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Abstract

The structural determination of the Pt(111)c(8)ect.-CO phase formed by 0.6 ML of
adsorbed CO has been undertaken using scannedrenerde photoelectron diffraction
utilising the two distinct components of the C I®wemission peak. Earlier assignments of
CO to atop and bridge sites have been confirmededsas the respective 2:1 ratio of these
assignments. Additionally, quantitative local stual details have been obtained. In particular,
the Pt-C chemisorption bond lengths for the atap landging sites are 1.86 + 0.02 A and 2.02
+ 0.04 A respectively. These values are similahtse obtained in previous studies for the 0.5
ML coverage c(4 x 2) phase involving an atop:bridgeupation ratio of 1:1. The results also
indicate a definite tilt in the atop CO species 16f.7° +1.5°-3.1° consistent with earlier
investigations using electron-stimulated desorption angular distribution, LEED, Monte
Carlo simulations and IR.

The local structure of benzene adsorbed on Si(B@%)also been investigated using scanned
energy photoelectron diffraction. The standard dstitt (SB), tilted (T), tight bridge (TB),
pedestal (P), twisted bridge (TB), and diagonaddpei butterfly (DDB) models were optimized
and compared with the lowest R-factors being addefor SB and TB models (0.2337 and
0.2641 respectively). Further optimization was perfed for a mixed overlayer (0.25 ML)
consisting of SB and TB structures in various prapos. A significant improvement in the R-
factor was achieved for a combined model in whi8it35 % of the overlayer is composed of
the SB structure.

Using the structural data for the CO/Pt(111), arehzZene/Si(001) adsorption systems,
comparative simulations have been undertaken tdoexphe effect of using vertically and
horizontally polarized radiation on PhD modulatiamplitudes and more importantly the
sensitivity of each method to various structurabpzeters.

It has been shown theoretically that perpendicylgblarized photoelectron diffraction
(PPPhD) yields modulation functions with intenst@ften being several times those observed
in PhD. The new technique is shown to be more 8easvhen the parameters involve mainly
lateral displacements. The sensitivity of PhD oa thther hand exceeds that of PPPhD only
when dealing with bond lengths involving mainly tveall displacements. Parameters involving
similar vertical and lateral displacements showilsinsensitivities for both methods. Despite
potential weaknesses such as a reduced signalge ratio and the sensitivity of PPPhD to the
sample positioning, the potential gains of thidhiteque especially when considering systems in
which the adsorbates lie across the substrateasiblenzene adsorbed on Si(001), make it ripe
for experimental validation.
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Principles of Photoelectron Diffraction

1 Introduction

A major driving force for studying chemical reactsoon surfaces is the need to understand
heterogeneous catalysis. The sheer scale of thecssbsignificance can be expressed in the
fact that heterogeneous catalysis is involvedtardily billions of pounds worth of economic

activity [1].

A catalyst is ‘an active chemical spectator’ [2]ile it speeds up a reaction it cannot affect the
position of equilibrium of a reversible reactiomdais chemically unchanged at the end of the

reaction. A good catalyst can not only speed wgaation but can do it selectively.

Heterogeneous reactions occur at the interfacedsetvgystems in different phases. Gas-solid
and liquid-solid interfaces are of particular imtglr because it is on the solid surface that
catalytic substances can be deposited (if the ,sdkelf, is not the catalyst) and thereby
immobilised. The obvious benefit of this is thag ttatalyst isn’t lost in the stream of products
resulting in expensive recovery techniques. Furntioee, for some applications outside of the
lab or chemical plant such as catalytic convertierscar exhaust systems, the use of

heterogeneous catalysis is essential.

A better understanding of heterogeneous catalysés/ e in the accurate structural
determination of relevant surfaces and the molecadsorbed on them. To this end, a detailed
structural analysis of the economically significa@O/Pt adsorption system has been
undertaken, more specifically CO adsorption on Fij1

Another area of surface science which is of inangamterest is the area of nanotechnology
especially in the context of the semiconductor stduwhich in February 2006 accounted for
an annualised $238 billion in global sales [3]. @or Moore, a co-founder of Intel made an
observation in 1965 which has now become known aerbdis Law. Moore’s Law states that

in effect the progress of technological developmsrguch that, the complexity of integrated
circuits (IC) doubles every 18 months. This wassed in 1975 allowing two years for each

technological leap [4, 5].

