K with the E vector parallel to 

the [lOTO] azimuth with both 70° incidence angle (upper line) and 

20° incidence angle (lower line). Nominal coverages are indicated. 

The data have been edge step normalised between coverages at 

5020eV. 77 
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Figure 5.5 Ti K-edge X-ray absorption spectra from Ti adsorption 

upon a-quartz (0001) (J84xJ84) Rll ° at 298 K with the E vector 

parallel to the [1010] azimuth with both 70° incidence angle (upper 

line) and 20° incidence angle (lower line). Nominal coverages are 

indicated. The data have been edge step normalised between 

coverages at 5020 eV. 
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Figure 5.6 Ti K -edge SEXAFS spectra of Ti adsorbed upon a-quartz 

(0001) (lxl) after background subtraction and weighting to k3
. 

Shown are both near normal incidence (solid lines) and grazing 

incidence (broken lines) spectra. The nominal coverages are 

indicated. 
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Figure 5.7 Fourier transforms of Ti K-edge SEXAFS shown in 

Figure 5.6, from Ti adsorbed upon a-quartz (0001) (lxl). Shown 

are both near normal incidence (solid lines) and grazing incidence 

(broken lines) spectra. Nominal coverages are indicated. 
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Coverage / ML SiModel NoSi Model 
R-Factor R-Factor 

0.25 66.67 67.63 
0.5 55.61 46.83 
1.0 50.80 38.90 

Table 5.1 Least squared R-factor for intercalation model (Si) and 

surface reaction model (No Si) on the (lx1) surface. 

best fit theoretical models. 

Table 5.1 summarises the results obtained from the least squared R-factor best-fit 

analysis utilised in the fitting procedure.29,30Table 5.1 shows the least squared R

factor values for the best fits obtained for both a model including Ti, Si and 0 

coordination implying an intercalation of Ti into the substrate lattice, and also a 

model containing only 0 coordination indicating a surface reaction and passivation 

of the substrate. 

Coverage / ML Si Model No SiModel 
X2lx10-6 X2Ix10-6 

0.25 194.03 116.47 
0.5 171.99 58.48 
1.0 217.65 65.11 

Table 5.2 X2 quality of fit index for the intercalation (Si) model 

and surface reaction (No Si) model on the (lx1) surface. 

The intercalation model, in which a Ti atom was placed in the centre of a quartz 
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unit cell and the position of the Ti within the unit cell is varied, does yields com

parable R-factors to the surface reaction model to the data at 0.25 ML and 0.5 ML 

Ti coverages. However, the intercalation model does have a higher number of 

degrees of freedom37 associated with the fitting procedure than the surface reac

tion model. The higher the number of degrees of freedom of a system, the better 

the fit would be expected to be. Therefore the use of a more rigorous statistical X} 

Coverage /ML Atom Coordination RadiusiA 
Type Number + 0.03 

0.25 0 6.6+1.2 2.00 
Ti 2.5+1.5 2.92 

0 4.0+0.9 1.96 
0.5 Ti 3.4+1.4 2.89 

0 4.9+1.0 2.00 
1.0 Ti 5.7+1.8 2.90 

Table 5.3 Best fit parameters for Ti/Si02 (0001) (lx1) surface. 

analysis,38 which account for the number of degrees of freedom of the system and 

the number of relevant independent data points in the spectrum,39 is essential in 

order to prevent the data analysis becoming a statistical irrelevance. The results of 

this analysis are shown in Table 5.2, from which it can be seen that the surface 

reaction model is preferred. 

It must be noted that due to the inseparable nature of the absorption edges arising 

from Ti - Ti backscattering and Ti - 0 backscattering, which prevents normalisation 

to the actual surface concentration of each species. An attempt has been made to 

correct for this by normalising the derived Ti - 0 coordination to 6 and scaling the 
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Figure 5.8 Ti K-edge SEXAFS spectrum and corresponding Fourier 

transform of 0.25 ML Ii deposited on a-quartz (0001) (lx1) at 298 

10 

K after background subtraction conversion to k space and 

weighting to k3. The data was recorded at 20° incidence angle 

(solid line). Shown are the theoretical fits with the intercalation 

model (dashed line) and the surface rection model (dotted line). 

The spectra were recorded with the E vector parallel to the [1010] 

azimuth. 
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Figure 5.9 Ti K-edge SEXAFS spectrum and corresponding Fourier 

transform of 0.5 ML Ti deposited on a-quartz (0001) (lxl) at 298 

K after background subtraction conversion to k space and 

weighting to k3. The data was recorded at 20° incidence angle 

(solid line). Shown are the theoretical fits with the intercalation 

model (dashed line) and the surface rection model (dotted line). 

