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A b s t r a c t

Low Energy Electron Diffraction (LEED) has been used extensively in the study 

of surface structures. Structures are typically determined in a trial and error pro­

cess whereby theoretical calculations for an initially proposed structure are refined 

until a good fit to experimentally measured data is found. In this thesis LEED has 

been used to study the structure of the clean Ni(llO) and N i(lll)  surfaces. For 

the clean Ni(llO) surface a 7% relaxation in the outermost Ni layer spacing is 

found compared to 0% for the N i(lll) surface. The variation in surface relax­

ation is explained in terms of the reduccd valence electron density and atomic 

packing density at the surface. The trial and error approach to determining struc­

tures is not only time consuming but can also be highly inaccurate. An automated 

approach to structure determination using an Evolutionary Strategy called Differ­

ential Evolution is developed in this work. The algorithm is found to be extremely 

fast and reliable and provides a 25-37% increase in speed compared to the best 

competing method.
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C h a p t e r  1

In t r o d u c t io n

1.1 Surface Science

One of the most fundamental properties of any material is its structure. In the 

study of bulk crystals the determination of their bulk structure is essential to an 

understanding of the electronic and chemical properties of the material. At the 

surface of any material the forces and stresses on the atoms are different from 

those in the bulk. This generally results in a different structure at the surface than 

that in bulk which in turn affects the chemical and electronic properties at the sur­

face. Surface Science is the study of how a material interacts with its environment 

through its surface and the study of the structure and electronic properties of the 

material at its surface. Surface Science is a very broad discipline and some of the 

many areas being investigated include heterogeneous catalysis, microelectronics, 

adhesion, lubrication, corrosion, coatings, solid-solid and solid-liquid interfaces.

1



CHAPTER 1. INTRODUCTION 2

1.1.1 Surface Crystallography

Several experimental techniques exist to study surface structure. Among them are 

Ion scattering, X-ray Standing Waves (XSW) and Surface X-ray diffraction but 

by far the most common technique is Low Energy Electron Diffraction (LEED). 

LEEDs popularity is due to a number of facts.

• It is simple to use, and by UHV standards a cheap technique. Other tech­

niques tend to require specialised equipment such as synchrotron radiation 

sources, ion sources, or high voltage electron guns.

• LEED theory is well developed

• It is an extremely flexible technique that can be applied to the study of both 

metal and semiconductor surfaces.

• It can be used to examine growth, periodicity and order on a surface at a 

superficial level or in conjunction with computational models it can be used 

to determine bond lengths and atomic arrangement.

1.1.2 Aim of the Thesis

In this thesis the basic background to LEED will be explained and the accuracy of 

the theory will be demonstrated through the application of LEED to study of the 

clean Ni(llO) and the Ni(l 11) surfaces. LEED theory is extremely well developed 

[1,2] but the study of complex structural models is complicated by the possibility 

that several solutions can exist with only one solution being the correct one. This 

problem will be addressed with the implementation of an Evolutionary Strategy 

[3] called Differential Evolution [4], Results will be presented on the algorithms 

performance and compared to alternate algorithms.
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C h a p t e r  2

E x p e r im e n t a l  a n d  T h e o r e t ic a l  

D e t a i ls

2.1 Introduction

The structure at the surface of a material can be significantly different to the bulk. 

The atoms at the surface experience appreciably different forces from those in the 

bulk due the reduction in symmetry and loss of neighbouring atoms. The struc­

tural changes that result from this reduction in coordination can be contractions 

or expansions of the surface layers, referred to as relaxations or they can be a 

complete restructuring of the surface plane referred to as reconstructions.

Low Energy Electron diffraction is one of the oldest diffraction techniques 

applied to the study of surfaces dating back to the experiments of Davisson and 

Germer in 1927. LEED is used in two basic ways, firstly as a qualitative probe 

of surface order and symmetry, and secondly as a quantitative tool for determin­

ing exact surface structure. LEED has become the technique to beat for surface

4



CHAPTER 2. EXPERIMENTAL AND THEORETICAL DETAILS 5

Figure 2.1: Diffraction from a one dimensional chain of atoms

structure determination, with currently over 500 surface structures solved with this 

technique alone. One of the biggest successes of LEED theory was the elucida­

tion of the structure of the infamous Si(lll)-(7x7) surface [2]. The DAS (Dimer- 

Adatom-Stacking Fault) model proposed by (Van Hove,Tong et al) was later vin­

dicated with the arrival of the STM ,which although not measuring bond lengths 

did reveal the basic structure predicted by LEED to be correct. This chapter will 

start with an introduction to simple diffraction in one and two dimensions and how 

this applies to LEED. The method by which exact structural information can be 

obtained from the diffraction process will then be outlined.

2.2 Basic Diffraction

Consider a one-dimensional chain of atoms separated by a distance a, with an 

electron beam incident on them as shown in figure 2.1. Consider the backscatter-
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Figure 2.2: Intensity profile resulting from diffraction from a 1-D atom chain

ing wavefront from the second nearest neighbour 1 atoms at a well defined angle 

6 to the surface normal then there is a path difference (pd) in the distance the ra­

diation has to travel from the scattering centres to the detector. The size of this

path difference is 2a sin & and must be equal to an integral order of wavelengths

for constructive interference to occur i.e.,

pd = 2a sin 6 =  hX (2.1)

where A is the wavelength of the incident electron beam and h is an integer. The 

intensity profile produced by such a diffraction condition is shown in figure 2.2.

We note from this pattern that the pattern is symmetric about 0=0 and that 

sin 6 is inversely proportional to a. Given this inverse proportionality it is useful to 

consider the diffraction process again by examining the wavevector of the incident 

beam. The incident electron beam has a wave vector k such that,

|*| =  y  (2.2)

lThe choice of second nearest neighbour is simply to keep the arguments clearer later on
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Figure 2.3: Digram of the change in wavevector A A; in the diffraction process

substituting for A in equation 2.1 gives,

27r
2\k\ sin 0 =  — h (2.3)a

But what does 2\k\sin 0 represent ? In figure 2.3 the backscattering of an elec­

tron beam is described. The length 2\k\ sin 0 represents a change in the direction

of the wavevector. So diffraction occurs when the wavevector undergoes a change 

A k such that,

A k = — h (2.4)
a

In two dimensions this becomes

2ir 2%. ^ _
A* = — h -j——k (2.5)

a b

where h and k are integers and b is the second dimension of the 2D lattice. A

reciprocal lattice can be constructed with vectors a*, b* which relate to the real-
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space vectors a,b by

(2.6)
a

(2.7)

The translational vector of the reciprocal lattice, Ghk, is

Ghk =  ha* + kb* (2.8)

which implies that

A k = Ghk (2.9)

or that every point on the reciprocal lattice corresponds to a diffraction maxima.

2.3 Experim ental Arrangem ent

The basic experimental setup for performing a LEED experiment is shown in 

figure 2.4. An electron beam with a well defined energy is produced by an 

electron gun and is incident on a sample. The electrons are then backscattered 

from the sample surface onto a system of grids surrounding the LEED gun. The 

backscattered electrons will be of two types, elasticity scattered and inelastically 

scattered. The elastically scattered electrons are those which possess purely dif­

fraction information and have not been influenced by phonons, plasmons etc. The 

inelastically scattered electrons which have lost energy due to electron-electron, 

phonon, and plasmon interactions , constitute the majority of the backscattered 

flux. These electron are removed by the grids as follows. After reaching the 

first grid G1 which is earthed the electrons are accelerated toward the fluores­

cent screen S, which has a 5kV potential on it. The grids G2 and G3 are held at a
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variable negative potential which is used to reject the majority of the inelastic elec­

trons. The LEED pattern which is produced on the fluorescent screen is recorded 

using either a video or camera.