As the demand for faster, smaller and more efficcemputers increases, surface interactions

become more and more relevant.
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Recent AMD (Advanced Micro Devices) technology isék copper interconnects which
previously proved impossible to implement since tiopper was found to diffuse into the
silicon dioxide layers [6]. When critical dimens®im the region of 62 nm are required, this
becomes a significant problem. However the problers been circumvented by coating the
chip with a barrier layer after photolithography {@ prevent the copper from reacting with the
silicon dioxide. As the miniaturisation of IC tealagy continues further, the interfacial areas
will undoubtedly increase with respect to the bmi&terial, highlighting the necessity of atomic
scale surface analysis. One of the problems thatrally arise with increased IC complexity
and faster clock cycles is that of heat dissipatitve lack of which can have a detrimental
effect on the semiconducting properties of silidtased semiconductors. While this can be
resolved to some extent by the use of various thisaipation techniques such as pneumatic or
liquid (water or liquid nitrogen) cooling, anothapproach is to use a semiconductor which is
more stable at higher temperatures. A strong catelichaterial for such a semiconductor is
diamond [8]. Diamond is a wide band-gap semicommtucdnd as such retains its
semiconducting properties at higher temperaturae.diamond can be produced artificially by
heating ordinary carbon to around 1500 K under esgure of 50,000 bar but this is an
expensive process. Another method is to use chérap@mur deposition to build the diamond
on a suitable substrate. One potentially suitabéeyrsor for this process is benzene adsorbed
on Si(001) [9]. An important step in ascertainirg tsuitability of such a system for this
application is the detailed determination of thesagtion behaviour and structure. This has

been undertaken in this thesis and is detailethapier 5.

Clearly, atomic scale structural analysis is teébgically important and for this reason
amongst others, many surface analysis technigues tbeen developed in recent years. These
include surface XRD (X-ray diffraction), LEED (loenergy electron diffraction), and PhD
(photoelectron diffraction). PhD has been usedhig project because of its advantages over the
other techniques. For example, XRD relies on ditficm as does PhD, however PhD relies on
the diffraction of core level electrons not photarsl therefore has the added advantage of
being element specific. LEED, while similar to P that it relies on the diffraction of
electrons, is not element specific and is furtlmitéd by the fact that it requires long range
order in the overlayer. Furthermore, the inciddetteon beam is more destructive than the

‘soft’ X-ray radiation used in PhD.
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The aim of this project is in part, the structuddtermination of the above mentioned
adsorbate/substrate systems using PhD, and alsetthe analysis of these systems to explore
the feasibility of a new technique built upon Phédng out of plane polarized radiation. As will
be discussed in section 2.2.2, PhD uses the inteide between a directly emitted reference
wave component and the scattered wave componepige\r when analysing systems in
which the substrate is a weak photoelectron seatserch as Pt or Si, the reference wave can be
excessively dominant meaning some of the finercttral details can be lost. By using out of
plane polarized radiation the reference wave isokerd altogether leaving only the scattered
components and thereby potentially exposing preshoinaccessible structural information

(see chapter 6).

Before these aims can be meaningfully discussecd smukground to the theoretical concepts
of XPS, PhD and LEED is necessary.