The spectra were recorded with the E vector parallel to the [1010] 

azimuth. 
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Figure 5.10 Ti K-edge SEXAFS spectrum and corresponding 

Fourier transform of 1.0 ML Ti deposited on a.-quartz (0001) (lxl) 

at 298 K after background subtraction conversion to k space and 

weighting to k3. The data was recorded at 20° incidence angle 

(solid line). Shown are the theoretical fits with the intercalation 

model (dashed line) and the surface rection model (dotted line). 

The spectra were recorded with the E vector parallel to the [10 To] 

azimuth. 
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Figure 5.11 Ti K-edge XANES recorded from Ti on a-quartz (0001) (lxl) at 298 K 

recorded at 0.25, 0.5 and 1.0 ML nominal Ti coverages. 
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Ti - Ti coordination number accordingly. The value of six for the Ti - 0 coordination 

number was chosen as it is the bulk coordination number of Ti in both anatase 

and rutile structures and the derived bond distances are close to those of anatase 

and rutile (See below). This correction allows a semi-quantitative analysis of Ti 

cluster size to be performed at all coverages. 

Further to this only one backscatterer type can be represented as a truly phase 

corrected shell. The radial distances as observed in the Fourier transform of any 

subsequent backscattering atom types will be subject to a slight error.29,30 

The Ti - 1i coordination number varies a large amount between 0.25 ML and 0.5 

ML Ti coverages with a value of 2.5±1.5 and 3.4±1.4 respectively increasing to 

5.7±1.8 at 1.0 ML coverage. The data being shown in Figures 5.5, 5.6 and 5.7. 

The corrected coordination number cannot be calculated for 0.25 ML Ti as the Ti

o coordination number is 6.6±1.2. However the corrected Ti - Ti coordination num

bers for 0.5 ML being in the range 4.1 to 28.7 and for 1.0 ML 12.3 to 355. 

Clearly the upper coordination numbers are unphysical, however the in the 0.5 

ML case the lower value serves to place a lower limit on cluster size with an upper 

limit of bulk h.c.p. coordination number of 12. The 1.0 ML data exhibiting bulk 

h.c.p. coordination. 

It is possible to make an estimate of the size of the Ti clusters if it is assumed that 

the lateral and vertical sizes of the particles are equal and the Ti assumes the bulk 

hexagonal close packed structure.40 Using this formalism the lower limit of aver

age cluster size can be estimated as 3.0±O.75 atoms in diameter at 0.5 ML Ti cover

age. It should however be noted that this treatment ignores the effects of 

anharmonicity exhibited by edge atoms which results in an underestimation of 

coordination numbers and therefore cluster sizes, these effects being exacerbated 

87 



by the use of a high power of k-weighting during the fitting procedure.41
,42 This 

treatment oversimplifies the effects of surface wetting known to be of importance 

in the adsorption of highly reactive metals upon oxide surfaces.s The Ti - Ti first 

shell distance is consistent over all three coverages and remains close to the bulk 

value of 2.89 A. 

The Ti - 0 distances vary only slightly between all three coverages being 2.00±O.03 

A at 0.25 ML, 1.96±O.03 A at 0.5 ML and increasing slightly to 2.00±0.03 A at 1.0 

ML. These distances are consistent with both a rutile structure, which has Ti - 0 

distances of 1.944 A and 1.988 A, and the anatase structure, which has Ti - 0 dis

tances of 1.937 A and 1.964 A.43 It should be noted that the Ti - 0 distances ob-

tained here are the same for both the Si containing or non-Si containing models. 

Coverage / ML SiModel No SiModel 
R-Factor R-Factor 

0.25 53.42 61.83 
0.5 50.81 56.28 
1.0 40.75 49.54 

Table 5.4 Least squared R-factor for intercalation model (Si) and 

surface reaction model (No Si) of Ti on a-quartz (0001) 

In the case of the Si containing model the Ti - Si distance remains constant at 

2.36±O.03 A at all coverages. It is significantly different from the bulk TiSi
2 

dis

tances of 2.54 A and 2.75 A 43 and also from the C49 TiSi phase, 2.63 A.41 

Figure 5.11 shows the Ti K-edge XANES recorded at 298 K which exhibits a 2.4 eV 

shift in the edge position from 4972.4 eV at 0.25 ML and 0.5 ML coverages to 

4970.0 eV at 1.0 ML coverage. Allied with this is the suppression of the pre-edge 
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Figure 5.12 Ti K-edge SEXAFS from Ti adsorbed upon a-quartz 

(0001) (J84xJ84) Rll 0 after background subtraction and 

weighting to k3
. 