2.4 LEED as a qualitative probe

As shown in section 2.2 the diffraction pattern produced from a surface is a 

(scaled) representation of the reciprocal lattice. Therefore by examining these
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diffraction spots, information on the symmetry and order of the surface can be 

obtained. The simple analysis of spot positions and spot symmetry is by far the 

most common use of LEED. In sample preparation under UHV conditions a sharp 

LEED pattern is regarded as indicating an atomically ordered clean surface. The 

LEED spots can show whether the surface is reconstructed and may also indicate 

the presence of steps on a surface. When the surface of a material differs from 

that of the bulk either through reconstructions or the presence of an absorbate on 

the surface , it is convenient to label this difference between the bulk and surface
A A

layers. Given the bulk vectors ab and bb the surface vectors as ,bs can be related to 

the bulk (or substrate) vectors by

This matrix notation is useful because the determinant of the M is the ratio of 

the surface mesh to the bulk mesh and provides a classification scheme for surface 

structures, as follows

(a) If the determinant M is an integral and all matrix components are integ­

ral,the two meshes are simply related.

(b) If the determinant M is a rational fraction, the true surface mesh is larger 

than either the bulk or apparent surface mesh. The size of the true surface 

mesh is dictated by the distance over which the two meshes come into co­

incidence. This is sometimes referred to as a coincidence lattice.

âs — Muâb + Ml2h (2.10)

bs — M21àh + M22Ô6 (2.11)

where are coefficients of a matrix,

M21 M22
(2.12)
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(b) If the determinant M is irrational. Then the two meshes are incommensurate 

and no true surface mesh exists.

A more popular, but less versatile, representation of surface meshes is Wood nota­

tion. Wood notation defines the ratio of the lengths of the unit meshes together 

with the angle through which they are rotated. For an absorbate A on the hkl 

surface of a material X having translation vectors such that

as = rnab and bs = nbb with a unit mesh rotation of <j> the structure is repres­

ented in wood notation as,

X(hkl) — (m x n) -  R<j> — A (2.13)

where Rcj> indicates that the surface mesh is rotated through an angle <j> with 

respect to the bulk mesh.

2.5 LEED as a quantitative probe

The location of beams in the diffraction pattern gives general information about 

the surface but for exact structural information a study of the intensity of the dif­

fracted beams as a function of the incident beam energy must be performed. The 

Intensity vs. Energy curves are commonly referred to as IV curves. When an 

electron is incident on a crystal, the strong potential fields scatter the electron. 

The electron can be forward scattered, that is into the crystal or it can be backs- 

caltered which reverses its direction away from the crystal. LEED relies heavily 

on backscattering, as this is obviously what is being observed on the fluorescent 

screen, but it is the forward scattering that really affects the LEED intensities. If 

forward scattering were weak compared to backscattering the result would be a 

diffraction pattern and an intensity Vs energy profile which result from the simple
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Bragg condition. However if forward scattering is strong an incident electron 

beam will be scattered into several strong forward travelling beams as well as the 

incident beam. From this simple argument we see that strong forward scattering 

will have the effect of producing additional peaks other than the Bragg peaks and 

could also effect the Bragg peak positions due to interference affects. It is the 

latter case of strong forward scattering that dominates in LEED and as a result a 

simple analysis of the intensities of the diffracted beams with energy will not yield 

any useful information regarding surface structure. Consider an electron beam in­

cident on the first layer at the surface of a crystal. When the beam is scattered , 

interference between the scattered waves will result in a set of diffracted beams at 

points determined by the reciprocal lattice,

9hk =  hai -1- ka2 (2.14)

One set of diffracted beams will be propagating backward ( the reflection set) 

another will be propagated forward with the unscattered incidence beam ( the 

transmission set). The wavefield incident on the second layer will now be com­

prised of the forward scattered beams from the first layer, which will be sub­

sequently forward and backscattered by the second layer. The process is indicated 

in figure 2.5.

The total backscattered intensity therefore comprises of backscattered beams 

from several surface layers. Any diffracted beam snrn will pick up contributions 

from from the scattering of each of member of the beam set from each layer. Any 

diffacted beam s\  can be described by the sum of the scattering from each plane 

of an incident beam,
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Figure 2.5: Diffraction from a bulk crystal. Note how scattering from a plane pro­
duces both a reflected (backscattered) and transmitted (forward scattered) beam
set.
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s{ = mi ■ si + m2 ■ s2 + ■ • • +  mjv • sn (2.15)

Each element of the matrix m, referred to as the scattering matrix, describes 

the change in both the amplitude and phase a given layer causes to a incident beam. 

The changes are represented by complex numbers with the real part describing the 

amplitude change and the imaginary parts describing the phase changes. There­

fore given an incident beam set S, and a diffracted beam set S', these may be 

related by a square matrix M, the scattering matrix, such that

S' =  M  • S (2.16)

Consequently a complete description of the scattering from a plane of peri­

odic scatterers may be given by two complex(NxN) matrices, one describing the 

’reflected set’ and the other describing the ’transmitted’ set.

When an electron enters a crystal it gains energy due to the potential inside the 

crystal referred to as the ’inner potential’. The size of the inner potential is approx­

imately equal to the sum of the work function and fermi energy. This effectively 

shifts the energy of the diffraction peaks in energy. In addition to this energy shift 

electrons incident on a crystal also suffer energy losses due to scattering from 

plasmons and phonons in the crystal. The general effect of this inelastic scattering 

is the exponential decay of the beam intensity as it travels into the crystal. This 

results in a broadening of the diffraction peaks. This energy loss is represented 

by introducing an imaginary component V0i to the inner potential, typically equal 

to 4eV for most materials. As seen above LEED diffraction spectra cannot be 

described in terms of a single scattering model and in order to correctly interpret 

the LEED IV curves we need to use dynamic or multiple scattering calculations.



CHAPTER 2. EXPERIMENTAL AND THEORETICAL DETAILS 15

2.6  Tensor LEED

There are several techniques and methods used for calculating scattering matrices 

and summing the forward and backscattered electron beams, explanations of which 

would be beyond the scope of this thesis. These calculations usually take a lot of 

CPU time, e.g. anything from 5mins to 24hrs depending on the complexity of the 

structural model. Tensor LEED was developed in an effort to reduce the compu­

tational effort involved by allowing the user to examine several structural models 

which are simply variations on some base model [5]. Tensor LEED examines how 

the scattering matrices of a basic model structure are affected by small changes 

in positions of the atoms in the structure. A knowledge of how the scattering 

matrices vary with atomic movement allows approximate IV curves to be gener­

ated for a range of structures. The approximated IV curves are usually only valid 

for atomic movements within 0.4A of the base structure.