2 Theory
2.1 XPS (X-ray Photoelectron Spectroscopy)

2.1.1 Principles of XPS

Core level electrons have a binding energy cornedipg to that of photons in the soft X-ray
region. When a material absorbs a photon with amggngreater than the binding energy of a
core level electron, the electron, now referrecasoa photoelectron, is ejected. The binding

energy and the photon energy are related by thatiequ

EK:m-EB 21

Where: Ex = Kinetic energy of the photoelectron (J)
h = Planks Constant (6.6261x%0.s)
n =Frequency of photon radiation (Hz)
Eg = Binding Energy (J)

In order for photoemission to occur, the photoetetimust possess sufficient energy not only
to free itself from the atom but also from the mialés surface. This additional energy is equal

to the work function potentiaf), Thus the equation becomes:
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EK = -EB -f 2.2

Where: f = Work Function (J)

The energies involved in equations 2.1 and 2.Xarall and are more conveniently expressed
in electron volts (1 eV = 1.60219 x 1t0).

A typical value for the work function of a transii metal lies in the region of a few eV, for
example 6.35, 5.01, 4.7 for Pt, Ni and Cu, respebti[10]. The use of the work function is
complicated by the fact that it is not only a pnap®f the material but also the geometry of the
material’'s surface and whatever atoms or molecalesadsorbed onto it. However, while
significant, the work function for a given material small, and the variations even smaller,
when compared with the differences in the core lldneding energies for any successive
element and certainly for those used in this ptojeor example, C 1s, N 1s, and O 1s have
respective binding energies of 284.2 eV, 409.9 ey 243.1 eV [11].

Deep core electrons do not participate in bondimdy @e therefore characteristic of the atoms
from which they come, thus making XPS an excelleal for elemental analysis. In addition to
this, XPS can distinguish between different specfdbe same element. This is possible due to
small yet detectable shifts in the core level bigdenergies. These chemical shifts depend on
the atom’s environment and in particular, the otiada state of the atom [12]. This can be
explained by the following argument.

The electron binding energygHs given by the Einstein equation:

EB:h —EK 2.3

This is simply a rearrangement of equation 2.1damt also be expressed in terms of the energy

difference between the initial and final energyestaof the atom,

Eg = E¢(n-1) —Ei(n) 2.4
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where Ej(n) is the initial state energy arig)(n-1) is the final state energy. If there was no
relaxation of the spectator electrons and no eatimasic relaxation, the binding energy would
simply be equal to the negative of the orbital ggeaf the initial state of the electron and only
a single peak for a given element would be obserVkd fact that this is not the case is what
gives XPS its extra versatility. The atom does e®pee electronic relaxation along with some
extra-atomic relaxation, factors which are botHuefced by the atom’s coordination. The
extent of this influence is manifested in a shiftthe binding energy. In general, the binding
energy increases with oxidation state and with #hectron withdrawing power of the

substituents bound to the atom.

2.1.2 XPS Measurements

When a sample is irradiated by monochromatic raiabf energy sufficient to eject a core
level electron, an array of electrons of differenergies is emitted. These electrons originate
from a range of orbitals of lower binding energgritthe target orbital. Take for example, CO
adsorbed on Pt. If the C 1s orbital is targete@s@nd the C 2p electrons will also be ejected,
as well as O 2s, O 2p, and Pt 4f (and above) elestfsee fig.2.1). A suitable detector, such as
the Omicron EA 125 HR, which has a resolution aisléghan 5 meV, can easily distinguish
between these photoelectrons. Distinguishing betweee level electrons for the same element
in different geometries is more difficult. For exale the chemical shift for C 1s is 0.7 eV
when comparing CO adsorbed in atop and bridgedtiposj which lies well within the
resolution of the analyser. The difficulty howevw&due to the fact that the signal recorded is a
superposition of both elastically and inelasticabattered electrons. The result is a spreading
of the signal or a broadening of the peak reprasgrhe signal leading to an overlap of the
discrete peaks for each species. Another factochwban contribute to this problem is the
monochromator resolution. This was one of the nesislbe above mentioned system could not
be measured at BESSY | (a second generation syinchyoWhen measured at BESSY Il (a
third generation synchrotron), a more sophisticatexhochromator of better resolution was
used. The broadening was reduced and the peaksochsdy distinguishable as shown in
fig.2.2.
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Fig.2.1 XPS for Pt (111) measured with a photonrgnef 700 eV. The C 2s, O 2s and O 2p
with binding energies of 7 eV, 18.2 eV and 23.1reSpectively, are too weak to be visible at

this magnificatior
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Fig.2.2 C 1s XPS spectrum showing the chemicat $bif CO adsorbed in two different

sites on Pt(111), namely

atop and bridge. The spmctepresents the kinetic energy of the

photo-emitted C 1s electrons for each species megésvith a photon energy of 450eV.