Shown are both near normal incidence (solid lines) and grazing 

incidence (broken lines) spectra. The nominal coverages are 

indicated. 
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Figure 5.14 Ti K-edge SEXAFS spectrum and corresponding 

Fourier transform of 0.25 ML Ti deposited on a-quartz (0001) (lx1) 

at 298 K after background subtraction, conversion to k space and 

weighting to k3. The data were recorded at 20° incidence angle 

(solid line). Shown are the theoretical fits with the intercalation 

model (dashed line) and the surface reaction model (dotted line). 

The spectrum was recorded with the E vector parallel to the [1010] 

azimuth. 
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Figure 5.15 Ti K-edge SEXAFS spectrum and corresponding 

Fourier transform of 0.5 ML Ti deposited on a-quartz (0001) (lxl) 

at 298 K after background subtraction, conversion to k space and 

weighting to k3. The data were recorded at 20° incidence angle 

(solid line). Shown are the theoretical fits with the intercalation 

model (dashed line) and the surface reaction model (dotted line). 

The spectrum was recorded with the E vector parallel to the [1010] 

azimuth. 
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Figure 5.16 Ii K-edge SEXAFS spectrum and corresponding 

Fourier transform of 1.0 ML Ti deposited on a-quartz (0001) (lx1) 

at 298 K after background subtraction, conversion to k space and 

weighting to k3. The data were recorded at 20° incidence angle 

(solid line). Shown are the theoretical fits with the intercalation 

model (dashed line) and the surface reaction model (dotted line). 

The spectrum was recorded with the E vector parallel to the [1010] 

azimuth. 
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Coverage / ML SiModel No SiModel 
X2!x10-6 X2!x10-6 

0.25 71.74 61.09 
0.5 100.00 46.91 
1.0 58.50 43.94 

Table 5.5 X2 Quality of fit index for intercalation (Si) model and 

surface reaction (No Si) model on (J84xJ84) Rll 0 surface. 

Coverage /ML Atom Coordination Radius /A 
Type Number + 0.03 A 

0.25 0 6.6+1.0 1.92 
Ti 2.6+1.2 2.91 

0 4.3+0.9 1.98 
0.5 Ti 8.3+1.2 2.89 

0 3.1+0.5 2.04 
1.0 Ti 6.8+0.6 2.87 

Table 5.6 Best fit parameters for (J84xJ84) Rll 0 surface. 

feature at 4965 eV with increasing coverage. This is consistent with the formation 

of a TiO
x 
film at low coverages and the subsequent deposition of metallic Ti upon 

this film.40 

5.3.2 Ti adsorption on a-quartz (0001) (J84xJ84) Rll 0 

The lack of polar angular dependence of the SEXAFS evidenced for Ti adsorption 
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upon the (lx1) surface is again evident for the (J84xJ84) Rll 0 reconstruction, as 

shown by the similarity of the near normal and grazing incidence data sets shown 

in Figures 5.12 and 5.13. 

Figures 5.14, 5.15 and 5.16 show the background subtracted SEXAFS spectra re

corded from Ti on the (J84xJ84) Rll 0 reconstruction, weighted to k3at 0.25±0.08, 

0.5±O.16 and 1.O±0.33 ML Ti coverages. 

For the (J84 xJ84) R11 0 surface there was no polar angular dependence evidenced 

as with the (lx1) case, inferring a significant spatially extensive interfacial region 

with a high degree of disorder, and only near normal incidence spectra, recorded 

at 9. = 20°, are shown. 
I 

Table 5.4 shows the R-factors for both the intercalated Ti and surface reaction mod-

els with the intercalated Ti model having a lower R-factor at all three coverages. 

The X} values are shown in Table 5.5. While the values of the two models for the 

0.25 ML coverage are similar, at 0.5 ML and 1.0 ML the surface reaction model has 

significantly lower X2values than the intercalation model implying that this model 

best describes the interactions within the system. Table 5.6 shows the best fit pa

rameters for the fits shown in Figures 5.14, 5.15 and 5.16. 

The corrected Ii - Ii coordination number for 0.25 ML Ii again cannot be derived. 

However for the 0.5 ML Ti coverage the corrected coordination number lies in the 

range 7.1 to 38.2 and in the 1.0 ML Ti case the corrected coordination numbers are 

within the range 11.9 to 18.5. 