2.7 Comparison of Theory to Experim ent

The IV spectra resulting from different structural models are usually significantly 

different and so visual comparison of the theoretical and experimental IV curves 

is sufficient to distinguish between correct and incorrect models. However when 

fine tuning the parameters to obtain an accurate structural model this method is 

quite inadequate. Jona and Zanazzi [7] were the first to tackle this problem with 

the introduction of the so called reliability or R-factor, which is a measure of the 

discrepancy between experimental and theoretical IV beams. The R-factor was 

proposed as a common guide to the quality of a structural model. The first R- 

factors used were adapted from those used in x-ray diffraction analysis, but these
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did not apply well to LEED spectra. However several other R-factors were later 

proposed, most notably by Pendry [9] and Van Hove [7] which although equally 

valid, undermined the universality that Jona proposed. The various R-factors pro­

posed emphasise different aspects of the match between the experimental and the­

oretical IV curves. The basis of the Zanazzi-Jona R-factor, Rzj, is to emphasise 

peak position rather than peak heights, because peak positions are highly struc­

turally dependent whereas peak heights are due to non-structural parameters such 

as vibrational amplitudes etc. The Pendry R-factor, Rp, probably the most pop­

ular R-factor, emphasises peak positions but also emphasises the importance of 

overlapping peaks and points where the intensity falls to zero in the spectra. Zero 

points are obviously important as they are a result of destructive interference and 

as such are related to the structure of the crystal. A comparison of the two meth­

ods carried out by Clarke [10], showed that the Zanzzi-Jona R-factor is much less 

sensitive than the Pendry R-factor to structural change. He showed that a 1 percent 

change in a single structural parameter leads to a 1.6% change in Rzj and a 4.8% 

change in Rp. He also found that a 1% change in the inner potential changed Rzj 

by 1% and Rp by 0.5%. The requirements of a good R-factor are that it is chiefly 

sensitive to peak positions. It should not be at all sensitive to absolute intensit­

ies, but should pay some attention to relative intensities especially features that 

are close in energy. It should also be a simple function not requiring more than 

a first derivative. Pendry deals with this problem as follows. He first assumes a 

LEED IV curve to be composed of a series of Lorentzian peaks located at various 

energies Ej, and of various various intenisties aj, such that

I{E)  ~  £  (E -  Ej )2 + V*
(2.17)
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T h e ir  w id th s are d icta te d  b y  the im a g in a ry  p art o f  the electro n  s e lf  e n e rg y  

Voi. In m o st m aterials V o i is a p p ro x im a tely  in d e p e n d e n t o f  e n e rg y  a b o v e  3 0 eV , 

and takes a v a lu e  o f  a p p ro x im a tely  -4 e V . F o r  a series o f  ro u g h ly  sp aced  p eak s  

, the criterion o f  in se n sitiv ity  to the am p litu d es is m e t b y  u sin g  th e lo g a rith m ic  

derivative

H E )  =  ( 2 .,8 )

w h ic h  fro m  eq u atio n  2 .1 7  redu ces to

L (E ) ~  V  ~ 2 ( A  ~  Ej)  /2
L W - L { E _ E . ) 2  +  V t  (

T h e  lo ga rith m ic  d eriva tive, L ,  has re m o v e d  the re la tive  in ten sities o f  the L o re n t-  

zian  p eaks, aj,  and in  th eir p la ce  there are p ea k s o f  am plitu d e,

L =  ± l / \V oi\ at E  =  E j ±  |Voi| (2.20)

T h is  c o m p le te ly  elim in a tes th e rela tive  am p litu d es o f  the p ea k s an d  i f  p ea k s  

overlap to som e exten t th en  their re la tive  in ten sities d o  a ffe c t L .  T h is  w o rk s w e ll  

e x c e p t w h e n  the in ten sity, I, is zero , so a n ew  fu n ctio n  is d efin ed  w h ic h  g iv e s  

equ al em p h asis to in ten sity  zeros an d L o re n tzia n  p ea k s. T h is  n ew  fu n ctio n  ,Y  

w h ic h  shall b e  referred to as a m o d ifie d  lo g a rith m ic  d eriva tive, takes the form ,

Y (E ) =  L - ' K L - 2 +  V ‘i) (2 .2 1 )

It can  b e  sh ow n  that Y ( E )  takes a m a x im u m  v a lu e  o f

Ymax =  ±]r\Voi\ w h e n  L =  ± l / \V oi\ (2 .22 )
¿t
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W h ic h  fo r  a series o f  loren tzian  p ea k s occu rs w h en

E  =  E j ±  \Voi\ ( 2 . 2 3 )

T h e  n ew  re lia b ility  fa c to r  R p is d e fin ed  as,

'  JW  +  Y?) '
w h ere Ye an d  Yt are the m o d ifie d  lo g a rith m ic  d eriva tives o f  the e xp erim en tal  

and th eo retical cu rves re sp e ctive ly. P e n d ry  also  p ro p o se d  a m eth o d  fo r  estim atin g  

the error in  the R -fa cto r, R p an d the error in  the b e st m o d el. T h e  e stim a te  o f  the  

error co m es fr o m  a  ge n e ral statistical treatm en t o f  a  L E E D I V  cu rve. G iv e n  an I V  

cu rve  w ith  N  w e ll  separated p eak s, the ratio  o f  th e va ria n ce  (va r  R n ) to the m ean  

R -v a lu e  (R n ) is,

v a r  H N  1
— ^  rr (2 .2 5 )

R n  s q r t N

T h is  is o b v io u sly  a reason ab le  assu m p tio n  to m a k e, i.e. in cre a sin g th e n u m b er  

o f  features ,(or I V  cu rves) in  an R -fa c to r  an a lysis  w ill  in crease the a c c u ra cy  o f  the  

result. G iv e n  an I V  cu rve  o f  e n e rg y ra n ge  6E  there can  b e  N  w e ll  re so lv e d  p ea k s  

w here,

N  =  m  <Z26)
T h is  perm its u s to defin e a d o u b le  re lia b ility  factor, R R , such that

R R  =  2 ! $ * .  =  ( 2 . 2 7 )

T h e  statistical error in the R -fa c to r  m in im u m  is then,
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VarRmin  —  -fí-fí X  Rmin (2.28)

2.8 Surface Composition

S u rface  structure an alysis  is  p rim arily  co n ce rn e d  w ith  the stu d y o f  c le a n  surfaces  

or the e ffe c ts  o f  an ad sórbate on  the surface. It is therefore essen tia l to b e  ab le  to 

v e rify  that a su rface is free  o f  con tam in an ts and to  b e  ab le to  m easu re the e x a c t  

am ount o f  a  m aterial ad sorb ed  on the su rface. T h e  tech n iq u es u se d  in surface  

scien ce to study su rfa ce  co m p o sitio n  are A u g e r  E le ctro n  S p e ctro sc o p y , and X -r a y  

P h otoelectron  S p e ctro sco p y. T h e s e  tech n iq u es w ill  b e  o u tlin ed  in  the fo llo w in g  

sections.