2.2 X-Ray Photoelectron Diffraction

When the directly emitted co

mponent and the seadteomponent of a photoelectron interact,

they add together, by way of superposition resgltim constructive and destructive

interference. A diffraction pattern is produced ebhiis characteristic of the photoelectron

energy, the emission angle, and the local geomeftryhe emitting atom. While XPS is

10
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sensitive to these parameters, when they are vasredcanned, XPS becomes X-ray

photoelectron diffraction.

X-ray photoelectron diffraction can be divided imteo sub-techniques namely, angle scanned
photoelectron diffraction referred to as XPD, amamed energy photoelectron diffraction

referred to as PhD.

221 XPD

XPD is based on the use of a specific energy, opgichfor the target material. The sample is
rotated during the measurement (see fig.2.3) piaduan angle dependent signature from

which certain structural information can be inferre

@‘@

Vs

& i
h e h €
Fig.2.3 The sample can be rotated about an an(pelar angle), changing the angle

of incidence and emission, or about an angléazimuth angle), changing the
alignment of the crystal atoms and adsorbatesnegpect to the analyser.

Fig.2.4 shows that the square modulus of the csestion, which determines the scattering
intensity in the absence of wave interferencelimygs at a maximum at’@he scattering atom

is between the emitting atom and the analyserf{gge5s).

11
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Magnitude of Scattering Factor for Copper

1.C — Kinetic Energy eV

=0l

IfI/1F(

0° 45° 90 13 18¢C°

Scattering Angle,

Fig.2.4 Modulus of the electron scattering factba €u atom as a function of
scattering angle for several different electrorrgies [13].

VVW\ Emitted
Component

VVW\ geattered
Component

Fig.2.5. Forward scattering (scattering 8t 8t normal emission. There is no
pathlength difference between the directly emittechponent and the scattered
component of the photoelectron.

This is because the pathlengths for the directlytteth and scattered components of the
photoelectron are the same, which always leadsretrauctive interference. Although, strictly

speaking, the phase shift of the scattered compowéirch is energy dependant, influences the

12
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degree of constructive interference. The scattertnogs section peak becomes more dominant
at @ for higher energies as well as becoming sharpetlagreby, more sensitive to the angle of
emission. This makes XPD an effective tool in tlegedmination of molecular orientation, and
the relative displacement of the substrate andlayer atoms in ultra thin film growth [14].
XPD however only works in a two-atom situation wéhe emitter is distinguishable from
substrate bulk such as the example depicted i@.4igOverlayers composed of single atom
adsorbates can be analysed through a chemical ishifhe substrate atoms involved in
adsorption. Although it is often the case, espbcimith physisorption, that no measurable

chemical shift is observed. This problem is circemed in PhD.

2.2.2 PhD

While XPD relies on forward scattering or zero ardifraction i.e. zero pathlength difference
(see fig.2.4), PhD relies on back scattering and-zexo order diffraction, exploiting real
pathlength differences. At 18Qthe backscattering direction (the emitting atenbétween the
scattering atom and the analyser), the scattentansity is virtually non existent in the higher
energy region. However at energies lower than NQOtlee scattering intensity increases to
around one third of that af (ig.2.5).

13
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A 2D representation of the single electron modedu® describe the diffraction in PhD is

depicted in fig.2.6.

Detector
X-rays ()
Emitted Component /f

//
? \ y
~ / ;
/’_t]i\& / Single scattered
/

A 4 component
Emitter. / @ / P
O

Substrate

Fig.2.6 2D representation of the single electronlehdor photoelectron diffraction. The
overlap of the radial lines represents construdtiterference.