The lower limit on cluster size imposed by the lower limit to the coordination 

number for 0.5 ML Ti coverage yields a limiting average cluster size of 5.5±O.5 

atoms, with the 1.0 ML case exhibiting a bulk h.c.p. coordination number. 

The 0.25 ML Ti coverage results in a Ti -0 radial distance of 1.92±0.03 A. Due to 
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the lack of polarisation dependence this is, as in the (txt) case, indicative of a 

spatially extensive interfacial region. A coverage of 0.5 ML results in an Ti - ° 
bond distance of t.98±O.03 A. A further increase in Ti coverage to t ML results in 

an increase in the Ti - ° distance to 2.01±0.03 A. 

The XANES from the (J84xJ84) Rll 0 (0001) Si02 / Ti system is shown in Figure 

5.17 and shows evidence of a pre-edge feature at 4965 eV in the 0.25 ML Ti cover

age data which becomes less evident with increasing Ti coverage. Further to this 

there is a shift of the edge position of approximately 2.4 eV from 4971.3 eV at 0.5 

ML to 4968.9 eV at 1 ML Ti coverage. This movement of the edge position indi

cates a more metallic overlayer at higher coverages.40 

5.4 DISCUSSION 

The lack of polar angular dependence in the SEXAFS indicates the existence of a 

spatially extensive interfacial region. This interfacial region may be due to the 

interpenetration ofTi atoms into the quartz lattice, the formation of a TiO
x 
overlayer 

or a combination of both effects. The nature of the Ti - Ti interaction is highly 

indicative of the simultaneous formation of mesoscopic particulate formation. 

5.4.1 General Considerations of TiO Formation 
x 

When considering the nature of the interfacial region between reactive metals 

and oxide substrates it is convenient to consider the thermodynamic properties of 

the interface in terms of the surface free energies of the substrate and the adsorb

ate species. The interfacial energy must also be accounted for/,6,7 the principal com

ponents of which are the relative enthalpies of the adsorbate oxygen bond and the 

substrate oxygen bond. 

The formation of the oxide layer is entirely consistent with the thermodynamic 
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stability of the Si - 0 bond versus the Ti - 0 bond. The Si - 0 bond has an associ

ated bond energy of 4.5 eV 45 while the Ti - 0 bond being more stable with a bond 

energy of 5.2 e V. 45 On this basis the reaction of the substrate bound oxygen with 

adsorbed titanium would be expected. In addition to this is the reduction of free 

surface energy of Ti upon oxidation from 2.570 Jm-z 
46 for the polycrystalline metal 

to 0.279 - 0.379 Jm-Z47 for the oxide, TiOz' which would further favour the forma

tion of an oxide film. The free surface energy of TiO
x
' assuming it to be similar to 

that of TiOz' is also significantly less than that of SiOz 0.604 Jm-Z.47 The formation of 

TiO
x 

would most likely continue if there was a ready supply of oxygen as in the 

reaction of Ti with Ti0
2 

which has been seen to result in the formation of 12 A 

thick oxide layer after the deposition of 4 A of Ti.8 This is due to the high diffusiv

ity of oxygen through the TiOzlattice, d=2.77x10-u mZs-1 (348 K).tt The diffusivity of 

oxygen through a vitreous quartz lattice is, however, much smaller, being less 

than 10-Z1 m2s-1 (298 K),48 and therefore oxide formation is limited to the immediate 

interfacial region. 

It has been shown49 that SiOz spontaneously hydroxylates under normal atmos

pheric conditions. It is therefore possible, considering the preparative method 

employed,24that both the reconstructions studied will be hydroxylated. The bond 

energy of an SiO - H bond has been shown to be 3.4 eV,SIJ this is considerably less 

than the 5.2 eV bond energy associated with the formation of a Ti - 0 bond and 

therefore displacement of hydrogen by Ti could be expected to occur. Therefore 

the presence of a hydroxylated surface would not greatly inhibit reaction of de

posited Ti with surface oxygen. 

5.4.2 Ti I Si0
2 

(0001) (lxl) 

Further to the purely statistical consideration of the two models under considera

tion, a simulation of the intercalation of Ti into the centre of a quartz unit cell is 

shown in Figure 5.18. This shows the similarity of the 0.25 ML data to this model, 
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however it must be noted that there is a peak at 2.28 A in the Fourier transform of 

the model not present in the experimental data. This arises from backscattering 

from one of the three Si atoms within the quartz unit cell. 