2.8.1 Auger Electron Spectroscopy

T h e  b a sic  A u g e r  p ro cess starts w ith  an in cid e n t electro n  (or p h oton ) c a u sin g  io n ­

isation  o f  a  co re  le v e l electro n . T h e  e le ctro n  v a c a n c y  or h o le  crea ted  in the core  

le v e l m a y  b e  neu tralised b y  an electro n  transition from  an electró n  le v e l o f  lo w e r  

b in d in g  energy. A  qu an tu m  o f  energy, ( A  E), the d iffe re n ce  b e tw e e n  the c o re  h o le  

and the electro n  fa llin g  in to  it  is transferred to a third electro n  w h ic h  e sca p es as 

an A u g e r  electron. T h e  p ro cess is d e scrib ed  gra p h ica lly  in figu re 2 .6. T h e  k in e tic  

e n e rg y o f  an A u g e r  electro n  fo r  the p ro cess sh ow n  in figu re 2 .6  is ,

Ekin =  Ek — E l  i — E L2¡ 3 (2.29)

Ek — E i j is the qu an tu m  o f  e n e rg y re lea sed  b y  an electro n  fa llin g  fro m  the L\ 

shell to the core h o le  in the K  shell and E l 2i3 is the b in d in g  e n e rg y o f  the e le c ­

tron in the i/2,3 shell. T h is  A u g e r  transition is assign ed  the term  K L i ,L 23- T h e
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Energy KL|I Auger electron

Vacuum LevelWork Function

2s L

Photoemitte'1
Electron

Incident
Electron

Is K

F ig u re  2.6: E n e rg e tic s  o f  the A u g e r  p rocess

p ro b ab ility  o f  re la xatio n  b y  A u g e r  e m issio n  is the dom in an t p ro cess fo r core h o les  

w ith  b in d in g  en ergies b e lo w  ab o u t 2 k e V  fo r  K  sh ell ion isation . T h e  k in e tic  e n ­

ergy o f  the A u g e r  ele ctro n  is in d ep en d en t o f  the en ergy o f  the io n isin g  p article  

or the in cid en t rad iation  g iv in g  rise to the in itia l co re  h ole. T h e  k in e tic  e n e rg y  o f  

the A u g e r  electro n  is ch aracteristic  so le ly  o f  the b in d in g en ergies o f  the electro n s  

w ithin the atom . H e n ce , A u g e r  electro n s m a y  b e  u sed  fo r c h e m ic a l id en tification .

A u g e r  excita tio n  is u su a lly  carried ou t u sin g  electro n  sou rces du e to  the re l­

ative ease  o f  p ro d u c in g  su fficie n tly  e n e rg etic  beam s o f  h ig h  intensity. T h e  u se o f  

electron beam s to p ro d u ce the in itia l io n isatio n  p rocess is ad van ta ge o u s in  that the  

in cid en t b e a m  can  b e  fo c u se d  thus g iv in g  g o o d  spatial resolution . F o r the lig h t  

elem en ts (atom ic nu m ber Z  <  20 ) A u g e r  e m issio n  is  m ore p ro b a b le  than X -r a y  

em ission  fo r  a K -s h e ll  in itial-state  h o le  an d fo r Z  <  15  it is  alm o st the e x c lu siv e  

process. F o r h igh e r Z , A u g e r  p ro cesses d o m in ate  fo r  in itial state h oles in outer  

shells.
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2.8.2 X-ray Photoelectron Spectroscopy

P h o to electro n  sp ectro sco p y is, in  p rin cip le , a  p articu la rly  sim p le  p rocess. A  p h oton  

o f  e n e rg y  hv  (h is p lan k s con stan t and v  is the fre q u en cy ) p en etrates the surface  

and is ab sorb ed  b y  an e le ctro n  w ith  a b in d in g  e n e rg y  E b b e lo w  the v a c u u m  leve l,  

w h ic h  then em e rge s w ith  a  k in e tic  e n e rg y  Ekin,

E kiu =  v — E b  — cj> (2.30)

T h e  p ro cess is d e scrib ed  in  figu re 2 .7 . T h e  k in e tic  en ergies o f  the e jecte d  

electro n s h a v e  an e n e rg y spread ch aracteristic  o f  the b in d in g  en ergies a n d  as a 

result c a n  b e  u se d  to id e n tify  a to m ic  sp ecies. A n y  p h o to n  w h o se  e n e rg y  e x c e e d s  

the w o r k  fu n ctio n  o f  a  so lid  can  b e  u se d  for p h o to e le ctro n  sp ectro sco p y b u t the  

m o st co m m o n  sources u se d  in  the lab are the K a lin es o f  A 1  an d  M g  at 14 8 6 .6  and  

1 2 5 3 .6  e V  resp ectively.
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F ig u re  2 .7: A n  ex a m p le  o f  the p h o to e m issio n  p rocess, w h e re  an in cid en t X -r a y  

p h o to n  transfers its e n e rg y  to a  I s  c o re  le v e l e lectro n
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C h a p t e r  3  

L E E D  s t u d y  o f  t h e  N i ( l l O )  a n d  

N i ( l t l )  s u r f a c e s

3.1 Introduction

In this chap ter exp erim en tal L E E D  data taken fo r  the N i ( l l O )  an d N i ( l  1 1 )  sur­

fa ce s  is com p ared  to theory. A  d e ta ile d  a n alysis o f  the structure o f  cle a n  N i  sur­

fa c e s  is p articu la rly im p ortan t b e ca u se  it  p ro vid es a  b asis fo r  stu d ies o f  the L E E D  

spectra o f  c h e m ic a lly  ad sorb ed  ordered o verlayers o f  atom s or m o le c u le s  on N i  

sin g le  crysta l surfaces. I  w ill  first ou tlin e the exp erim en tal an d  com p u tatio n al is­

sues pertinent to the a n a lysis  an d the results o f  the structural a n a ly sis  w ill  then be  

presen ted and discu ssed .

3.2 Experimental Details

T h e  exp erim en ts w e re  c o n d u cte d  u sin g  a standard ultra h ig h  v a c u u m  ch am b er  

e q u ip p e d  w ith  a ran ge o f  fa c ilitie s  fo r  sam ple preparation an d su rface ch arac-

24
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lerisation togeth er w ith  a co m p u te r co n tro lled  L E E D  diffractom eter. T h e  b ase  

pressure o f  the ch am b er w a s ty p ic a lly  1  x 1 0 -10  m bar. T h e  N i  crysta ls  w e re  cu t  

b y  spark erosion fro m  a c ry sta l in itia lly  orien tated b y  X -r a y  L a u e  align m en t. T h e  

surface w a s then p o lish e d  u sin g  p ro g re ssiv e ly  fin er grad es o f  d ia m o n d  p aste to 

p ro d u ce a m irror finish. A fte r  in sertion in to v a c u u m  th e crysta ls  w e re  c le a n e d  and  

p o lish in g  d a m a ge  w a s r e m o v e d  b y  repeated c y c le s  o f  sp u tterin g w ith  I k e V  A r+ 

ion s an d subsequ en t an n e a lin g  to 9 0 0 K . T h e  tem peratu re w a s m o n ito red  u sin g  a  

ch ro m e l-a lu m e l th erm o co u p le  in c o n ta ct w ith  the sam ple. T h e  c le a n in g  c y c le s  

w ere repeated u n til no carbon , o x y g e n , or sulphur (sulphur is  u sed  in  the gro w th  

o f  N i  crystals) w ere d e te cta b le  u sin g  x -r a y  p h o to cle ctro n  sp ectro sco p y an d the  

L E E D  in d icated  a sharp l x l  d iffra ctio n  pattern.