When a photoelectron is liberated, it can be enhiiteany direction, the probability of which
can be represented two dimensionally by conceaitrites about the emitting atom. The circles
represent a given phase in the wave cycle of tioglectron. The scattered component of the
photoelectron can be represented in the same willyoencentric circles about the scattering
atoms. However, due to a difference in the pathtersond a phase shift resulting from the
photoelectron’s interaction with the scatteringnatdhe scattered component will emerge out
of phase with the directly emitted component. Witenenergy dependence of the constructive
and destructive interference arising from this ghdi$ference is analysed for several emission
angles using synchrotron radiation, very precisgcsiral information about the emitter and its
local environment can be deduced. Such informatoludes nearest neighbour bond lengths,

molecular orientation, relaxation and reconstructio

14
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2.3 PhD Measurements

A PhD spectrum consists of a succession of enaggytulition curves (EDCs) (fig.2.7).

s0-]  phD 11
500 _ Spectrum 10

400 — .

300 —

Intensity (Arb. Units)

200 —

100 —

100 150 200 250 300 350

Kinetic Energy (eV)

Fig.2.7 A PhD spectrum with an expanded EDC forGhks photoelectrons of different
species of CO on Pt(111) taken at a temperatutS@K.

An EDC is a measurement of photoelectron intenag#tya function of energy for a specific
photon energy. Each EDC is measured around the leoet peak with a suitable window

allowing for the necessary background levels to ilduded. When the background is

extrapolated to remove low amplitude noise, indialdpeaks in each EDC can be fitted and
integrated to give the peak intensity. This is daseng a Gaussian function modified with a
step to compensate for the differences in backgtdwenght either side of the peak.

10000
8000
6000

4000

Intensity (Arb. Units)

2000

Lo b g b bt b b v e |

o

206 208 210 212 214
Kinetic Energy (eV)

Fig. 2.8 High resolution XPS spectrum for C 1s mead with a photon energy of
500eV. The peaks labelled A and B correspond toCtHes peaks for the atop and
bridge species respectively. The features of tpescsum will be discussed in
section 4.3.1.

15
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It is often the case, as mentioned earlier, thatdilemical shift is not sufficiently large to
prevent some overlap in the peaks for differentigseof the same element. This is the case for
the example represented in fig.2.8, however, whrerugh of the peak profile can be resolved,
it is possible to obtain an acceptable integratibthe peaks. Once this is done the integrals of
individual peaks for each EDC can be separatecdttheir intensities (I(&)) can be plotted
against the kinetic energy for the entire PhD gpett(fig.2.9).

1.4 —

1.2
Intensity 1(En)

1.0 —

0.8 —

Smoothing spline
0.6 7 lo(Exin)

Intensity (arb. units)

0.4 —

0.2 —

100 150 200 250 300 350
Kinetic Energy (eV)

Fig.2.9 Example of an intensity versus kinetic ggerurve for a C 1s PhD scan for
an atop CO species in the Pt(111)c(B)xect.-CO system.

There are some intrinsic influences on the experinwhich must be accounted for. As
previously mentioned, PhD requires the use of sytotn radiation. The electron current
produced by the synchrotron has a half life ofva Fe@urs which significantly reduces the X-
ray flux density over the duration of the PhD sedrich takes about two hours. In addition to
this, the reflective properties of the monochromatmust be accounted for. The
monochromator is effectively a plane mirror witdieiraction grating (either 400 or 1200 lines
per mm). The mirror exhibits different degrees @flactivity depending on the energy of the
incident radiation thereby directly affecting tHaxf density of the beam. A third influencing

factor is the variation of the photoionisation @ggction as a function of photon energy.

Compensation for these influences can be madeibhyg as appropriate software package such
as Igor (also used to integrate the peaks) togimaothing spline function to the data (fig.2.9).

The data is then normalised to the spline fundipithe equation:

16
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| (Ekin)' IO(Ekin) 25
Io Ekin

Where I(Ein) is the data intensity at the kinetic energy,Eand (Exin) is the intensity of the
spline function at the kinetic energy;f The result is a modulation function (fig. 2.18I50

known as a chi () curve.