The Ti - 0 distances at all three coverages are extremely close to both the major 

coordination sphere anatase Ti - 0 distance, 1.93 A, and the rutile, 1.95 A distance. 

The variation in bond length may be due to the formation of a disordered TiO
x 

overlayer from the direct reaction of Ti with 0 as discussed earlier. These changes 

in bond length are consistent with trends developed in work showing chemical 

disorder in ion bombarded TiO films.53 
x 

The Ti - 0 distances are also similar to the Ti - 0 distance, 1.95 A, in a bulk sample 

ofTi containing zeolite-Y,S4 where the catalytic activity is ascribed to the reducibility 

of the rutile-like particles. 

The size of the mesoscopic Ti particles, at 0.5 ML coverages, of 3.5 atoms corre

sponds to a mean particle radius of 5.0 A, effectively metallic dimers. At 1.0 ML 

this becomes a mean radius of 11 A with a particle size of 5 atoms. Another possi

ble explanation of the reduced Ti - Ti coordination number is Ti residing in envi

ronments where it does not contribute coherently to the EXAFS. The possibility of 

Ti existing in the b.c.c. ~ phase can be discounted as the nearest neighbour dis

tance in the ~ phase is 2.33 A compared to the 2.89 A seen here. 

It can be suggested from this that a reaction with surface oxygen is occurring and 

there is insufficient driving force for the disruption of the underlying lattice struc

ture to allow the intercalation of titanium into the interstices. 

The formation of three dimensional particles even at the lowest, 0.25 ML, tita

nium coverage is consistent with a very low localised critical coverageSS in those 

regions where reduction of the surface by deposited titanium has taken place. 

100 



This is supported by the movement of the XANES Ti K-edge position in Figure 

5.11 as coverage is increased emphasising the increasingly metallic nature of the 

titanium overlayer. The limiting factor in the extraction of further information 

from the XANES is the resolution of the double crystal monochromator Ge(l1l) 

crystal pair being 2.9 eV at the Ti K-edge (4966 eV). 

5.4.3 Ti lSi O2 (0001) (184 x J84) Rll 0 

The increased bulk like corrected coordination number of Ti upon the 

(l84xJ84) Rll 0 reconstruction at 0.5 ML Ti coverage compared to those on the 

(lxl) surface is reminiscent of the behaviour of copper adsorption on alumina 

substrates56.57 in which reduced substrates result in a larger cluster size than oxi

dised substrates. There is however no direct evidence to support an oxygen defi

cient model for the (l84xJ84) Rll 0 reconstructed a-quartz surface. Another pos

sible hypothesis arises from the nature of the Dauphine twin structure. This forms 

the reconstruction via the reduction in symmetry of the surface unit cell to a ter

nary symmetry from the bulk hexagonal symmetry. Upon cooling through the a -

~ phase transition there is a misorientation between the surface unit cell and the 

crystallographic {loa} axes introduced.24 This may result in a more highly ordered 

surface than the (lxl) and the additional disorder in the (lxl) case may prevent 

formation of bulk like Ti overlayers. 

Ti K-edge XANES data shown in Figure 5.17 obtained from Ti on SiOz (0001) 

(/84 x/84) Rll 0 show again that a pre-edge feature observed in titanium oxides 

and oxidised Ti films at 4965 eV,40 reduces in intensity with increasing coverage. 

Coupled with this is the reduced energy of the edge position indicating a more 

metallic like overlayer with increasing coverage. 
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5.5 Conclusion 

The possibility of Ti intercalation into the a-quartz lattice is considered but re

jected as it does not result in a statistically significant increase in fit quality which 

is acceptable over a model in which a direct reaction between surface oxygen and 

titanium occurs. 

Titanium vapour deposition upon both the known stable terminations of the Si0
2 

(0001) proceeds via the formation of TiOx surface layer, with Ti -° distances close 

to those in both anatase and rutile. Coupled with this in the (lxl) case is forma

tion of three dimensional mesoscopic Ti particles with a bulk or near bulk 

interatomic spacing. For both the (lxl) and the (J84xJ84) Rll 0 case a bulk like Ti 

overlayer is seen to form at coverages in excess of 0.5 ML. 