Q u a n titative  L E E D  in ten sities w ere reco rd ed  fr o m  6 0 e V  to 5 0 0 e V  at ro o m  

tem perature u sin g  the O m ic r o n  L E E D s ta r  v id e o  system . N o rm a l in cid e n c e  w a s  

verified  b y  co m p ariso n  o f  sym m e try  eq u iva len t d iffra ctio n  b eam s. T h e  in ten s­

ities w e re  a ccu m u lated  o ve r  n in e runs to im p ro v e  the sig n a l to n o ise  ratio. F o r  

the N i ( l l l )  surface the I V  cu rve s fo r 1 7  d iffra ctio n  b e am s w e re  m easured. T h e  

sym m e try  eq u ivalen t b e a m s w e re  then ave ra ge d  re d u cin g  the b e a m  set to five  s y m ­

m etry in eq u ivale n l b e a m s, n a m e ly  the (0 ,1), (1,0 ), (2,0), (0,2) and ( 1 ,1 ) .  F o r  the  

N i( 1 1 0 )  surface 2 5  b e a m s w e re  c o lle c te d  w h ic h  w e re  ave ra g e d  to p ro d u ce a re­

d u ced  b eam  set o f  nine sym m e try  in eq u ivale n t b e am s the (0 ,1), (1,0 ), ( 1 ,1 ) ,  (0,2), 

(2,0), (2 ,1 ), (1,2 ), (3,0), an d  (3 ,1)

3.3 Computational Issues

T h e  L E E D  calcu latio n s w e re  p erfo rm ed  on a S u n  U ltr a S p a r c l u sin g  the s y m ­

m etrized  au tom ated ten sor L E E D  ( S A T L E E D )  p a c k a g e  [ 9 ,1 0 ] . T h e  p hase shifts
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w ere ca lcu la te d  u sin g the B arbieri/V an  H o v e  p h ase sh ift p a c k a g e  [9 ,10 ]. D iffe re n t  

scatterin g p h ase shifts w e r e  gen erated  for both  the N i ( l l l )  an d  N i( 1 1 0 )  surfaces. 

N in e  p h ase shifts w ere u se d  in the calcu latio n s. T h e  n u m b er o f  p h ase sh ifts u sed  

dep end s on tw o  qu an tities. F ir s tly  the e n ergy ran ge u sed ; T h e  h ig h e r the en ergy  

the m o re p hase shifts h a v e  to b e  in clu d e d  in the c a lcu la tio n . S e c o n d ly  the h igh e r  

the ato m ic n u m ber the larger the n u m ber o f  p h ase shifts required. P revio u s stud­

ies on the N ic k e l  su rfaces h a v e  b e en  p erfo rm ed  w ith  5 p h ase  shifts so 9 is m ore  

than adequate. T h e  b u lk  D e b y e  tem perature w a s  tak en  to b e  4 5 0 K . T h e  real and  

im a gin ary parts o f  the in n er p o ten tial w e re  in itia lly  assu m ed  to b e  V0r = 1 0 e V  and  

V0i = - 4 e V  . T h e  real an d im a g in a ry  parts o f  the in ner p o ten tia l w e re  then ad justed  

as part o f  the o p tim isatio n  proced u re. L E E D  in ten sities w e re  c a lcu la te d  at 2 e V  in ­

tervals. T h e  in terlayer sp a c in g  o f  the top  three layers fo r  the N i ( l  10 ) an d N i ( l  1 1 )  

surfaces w ere a llo w e d  to va ry  as p a il  o f  the o p tim isatio n  proced u re.

3.4 Results and Discussion

P lo tte d  in F igu re s 3 .1 to 3 .5  are the b e st fits o f  th eo ry to exp erim e n t fo r  the N i ( l  10)  

and N i ( l  1 1 )  surfaces.

T h e  fittin g o f  exp erim e n t to th eo ry w a s p erfo rm e d  u sin g  the D a v id so n  F le tch e r  

P o w e ll search algo rithm . T h e  algo rith m  w a s started at several ran dom  p o in ts in  

the param eter sp ace to en su re that the m in im u m  fo u n d  w a s the true m in im u m . T h e  

q u ality  o f  the fit b e tw e e n  exp erim e n t an d theory w as e v a lu a te d  u sin g the P en d ry  

R -fa cto r, the properties o f  w h ic h  are exp la in e d  in ch ap ter 2. T h e  in terlayer sp acin g  

determ ined fro m  the fits to geth er w ith  the o ve ra ll R -fa c to r  are d isp la y e d  in table  

3 .1 . T h e  D e b y e  tem perature w a s op tim ised  at 4 3 5 K  and the im a gin e ry  part o f  

the inner p oten tial w a s fo u n d  to b e  -3 .7 5 e V . T h e  real part o f  the inner p oten tial
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Ni(110)
Expt 

—  Theory

(0,1) R0 = 0.18

(1,0) R_ = 0.20

(1,1) R =0 .14
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Figure 3.1: Graph of the best fit theory to expt IV  curves for the (1,0), (0,1) and
(1,1) diffraction beams for the Ni(110) surface
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-i--------- 1--------- 1--------- r ~
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Figure 3.2: Graph of the best fit theory to expt IV  curves for the (0,2),(2,0) and
(3,0) diffraction beams for the N i(l 10) surface
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Ni( 110)
Expt.

—  Theory 
Overall R„ = 0.18

(1,2) Rp =0.11

(2,1) Rp = 0.14

 1 1 1 r
300 400

Energy (eV)

Figure 3.3: Graph of the best fit theory to expt IV curves for the (2,1),(1,2) and
(1,3) diffraction beams for the N i(l 10) surface
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Energy (eV)

Figure 3.4: Graph of the best fit theory to expt IV  curves for the (1,1),(2,0) and
(0,2) diffraction beams for the N i(l 11) surface
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Figure 3.5: Graph of the best fit theory to expt IV curves for the (1,1),(2,0) and
(0,2) diffraction beams for the N i( lll)  surface
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Param eter N i( 1 1 0 ) N i ( l l l )

R p 0 .18 0 .2 5

d\2 1 .1 5 2.0 3

d23 1.28 2.03

¿ 34 1.2 4 2 .0 3

T ab le  3 .1 :  B e s t-fit  interplanar sp acin gs an d P e n d ry R -fa cto rs, R p o b tain ed  fo r  the  

N i ( l lO )  and N i ( l l l )  surfaces. d12,dr23 an d d?A represent the d istan ces fro m  the  

first to seco n d , se co n d  to third and third to fou rth  N i  layers resp ectively.

w as also ad ju sted  d u rin g the fittin g p roced ure. A lth o u g h  the real part o f  the inner  

p oten tial con tain s in fo rm a tio n  ab o u t the w o rk  fu n ctio n  an d fe rm i e n e rg y  o f  the  

m aterial it  is v e ry  rarely quoted. T h is  is  b e ca u se  in  co m p u te rise d  setups it  is  

co m m o n  fo r  a fix e d  e n e rg y  d iffe re n ce  to d e v e lo p  b e tw e e n  the actu al electro n  gu n  

en e rg y and the co m p u ter reco rd ed  energy. T h is  is m e re ly  a calib ratio n  p ro b le m  

but it  is rarely fixed  !!!!.

P revio u s studies o f  the N i ( l l l )  su rface  h ave  b e e n  carried o u t u sin g  b e tw e e n  

three and fiv e  d iffra cte d  b eam s fo r  the an a lysis  [ 1 - 3 ]  . T h e se  studies c o n clu d e d  

that the su rface layers are n ot con tracted  b u t rem ain at their b u lk  valu es, i.e. 2 . 0 3 A .  