0.10 —
0.05 —
0.00 —
-0.05 —
-0.10 —

-0.15 —

-0.20 —

Modulation function (arb. Units)

I I I I I 1
100 150 200 250 300 350

Kinetic Energy (eV

Fig. 2.10Modulation function derived from the intensity versus kinetic
energy curve depicted in fig .2.9.

2.4  Analysis of PhD Data

A quantitative structural analysis is achieved tigho trial-and-error modelling, simulating the
experimental data with multiple scattering caldolas for various trial structures. These
calculations are performed with codes developeéitysche [1517], which are based on the
expansion of the final state wave-function intouansover all scattering pathways which the
electron can take from the emitter atom to thedeteutside the sample. A magnetic quantum
number expansion of the free electron propagatosesl to calculate the scattering contribution
of an individual scattering path. Double and higbeter scattering events are treated by means
of the Reduced Angular Momentum Expansion (RAMB) [T he finite energy resolution and

angular acceptance of the electron energy anafyrgeaccounted for analytically. Anisotropic
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vibrations for the emitter atom and isotropic viias for the scattering atoms are also taken

into account.

First, the crystal structure of the substrate iBnee by giving the position of one atom and
defining 3 translation vectors. Thus a 3D netwargeénerated, creating a hemispherical cluster
with a radius of 30 A. The adsorbate moleculestaea defined with respect to the substrate in
positions roughly deduced from a direct analysithefexperimental modulation functions (see
chapter 4). The periodicity of the adsorbate oyeras often known from LEED experiments
and can be reproduced in the simulation programgu&D translation vectors. Once the
general cluster has been defined, the theoreticaleins compared with the experimental one
using an objective reliability factor or R-fact@&quation 2.6 produces an R-factor comparing
the experimental modulation function with the siatatl modulation function for a single

spectrum.

m _ . 2
K
(Cg(p(Ei)- e (Ei ))
R = :n:l 2.6
(c&pﬁ)z +ci (Ei)z)
i=1

Wherec@p(Ei )is the intensity of the experimental modulationdtion at the point i, and m is

the number of points in the modulation function.

The global R-factor, Biobal is of the same form but includes all of the sgect

m . Ki 2
N 1(cE§JXp<Ei)- c) <Ei))
J=11=

Rglobal = n 2.7

Kj 2, Kj 2
0 copEDTHey! (B
j=1i=1

Where K is the direction of the emitted electrons for gegi spectrum, j, and n is the total
number of spectra. The global R-factor provides@yited average of the individual R-factors.

That is, spectra taken in directions which are erpentally more favourable, resulting in
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stronger modulations, have more of an influencer te global R-factor. An R-factor of O
represents perfect correlation between the expeatahand theoretical modulation function, a
value of 1 implies no correlation and a value ah@ans there is anti-correlation. Usually the
starting model shows little or no correlation, awdthe parameters must be optimised. This is
done in two ways. Firstly, a series of line scars @arried out. These involve scanning a
variable (sometimes 2 or 3 when the variables awgled) over a selected range with an
appropriate step size until a minimum R-factoreaahed. This is repeated for all the defining
parameters which include, bond lengths, bond angiésrlayer separation, surface relaxation
and reconstruction parameters, and vibrational dnags. Secondly, the fitting procedure is
carried out. This is directed by the program itsetiich searches for the minimum R-factor by
improving the value of selected parameters. Thmditprocedure is only carried out after the
line scans to prevent the program optimising alaoiaise local minimum. The evolution of the
R-factor could be represented as a successionasmnd troughs. A local minimum R-factor

would be the bottom of a trough but not the deepeagh.