In both the (Ixt) and the (J84xJ84) RIIo reconstruction cases Ti K-edge XANES 

show a change from a predominantly oxidised Ti species to a metallic like species 

between 0.5 ML and 1.0 ML Ti coverages. 
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Chapter 6 

A SEXAFS study of Ni(110)-Sc(2x2) 
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6.1 Introduction 

In principle, one can glean quite extensive knowledge about the local structure 

surrounding an absorber from the surface extended X-ray absorption fine struc

ture (SEXAFS). Unfortunately, relatively poor statistics and short data ranges 

have generally restricted SEXAFS studies to details about nearest neighbour or 

at most next-nearest neighbour backscatterers. More recently, superior data, 

such as those obtained in a study of Cu(100)c(2x2)N/ have enabled a more 

complete analysis of the local structure. This has involved an evaluation of the 

multiple scattering contribution to the surface EXAFS, which is found to be 

important for coplanar, short-bond systems. l Here we present an analysis of 

SEXAFS data from a deeper core level (S Is) to assess the influence of multiple 

scattering. 

Ni(1l0)c(2x2)S is an archetypal adsorption system, having a well known surface 

structure in which S lies in the two fold hollow site.2
-
8 A significant outward 

relaxation of the uppermost Ni layer accompanies adsorption. Previous analy

sis of SEXAFS data from this system5-9 has been restricted to single scattering 

processes involving the four surface Ni atoms and the second layer Ni atom 

directly bonded to the S atom. 

6.2 Experimental 

The version of the EXCURVlO,l1 programme employed for this analysis allows 

simultaneous fitting of up to three spectra recorded with inequivalent directions 

of the polarisation vector, leading to a self-consistent array of fitting parameters. 

The refinement procedure exploits the crystallographic symmetry of the data to 

increase the determinacy of the fitting parameters.l2 With our new analysis we 

re-examine the substrate relaxationl2 and consider more subtle structure varia

tions such as rumpling of the Ni second layer atoms. Such a sub-surface rum-
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pling of Ni(1l0)c(2x2)S was previously suggested on the basis of angle-resolved 

photoemission fine structure (ARPEFS) measurements.4 

Sulphur K-edge (2472 eV) SEXAFS measurements were performed using a 

Ge(lll) crystal pair in the double-crystal monochromator of station 4.2 at the 

SRS, Daresbury LaboratoryY Third order output from the monochromator was 

removed through the use of a combination of chromium coated and quartz 

mirrors.14 A gas flow proportional counter15 was used to record the S Ka fluores

cence yield as a monitor of the surface X-ray absorption coefficient. 

Normalisation of the SEXAFS data to the incident photon flux was accom

plished by measuring the drain current from a thin Al foil placed between the 

monochromator and sample chamber. The chamber base pressure was below 

2x10-1o mbar. 

Preparation of Ni(1l0)c(2x2)S followed the method described by Warburton.5 

This involved the exposure of clean Ni(llO) to 8 L (1 L = 1.32 X 10-6 mbar s) of 

H
2
S at 293 K followed by flashing the sample to 415 K to desorb residual hydro

gen. Sample cleanliness and order were checked with Auger spectroscopy and 

LEED. SEXAFS measurements were recorded at normal (90°) and grazing (20°) 

photon incidence. In the grazing incidence geometry the photon E vector was 

in the [1 TO] azimuth whilst normal incidence spectra were recorded with the E 

vector in the [1 TO] and [001] azimuths. During the SEXAFS measurements the 

sample temperature was maintained at about 95 K to reduce Debye-Waller-like 

attenuation of the SEXAFS amplitude. SEXAFS spectra recorded in the three 

experimental geometries described above are displayed in Figure 6.1. Back

ground subtraction and normalisation of these spectra were performed with the 

programme PAXAS16 in which one or two coupled polynomials of order 6 to 8 

were used to approximate the atomic background above the S K-edge. Subtrac

tion of the polynomial is believed to be valid above 2492 eV. This coincides 
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Figure 6.1 S K-edge SEXAFS spectra of Ni(1l0)c(2x2)S at 95 K. The spectra 

were recorded at an X-ray incidence angle of 90° with the E vector parallel to the [001] 

and [1 roJ azimuths and at an incidence angle of 20° with the E vector in the [1 TOJ 

azimuth. 
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approximately with the energy beyond which the theoretical phase shifts used 

in this analysis have previously been shown to be adequateY 

The new code employed in this analysis utilises full spherical wave theory. It 

includes the small atom approximation to the polarisation-dependent angle 

factor, which breaks down only within about 30 eV of the edge.17-19 Whilst the 

transferability of phase shifts is generally accepted, there has been an anomaly 

concerning the empirical derivation of S-Ni phase shifts.2o,21 This led to an 

incorrect distance for even the first shell, which has appeared typically 0.06 A 

too short,2° This problem is addressed here through the use of ab initio Hedin

Lundqvist potentials22 to derive the 5-Ni phase shifts rather than the use of 

reference-compound derived phase shifts. Thermal disorder for the single 

scattering case is dealt with by the integral of the configurational average in

cluding a phase correction term.23 For multiple scattering a new treatment of 

disorder is used.24 The number of possible multiple scattering paths is limited 

via the exclusion of all path lengths in excess of 15 A and also the introduction 