T h is  result is co n siste n t w ith  our resu lt an d th e ge n e ral trend o b served  in  f c c ( l  1 1 )  

surfaces fo r w h ic h  little  or no re la xatio n  o f  the su rface la y e r  is ge n e ra lly  e x p e c ­

ted or o b se rve d  [4 —6 ] .  T h e  results fo r  th e N i ( l l O )  surface are also  in e x c e lle n t  

agreem en t w ith  p revio u s studies [ 1 , 7 , 8 ] .  T h e  N i ( l l O )  su rface structure is fo u n d  

to e x h ib it a  d a m p e d  o scilla to ry  re la xatio n  o f  the in terlayer sp acin gs o f  A dl2 =  

- 7 .3 % ,  A ¿23 =  + 2 .4 %  and A d34 =  - 0 .8 % .  T h e  results fo r this stu d y are com p ared  

w ith  p revio u s results in  table 3 .2

T h e  results o f  the an alysis a lth o u gh  co n sisten t w ith  p revio u s w o rk  d id  not 

p rod u ce e x c e p tio n a lly  g o o d  R -fa cto rs. T h ere  are b o th  exp erim en tal and theoret-
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Param eter T h is  W o rk A d a m s  [7] F eid e n h a n s [8]

A c?12 - 7 .3 % -8 .7 % -4 .8 %

A i /23 + 2 .4 % + 3 .0 % + 2 .4 %

A  r/34 -0 .8 % -0 .5 % B u lk

T a b le  3.2: C o m p a riso n  o f  the results o f  this stu d y o f  th e N i ( l l O )  su rface  w ith  p re­

vio u s studies o f  this surface. A d represents the d iffe re n c e  b e tw e e n  the in terlayer  

sp acin g fo u n d  fro m  exp erim en t an d the b u lk  N i ( l  10 )valu e.

ic a l reason s fo r  this. A n  essen tial p art o f  an y L E E D  e x p erim e n t is  the a b ility  to  

a ch ie ve  norm al in cid e n c e  to an a c c u ra cy  o f  0 .1 ° .  N o rm a l in cid e n c e  is a c h ie v e d  

b y  a d ju stin g the c ry sta l u n til the sym m e try  e q u iv a le n t b e am s are id en tical. T h is  

com p ariso n  is also  p e rfo rm e d  b y  e stim a tin g  the P e n d ry R -fa c to r  o f  e q u ivalen t  

beam s. T h e  R -fa c to r  resu ltin g fro m  c o m p a riso n  o f  sym m e tric  b e a m s sh o u ld  b e,  

a cco rd in g to a gen eral ru le  o f  thum b <  0.02. In  figu re 3 .6  an d  3 .7  the raw  data  

fo r  the (0 ,1) and (1,0 ) d iffra ctio n  b e am s fo r  th e N i ( l l l )  su rfa ce  are show n . It can  

b e  c le a rly  seen  that there are b o th  in te n sity  an d  p e a k  p o sitio n  d iffe re n ce s b e tw e e n  

the b eam s w h ic h  is a  c le a r  in d icatio n  that the c ry sta l is n o t a lig n e d  at n o rm al in ­

cid e n ce . T h is  stem s fro m  a p ro b le m  w ith  the m an ip u lator u p o n  w h ic h  the crystal  

w a s m o u n ted  and the fa c t that the ch a m b e r w a s n ot p ro p erly  sh ie ld e d  from  stray  

m a gn etic  field s. T h e s e  stray field s can  d e fle ct the in cid en t electro n  b eam . T h e  

sym m e trize d  tensor L E E D  co d e s u se  a te c h n iq u e  k n o w n  as R F S  ( ren o rm alised  

fo rw ard  scattering) to c a lcu la te  the d iffra ctio n  b e a m  in tensities. T h is  m e th o d  b a ­

sic a lly  in v o lv e s  p a ssin g  the ele ctro n  b e a m  fo rw a rd  an d b a c k  through the crysta l  

until the d iffra ctio n  b e a m  in ten sities c o n v e rg e  to som e valu e. T h e  R F S  m eth o d  

o n ly  w o rk s fo r  interplanar sp acin g s greater than 1.2A. T h e  N i( 1 1 0 )  crystal has an 

interplanar sp a cin g o f  1 .2 4 A  w h ic h  is on th e lim it o f  the tech n iq u es ca p a b ilitie s  

and so can  su ffer c o n verg e n ce  p roblem s.
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CHAPTER 3. LEED STUDY OF THE NI(110) AND NI(111) SURFACES

Energy (eV)

F ig u r e  3.6: G ra p h  o f  th e raw  d a ta  fo r th e (1,0 )

Energy (eV)

Figure 3.7: Graph of the raw data for the (0,1)
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3.5 Conclusion

In this chap ter w e  dem on strated that L E E D  is a p o w e rfu l tech n iq u e  fo r  the study  

o f  su rface structures d u e to the w e ll d e v e lo p e d  th eo ry o f  m u ltip le  scatterin g. T h e  

N i ( l l l )  su rface sh o w ed  no c h a n g e  in  the su rface  in terlayer sp a cin g s co m p a re d  

to the b u lk  w hereas the N i ( l l O )  sh o w ed  an o scilla to ry  re la x a tio n  o f  the top three  

layers. T h e  results are co n siste n t w ith  p revio u s w o rk s b u t the resu lts c o u ld  b e  

im p ro ved  w ith  better e xp erim en tal co n d itio n s an d  an a n a lysis  o f  the structure u s­

in g  an altern ative L E E D  c o d e  e.g. L a y e r  D o u b lin g  w h ic h  sh o u ld  im p ro v e  or even  

so lve  the c o n verg e n ce  p ro b lem s.
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C h a p t e r  4  

A n  E v o l u t i o n a r y  S t r a t e g y  f o r  L E E D

4.1 Introduction

M a th e m a tica l O p tim isa tio n  is the fo rm a l title  g iv e n  to the bran ch  o f  com p u tatio n al  

scien ce  co n ce rn e d  w ith  fin d in g the b e st so lu tio n  fo r p ro b lem s in  w h ic h  the q u ality  

o f  an an sw er can  b e  e x p ressed  as a n u m erical valu e. S u c h  p ro b le m s arise in all 

areas o f  m ath em atics, the p h y s ic a l, c h e m ica l and b io lo g ic a l scien ces, e n gin eerin g, 

e co n o m ics  and m a n a gem en t to  n am e a fe w  and the ran ge o f  tech n iq u e s d e sig n e d  to  

so lv e  these p ro b lem s is e q u a lly  as w id e . O p tim isa tio n  tech n iq u es c a n  b e b ro a d ly  

split in to tw o  classes lo c a l an d  g lo b a l. L o c a l tech n iq u es are ge n e ra lly  ap p lied  

w h ere it is k n o w n  that o n ly  on e b e st so lu tio n  exists. G lo b a l search m ethod s are 

co n cern ed  w ith  p ro b lem s in  w h ic h  several g o o d  solution s e x ist b u t o n ly  on e b e st  

solu tion  exists.

L o w  E n erg y  E le ctro n  D iffra c tio n  ( L E E D )  has u n d ergo n e m a n y im p rovem en ts  

o ve r the last num ber o f  years. Increases in sp eed in the an a lysis  o f  L E E D  data  

h ave  b e en  the result o f  tw o  d istin ct efforts. T h e  d e ve lo p m e n t o f  p ertu bative te c h ­

n iques such as T en sor L E E D , K in e m a tic  L E E D , and L in e a r L E E D  has led to h u g e
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in creases in  co m p u ta tio n al sp ee d  co m p a re d  to fu ll  d y n a m ic a l L E E D  ca lcu la tio n s. 

A  p arallel e ffo rt has b e en  in  the d e v e lo p m e n t o f  search strategies fo r  g lo b a l m in ­

im isa tio n  o f  the re lia b ility  fa c to r  (R -fa cto r) that qu an tifies th e a g re em e n t b e tw e e n  

the exp erim en tal an d th eo retical data. It  is the a im  o f  this ch ap ter to p resen t a n ew  

ap p roach  to this p ro b lem .