PhD, like any surface science technique, is mansisee to certain parameters than others. An
indication of the precision to which these paramsetan be determined, can be obtained via a

calculation of the variance [19] in the minimum &&tor (Rin).
2
VaI(Rmin):Rmin N 2.8
N
Where N is the number of independent pieces otttral information contained in the data

and is given by:

E

N=n" ——
2.9
4’\/V(%i+E%

E is the energy range of the spectra, n is the rumbspectra used,d/is the imaginary part
of the inner potential, taken to be 5 eV, andsBhe energy broadening factor, also taken to be
5eV.
The variance can be applied to individual paransetergive a range of acceptable errors for

those parameters. This is done by plotting the dRfa against the corresponding parameter
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values and taking the interval containing the pat&m values with an R-factor below
Rmintvar(Rnin) (see fig. 2.11).

Variance

0.54

0.49 - \

0.44 /

nd

0.39 -

0.34 . \/ =

0.29 ‘ ‘ ‘

1.75 1.8 1.85 1.9 1.95

Pt-C atop bond length

Fig. 2.11 Variance graph for Pt-C bondlength. lis tase Ri,+var(Ry) was calculated to
be 0.3445. The R.+var(R,y) line intersects the Pt-C curve at 1.816 A and@2 & any
value between these points is within the errortirfor this parameter.

25 LEED

LEED (low energy electron diffraction) is a welltaislished technique which can involve, like
PhD, the use of complex simulations and even matensive data sets. However, in its
simplest form it can give a visible diffraction feh of the corresponding periodicity of the
reciprocal mesh of the surface. This can be viewred fluorescent screen directly without the
need of any data analysis. As well as providing ed@gant method of determining the
periodicity of the surface, the diffraction pattecan be used to determine the azimuthal

orientation of the crystal.

LEED experiments are performed by directing a bednelectrons of a well-defined low
energy (typically in the range 20 - 200 eV) at narimcidence to the sample. The sample itself
must be a single crystal with a well-ordered swefatructure in order to generate a back-

scattered electron diffraction pattern. A typicgberimental set-up is schematized in fig. 2.12.
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Fig.2.12 Typical setup of electron gun, filteringdg, and fluorescent screen used
in LEED experiments,

The electrons are scattered both elastically aelhstically. The latter emerge from the sample
with a reduced energy and are removed by the edidigyng grids. Consequently, only the

elastically-scattered electrons contribute to tiffeadtion pattern.

The positions of the diffraction spots are deteeditby the space lattice (i.e. by the size and
shape of the unit cell) and are independent of gleetration depth of the electrons. The
intensities are determined by the diffraction fumrct(i.e. by the exact atomic coordinates
within the unit cell) and are a function of theatten penetration depth. The basis vectars a
and a describe the unit cell in real space and defimesthallest parallelogram from which the
surface can be reconstructed by simple translafiaeciprocal space representation of the real
space lattice is defined by the basis vectarsaad a . Introducing and ~ as the angles
between (aand a) and (a and a') respectively (see fig.2.13), the relationshipwesin the

real space and reciprocal space vectors can bessqat as follows.

a = 2.10
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a, = 1 2.11
a, sin
sin =sin ~ =sin(180-) 2.12
1 al*
%‘k
2

Fig.2.13. A diagram showing the relationship betweand *.

The inverse relationship expressed here meansa thlabrt vector in real space corresponds to a
long vector in reciprocal space. The diffractiort@an corresponds to reciprocal space and can

easily be transposed using equations 2.10 and @.Hescribe the real space lattice.

2.5.1 Overlayer Notation

There are two conventions for naming overlayercstmes. The first of these, Wood'’s notation,

relates the overlayer mesh to the substrate metsbambe describe by the form:

M(hkl)(corp) E b—"| - Ra’- A

&l o

Where M = the chemical symbol for the substrald) (= the miller indices of the surface

plane; c or p = centred or primitive unit cell piimitive, the p is usually dropped)|and |g

= the magnitude of the substrate vectorg;dad |p| = the magnitude of the overlayer vectors;
= angle between the overlayer and substrate meahdsA = the chemical symbol for the

overlayer species.
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Fig.2.14Example of a Cu (100) - ¢(2 x 2) — CO or Cu (100)2 x 2)R45 - CO
as described by Wood’s notation. Note thatmd i can be measured in terms of
either a centred or primitive unit cell in this exale.