of a minimum path amplitude below which scattering paths are discarded. The 

number of free parameters used in fitting is minimised to avoid statistical un

der-determinacy. The structural parameters varied during the fitting process 

were the first and second Ni layer distances, the individual Debye-Waller-like 

terms for the two nearest neighbour shells and other Debye-Waller-like terms 

grouped according to their local environment. The relative positions of the 

more distant atoms were fixed. 

6.3 Results and Discussion 

Figures 6.2, 6.3 and 6.4 shows the spectra derived from Figure 6.1, after back

ground subtraction, conversion to k space and weighting by k, with the best fit 

obtained using either a single scattering formalism only or including multiple 

scattering up to third order. The first and second shell S-Ni bond distances 
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Figure 6.2 S K-edge SEXAFS spectra of Ni(11O)c(2x2)S at 95 K after back-

ground subtraction, conversion to k space and weighting by k. The experimental data 

are compared with the best fit from calculations in the single scattering approximation 

as well as with calculations which include up to third order multiple scattering events. 

Spectra were recorded at an x-ray incidence angle of 900 with the E vector parallel to 

the [001] azimuth. 
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Figure 6.3 S K-edge SEXAFS spectra of Ni(11O)c(2x2)S at 95 K after back-

ground subtraction, conversion to k space and weighting by k. The experimental data 

are compared with the best fit from calculations in the single scattering approximation 

as well as with calculations which include up to third order multiple scattering events. 

Spectra were recorded at an x-ray incidence angle of 90° with the E vector parallel to 

the [1 TOJ azimuth. 
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Figure 6.4 S K-edge SEXAFS spectra of Ni(1l0)c(2x2)S at 95 K after back-

ground subtraction, conversion to k space and weighting by k. The experimental data 

are compared with the best fit from calculations in the single scattering approximation 

as well as with calculations which include up to third order multiple scattering events. 

Spectra were recorded at an x-ray incidence angle of 20° with the E vector parallel to 

the [lIOJ azimuth. 
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Path 

[110] Normal Incidence 

S-2-2-S 

S-3-2-S 

S-6-2-S 

S-6-2-5 

S-Sr2-S 

S-SI-6-5 

[110] Grazing Incidence 

S-2-1-S 

S-4-1-S 

S-7-1-S 

S-1-7-1-S 

S-13-1-S 

[001] Normal Incidence 

S-2-2-S 

S-8-2-S 

S-2-8-2-S 

S-Sr2-S 

Path 

Length(A) 

8.132 

10.020 

8.965 

11.477 

8.863 

10.471 

7.123 

8.726 

9.337 

9.337 

12.791 

8.068 

9.740 

9.790 

8.860 

Relative 

Intensity 

0.0195 

0.0184 

0.0212 

0.0219 

0.0274 

0.0219 

0.0162 

0.0233 

0.0121 

0.0104 

0.0147 

0.0282 

0.0480 

0.0293 

0.0358 

Scatter 

101.7 

101.8 

122.9 

96.3 

143.3 

77.5 

71.8 

119.5 

180.0 

180.0 

149.8 

101.7 

163.6 

163.6 

143.6 

Table 6.1 Principal multiple scattering pathways showing path lengths in 

Angstroms and scattering angle in degrees. The intensity is the maximum of X(k)k 

at any value of k in the range 3-9 A-I, The paths are labelled by the shells of atoms 

involved, as depicted in Figure 6.5, and suffices (a) and (b) indicate different at

oms in the same shell. 
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derived from this work are 2.20±O.02 A and 2.29±O.02 A. The first shell distance 

differs from that recently reported by Binsted et al. (2.23±O.04 A) 21 in a prelimi

nary analysis of this data using Hedin-Lundqvist phase shifts. The reasons for 

the discrepancy in values that we have reported lie in the use of an improved 

background subtraction method in the present analysis. Errors in the back

ground subtraction are compounded by a high degree of correlation between 

Debye-Waller-like effects and the two closely-spaced nearest-neighbour dis

tances. This correlation is an inherent limitation in EXAFS, which cannot 

achieve precise radii for two such closely spaced shells unless their individual 

Debye-Waller-like factors can be independently established. 