C le a n  m etal su rfaces, lik e  the N i ( l  10) an d N i ( l  1 1 )  su rfaces d isc u sse d  in  ch ap ter  

2  h a ve  b e en  e x te n siv e ly  stu d ied  in  th e past. It is  w e ll  d o c u m e n te d  that the struc­

tures o f  c le a n  m etal su rfaces g e n e ra lly  u n d ergo so m e re la x a tio n  o f  the outer m o st  

layers b u t the resultin g structure is n o t s ig n ific a n tly  d iffe re n t fr o m  that o f  the b u lk  

crystal. T h e  n um ber o f  param eters in v o lv e d  in  a c le a n  m e ta l structural determ in ­

ation is also  qu ite  sm a ll an d so T en so r L E E D  or a s im p ly  g r id  search can  b e  p er­

fo rm ed  to fin d a structural so lu tio n  re aso n ab ly  q u ick ly . R e c o n stru c te d  surfaces are  

sign ifica n tly  m ore c o m p le x  an d  R -fa c to r  m in im isa tio n  b e c o m e s  a  d iffic u lt p ro b ­

le m  d u e to strong c o u p lin g  b e tw e e n  the structural param eters in v o lv e d  and the e x ­

isten ce o f  m a n y lo c a l m in im a  in  the R -fa c to r  param eter sp ace. F o r  m a n y years the  

b a sic  m eth od  o f  fin d in g the g lo b a l m in im u m  w a s to u se  an e x h a u stiv e  grid  search. 

Im p rovem en ts c a m e  w ith  th e a p p lica tio n  o f  steep est d e c e n t m e th o d s [ 1 ,2 ]  .T h e se  

m eth od s w o rk ed  w e ll in  fin d in g  m in im a  but to fin d  the true g lo b a l m in im u m  the  

search has to be started fro m  several ra n d o m ly  ch o se n  param eters, the lo w e st m in ­

im u m  fo u n d  b e in g  tak en  as the g lo b a l m in im u m . T h is  is the so c a lle d  ’ ’m u ltip le  

lau n ch ”  approach. A  re v ie w  o f  standard search strategies and th eir ap p licatio n  to  

L E E D  c a n  b e  fou n d  in referen ces [ 1 ,2 ] .  T w o  gen eral c la sse s o f  m eth od s h a ve  

b e en  d e v e lo p e d  to so lv e  su ch  g lo b a l m in im isa tio n  p ro b lem s. T h e s e  are sim u lated  

an n ealin g (S A )  [3] and w h a t c o u ld  b e  c a lle d  b io lo g ic a l a lgo rith m s. B io lo g ic a l a l­

gorithm s a im  to fin d the g lo b a l m in im u m  b y  m im ic k in g  to so m e e x te n t b io lo g ic a l
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processes. E x a m p le s  o f  th eses are ge n e tic  algo rith m s »evolutionary strategies and  

N e u ra l netw orks.

4.2 Review of Current Global Search Methods

4.2.1 Simulated Annealing

T h e  sim u lated an n ealin g alg o rith m  is a  tech n iq u e that h as attracted a lo t o f  atten­

tion  in the last fe w  years as it  is a  robu st o p tim isatio n  tech n iq u e  su itab le fo r  large  

scale  op tim isation  p ro b le m s, e sp e c ia lly  p ro b lem s in  w h ic h  th e d esired  g lo b a l m in ­

im u m  is lo ca ted  a m o n g  m a n y sh allo w er lo c a l m in im a. T h e  sim u la ted  an n ealin g  

algo rithm  is w h a t is  c a lle d  a  p ro b a b ilistic  h ill-c lim b in g  a lgo rith m . T h is  m ean s that 

du rin g the search p ro cess th e m o v e s that in crease the R -fa c to r  (u p h ill m o ve s) are 

a ccep te d  in ad dition to m o v e s w h ic h  d ecrease the R -fa c to r  (d o w n h ill m o ve s).T h is  

is the cen tral p o in t that e n a b le s the search alg o rith m  to lo c a te  the g lo b a l m in im u m  

a m o n g all the other lo c a l m in im u m . A t  the heart o f  the S  A  alg o rith m  is the M e tr o ­

p o lis  criterion w h ic h  co n tro ls the a ccep tan ce  p ro b a b ility  o f  e v e r y  ’ ’u ph ill”  step in  

the search. Startin g fro m  an in itial p o in t x t a ran do m  step d x  is  ch o se n  le a d in g  to 

a n ew  p o in t x : . T h e  c h a n g e  in the R -fa c to r  A R  =  R (x ,)-R (.x 'i) is  evaluated . I f  the  

fu n ctio n  ch a n g e  is n e g a tive  ( A R  <  0) i.e. a  better p o in t has b e e n  fou n d , the m o ve  

w ill b e  a ccep te d  and Xj w i ll  b e  a better a p p ro xim atio n  to the m in im u m  that X{. I f  

the ch a n g e  is p o sitiv e  ( A R  >  0) a  p oorer p o in t has b e en  fo u n d . T h is  p o in t w ill  be  

accep ted  w ith  a p ro b a b ility  g iv e n  b y  the B o ltz m a n n  distribu tion  P ( A R )  =  e ~ > " .  

T h e  accep tan ce o f  b a d  p o in ts is essen tial to fin d in g the g lo b a l m in im u m  as other­

w ise  the algo rithm  can  g e t  trapped in  a lo c a l m in im u m .

T h e  p ro b ab ility  is c o n tro lle d  b y  the d im e n sio n less p aram eter T, an artificial
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tem perature. T  is  in itia lly  set h igh  to a llo w  large steps around the param eter sp ace  

and is grad u ally  d ecreased  d u rin g the search. T h e  S A  a lg o rith m  is  b a s ic a lly  a 

search b ased  on ra n d o m ly ch o se n  steps accep te d  or re je c te d  a c c o rd in g  to  the M e t ­

rop olis criteria to geth er w ith  a gradu al red u ction  o f  the tem perature T. T h e  m ain  

issu e regard in g the p erfo rm an ce  o f  sim u lated  an n e a lin g  is  to lo w e r the tem per­

ature as fast as p o ssib le  w h ile  ensu rin g that o n e d o e s n o t g e t  trapped in  a lo c a l  

m in im um . T h e  b a sic  o u tlin e o f  the sim u lated an n e a lin g  alg o rith m  is p resen ted  in  

figu re 4 .1

4.2.2 Genetic Algorithms

G e n e tic  A lg o r ith m s  e sse n tia lly  sim u late the natural e v o lu tio n  o f  liv in g  organ ism s. 

A t  the b e g in n in g  the user o f  a  G A  has to d e v ise  a w a y  to e n co d e  p o ssib le  solution s  

o f  the op tim isation  p ro b le m  in to  b it  strings, ea ch  b it string is  c a lle d  a ’ ’ch ro m o ­

som e” . A  ’ ’fitness v a lu e ”  h as to b e  d efin ed  as a  m easu re o f  the ch ro m o so m es  

p erfo rm an ce in the p ro b lem . T h e  g o a l is to m a x im ise  this fitness.