The second convention for naming overlayer strestis to use the matrix notation. Taking the
example depicted in fig.2.14, the primitive meshtwes of the substrates(@nd k) can be used
by way of a linear combination to define the ovgelamesh vectors {&nd h).

&%=1a+1b 2.13

bo=-la+ 1h 2.14
% _ 11 & 2.15
b, -11 A&

Where the matrix; * 1 defines the overlayer mesh in terms of the sutestiidhe full matrix
-11

notation in this example is then, Cu (100) ¥ 1 — CO. Wood’s will be used throughout this
-11

thesis.
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3 Hardware

3.1  Synchrotron Radiation Source

As its name suggests, scanned energy photoelatiffoaction requires a source of tuneable X-
rays of a suitable intensity. Currently, the md&aive way of achieving this is by the use of
synchrotron radiation. BESSY II, a third generatsynchrotron radiation source located in

Berlin was used for this work.

When electrons are accelerated to relativisticaigés (velocities close to the velocity of light,
c) and deflected by a magnetic field, electromagnaiiation is produced tangentially to the
arc of deflection. This is synchrotron radiatiorec8nd generation synchrotron radiation
sources consisted mainly of a microtron, a syncbmta storage ring and tangential beam
lines. In the case of BESSY |, the electrons weoeluced from a hot cathode under ultra high
vacuum (UHV) and accelerated towards the anode avitbltage of about £0/. The electrons
were further accelerated in a circular trajectogy e high frequency magnetic field in the
microtron. Having achieved an energy of 22 MeV, #hectrons entered the synchrotron and
were further accelerated to an energy of 800 Me\¢kwhorresponds to an average velocity of
2.9979240x1H ms* (c = 2.99792458xF0omsY). Finally the electrons were transferred to the

storage ring where their trajectory was maintaibgdnagnetic fields (see fig.3.1).

Fig.3.1. A schematic diagram of the bending magset$ as those used in BESSY
and BESSYII.

When the orbiting electrons pass through a magriid they are deflected in a direction
which is perpendicular to the magnetic field. Thsulting synchrotron radiation is propagated

tangentially to the electron trajectory in a narraaiation cone with an opening angle7()

given by equation 3.1.
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Df (@—E 3.1
where Df @ * 3.2
_ 1
and 1.V 3.3
C2

At BESSY Il electrons are accelerated to an enefdl.6 GeV corresponding to a velocity of
2.9979244x1Hms* which, incidentally, due to a relativistic effeshich can be explained in

terms of , is only 40 ms faster than the electrons at BESSY |. Insertionia#s, such as

wigglers and undulators used in third generatiarckyotrons, provide a way of exploiting the
intrinsic brightness of the synchrotron-radiationise.

Both wigglers and undulators consist of a periati@y of magnets with alternating polarity.
When the relativistic electron passes through tlueseces, its trajectory is changed at every
magnet resulting in an oscillatory motion. Radiatis emitted tangentially to each curved
trajectory and is added together in the forwar@dation as it proceeds along the device. This
results in a beam intensity significantly greatent that achieved using bending magnets alone.
The magnetic arrays used in wigglers (see fig.8aRsist of fewer yet stronger magnets than
those used in undulators causing deflections thrargangle which is large when compared
with the radiation cone normally associated withctyotron radiation. The radiation produced
covers a wide energy range exceeding even thatipeoldby the bending magnets; however the

brilliance is less due to the enlarged radiatiomeco

25



Principles of Photoelectron Diffraction

-

Fig.3.2 A schematic diagram of a wiggler array such asikad in BESSY I
and other third generation synchrotron radiatiourses.

In contrast to wigglers, undulators use weak magrfetlds. As the electron beam passes
longitudinally through the array, its trajectorycoates in the horizontal plane. The relatively
weak field of the undulator means the radiationesoemitted at each bend in the trajectory
overlap, giving rise to a constructive interfererefiect. The r