The values for the nearest and next-nearest 5-Ni neighbour distances now deter

mined (2.20±O.02 A and 2.29±O.02 A) are in excellent agreement with earlier 

SEXAFS and ARPEFS studies.4-7 The surface relaxation obtained from this work 

is 14±3%, which is slightly larger than reported elsewhere. 

A comparison of the bond distances obtained from analysis using a model 

containing only the first and second nearest neighbours with those obtained 

with a fifteen shell cluster with single scattering shows no significant variation. 

Nor does the error associated with the first shell radius. However, the R factor 

25 decreases by 28% between the fits for the two and fifteen shell models, the 

corresponding error associated with the distance of the second radial shell 

falling to two thirds of that for the two shell model. The inclusion of multiple 

scattering does not alter the best-fit first and second coordination shell distances 

although the R factor 25 is reduced by a further 9%, indicating a more complete 

description of the scattering processes. 

Including buckling of the second layer nickel atoms resulted in a reduction of 

the R-factor by 3%. However, a rigorous statistical analysis utilising a X2 index26 

to account for the increased degrees of freedom in the fitting procedure27 indi-
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[110] 

J-[OOll 
[liD] 

Figure 6.S Model of Ni(llO)c(2x2)S indicating the 15 shells about the S ab-

sorber which were used for fitting purposes. The numbered shells are those which 

contribute significantly to multiple scattering pathways. The atoms in front of shells 

1 and 7 are removed for clarity. 
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cated that the inclusion of second layer rumpling led to a degradation of fit 

quality, by 1% in the X2 value. Hence inclusion of second layer rumpling is not 

justified in fitting the data presented here. 

The principal multiple scattering paths observed in all three geometries are 

tabulated in Table 6.1, the atom types being illustrated in Figure 6.5. These 

paths are those consistent with occupation by S of a high symmetry site. The S 

atoms are closer to coplanar in this structure than with the other low index Ni 

surfaces (dl. =0.95 A, compared to Ni(OOl)c(2x2)S dl. =1.3 A and Ni(l11)p(2x2)S 

dl. =1.4 A),2 thus enhancing the multiple scattering.17,18 

The multiple scattering paths available in a face centred cubic lattice lead to 

numerous and significant contributions from pathways other than the colinear 

focusing paths28 which are seen to dominate in simple cubic systems.29 This is 

exemplified by both the double and triple scattering colinearly focused paths, 

{S-Sl-l-S} and {S-1-S1-1-S} (for a description of the labelling system see Figure 

6.5). These contribute less to the backscattering amplitude in the grazing inci

dence spectrum than the shorter {S-4-1-S} pathway (see Table 6.1). The impor

tance of the collinear paths is evidenced by the contribution made to the Fourier 

transform at the half path length of 4.7 A (Figure 6.3). In both normal incidence 

spectra there are significant contributions to the EXAFS due to multiple scatter

ing with half path lengths in the 4.8 - 5.5 A range and it is here that the largest 

differences between multiple and single scattering become evident, especially in 

the [1 TO] azimuth spectrum. The multiple scattering paths responsible for this 

are the {S-3-2-S} and {S-Sl-6-S}, with total path lengths of 10.02 A and 10.47 A, 

respectively. The triple scattering pathway {S-2-8-2-S} and the double scattering 

pathway {S-8-2-S} in the [001] azimuth spectrum have a similar effect to {S-3-2-

S} and {S-Sl-6-S} in the [1 TOJ azimuth spectrum. Path lengths in excess of 5 A 

are found to have an appreciable effect in both grazing and normal incidence 

spectra, resulting in peaks in the theoretical Fourier transforms with analogous 
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features in the experimental data. In the grazing incidence spectrum the {S-13-1-

S} path with a half path length of 6.4 A has a limited yet noticeable effect on the 

Fourier transform and the {S-6-2-S} path in the [1 IOJ azimuth spectrum results 

in an appreciably large feature corresponding to an overall path length of 11.48 

A. 

6.4 Conclusion 

To summarise, analysis of SEXAFS data from Ni(110)c(2x2)S indicate that the 

first and second shell distances about S in the hollow site are 2.20±O.02 A and 

2.29±O.02 A. The shorter distance is to a second layer Ni atom directly under S. 

The previously reported rumpling of the second layer nickel atoms was not 

discernible. The principal multiple scattering paths have been identified and 

their inclusion in the data analysis yields a significant improvement in the 

quality of the theoretical fit. However, inclusion of multiple scattering does not 

significantly influence the derived first and second shell distances about S. 
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