In itially  a  ra n d o m ly  c h o se n  ’ ’p op u latio n ”  o f  c h ro m o so m e s is created. T h e  

ch ro m o so m es in  this first ’’gen eratio n ” , are ch o se n  ran d o m ly in the sense that 

th ey are distributed ab o u t th e param eter sp ace o f  the p ro b lem . U s in g  a se le c ­

tion rule that c o m b in e s c h a n c e  and a p referen ce fo r  ch ro m o so m e s w ith  a h ig h  

fitness, several pairs o f  ch ro m o so m e s are se le cte d  as ’ ’parents”  fo r  the creation  

o f  the n ext generation. T h e  ch ro m o so m es (b it strings) o f  the parents are sp lit at 

som e p oin t and their parts co m b in e  to p ro d u ce  tw o  n e w  ch ro m o so m es in  a p ro ­

cess c a lle d  crossover. E a c h  p arent therefore han ds so m e  in fo rm atio n  to the n e x t  

generation. O c c a s io n a lly  so m e o f  the bits in a ch ro m o so m e  are ran d o m ly in verted  

thus sim u latin g ’’m u tatio n ”  in  nature. In this w a y  a n ew  gen eration  is p ro d u ced
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Initial Guess 
I niUil Temperature TO

A New parameter 
is randomly selected 

x=x+dx

Cost function
is evaluated

C(new) < C(old) ?

Downhill Move Metropolis Criterium
rand <= cspi-de/t)

Cooling Cycle ? The move is rejected

Temperature 
is reduced Con vergence ?

F ig u re  4 .1 :  A  ge n e ra l o v e r v ie w  o f  the S im u la te d  A n n e a lin g  algo rith m
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N th  G e n e ratio n  N th  +  1 G e n e ra tio n

R p b it code Rp bitcode

0.1258 010110001101111000001 0.0351 011000001010101000001
0.1422 o n o o o o o K m m m i o o 0.1113 011000101000111001010

0.1541 011000001000011000011 0.1142 011000001000111001010

0.1554 010010001101111000001 0.1218 011010101001111000001

0.1668 011000001000101001111 0.1258 010110001101111000001

0.1730 011000001101101000001 0.1422 011000001000101001100

0.2042 010000001101111000001 0.1422 011000001000101001100

0.2146 011010101000101010000 0.1478 010001000110111100000

0.2515 011010100111001000010 0.1505 011010001000011000010

0.2584 010010001070707000077 0.3630 010010001000101001100
0.2612 011100101000111001010 0.4476 010010000111001010010

T ab le  4 .1 : E x a m p le  o f  th e cro sso ve r p roced u re u se d  in  G e n e tic  A lg o r ith m s  T h e  

ch ro m o so m e fragm en ts p rin ted  in italics and b o ld  letters in  the N th  gen eratio n  re­

c o m b in e  to fo r m  the ita lic  an d b o ld  p rinted ch ro m o so m e s in  th e N th + 1 gen eration  

N o te  that m u tation  has o c c u re d  in  the fo rm atio n  o f  the N th + 1  ita lic  ch ro m o so m e

that replaces the p revio u s gen eration. T h e  p ro cess o f  p ro d u c in g  n ew  gen erations  

is then rep eated  u n til a  term in atio n  criteria is fu lfille d . F o r  m o re d etails ab out  

G e n e tic  algo rith m s see [ 1 1 ]

4.3 Review of Global Search Methods in LEED

R o u s [3] w a s the first to a p p ly  true g lo b a l m in im iza tio n  tech n iq u es to L E E D  

w ith  the a p p licatio n  o f  the sim u la ted  a n n e alin g  tech n iq u e to the I r ( l  1 0 ) -( 2 x l)  sur­

fa c e  [5]. T h is  surface h as sin ce  b e en  u sed  as a b en ch m ark  fo r  an y g lo b a l search  

tech n iqu e as it  co n ta in s 4 1  lo cal m in im a  b e sid e s  the g lo b a l m in im u m . In the  

I r ( 1 1 0 ) -( 2 x l)  [5] su rface structure there arc 1 1  param eters b u t fo r the structural 

an alysis o n ly  three param eters, the in terlayer sp a c in g  b e tw e e n  the first and seco n d
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l a y e r s ,  t h e  s p a c i n g  b e t w e e n  t h e  s e c o n d  a n d  t h ir d  l a y e r s  a n d  t h e  r o w  p a i r in g  i n  t h e  

s e c o n d  l a y e r  w e r e  u s e d .  T h e  s e a r c h  w a s  c o n d u c t e d  o v e r  a l A x l A x l A  p a r a ­

m e t e r  s p a c e  i n  0.05 A  s t e p s .  T h i s  i s  e q u i v a l e n t  t o  s o m e  8000 s t r u c t u r a l  e v a l u a t i o n s  

b e i n g  n e e d e d  f o r  a n  e x h a u s t i v e  g r id  s e a r c h .

R o u s [5] fou n d  that ap p lica tio n  o f  an u n o p tim iz e d  sim u la te d  a n n e alin g  a lgo rith m  

resulted in  4000 structures b e in g  n e e d e d  on a v e ra g e  to fin d  th e g lo b a l m in im u m , 

a 5 0 %  sa v in g  in  co m p u ta tio n a l tim e w h e n  co m p a re d  w ith  an e x h a u stive  search  

strategy. A s  S A  is  a sto ch astic  m eth od  the n u m b er o f  structures w h ic h  h a v e  to  

b e  evalu a ted  to lo c a te  the g lo b a l m in im u m  w ill d e p e n d  o n  th e c h o ic e  o f  an in itial 

starting p oin t. T h e  m o st c o m m o n  w a y  to e v a lu a te  a search  a lgo rith m  is to run  

the sim u lation a  n u m b er o f  tim es an d fin d  the a v e ra g e  n u m b er o f  runs requ ired  

to find the g lo b a l m in im u m . R o u s, h o w e ver, e v a lu a te d  the e ffic ie n c y  o f  g lo b a l  

search m eth od s in  a d iffe re n t m anner. H e  ask e d  h o w  m a n y fu n ctio n  evalu a tio n s  

are requ ired to a lw a y s  fin d  the m in im u m  or to fin d  th e m in im u m  w ith  a  g iv e n  

p rob ability. T o e valu a te  the e ffic ie n cy  o f  the S A  algo rith m  a statistical distrib u ­

tion  o f  the n u m b er o f  structural evalu atio n s n e e d e d  to  fin d  th e glo b a l m in im u m  fo r  

1000 ran do m  starting p o in ts, i.e. structures w a s gen erated . F r o m  this distribution  

R o u s [3] d eterm in ed  that alth o u g h  40 00 fu n ctio n  e va lu a tio n s w e re  n eed ed  on a v ­

erage to lo ca te  the g lo b a l m in im u m  the p ro b a b ility  o f  fin d in g  the g lo b a l m in im u m , 

P g i o b a U  w ith  4000 structural evalu atio n s w a s 0.9. O p tim iza tio n  o f  all param eters  

in v o lv e d  in  the S A  e n a b le d  h im  to fin d  the m in im u m  w ith  a p ro b a b ility  Pgiobai o f  

0.9 w ith  800 structure evalu a tio n s w h ile  2 5 0 0  structures w e re  n eed ed  to attain a

P g l o b a l  Close tO 1.

A n  altern ative g lo b a l strategy b a se d  on an R -fa c to r  d ep en d en t gau ssian  d istri­

bution o f  structures w a s d e v e lo p e d  b y  K o ttc k e  an d H e in z  [6J. T h is  m e th o d  has
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the distin ct a d van ta ge o f  u sin g  the m o re c o m p u ta tio n a lly  e ffic ie n t T en so r L E E D  

thereby im p ro v in g  the req u ired  co m p u ta tio n al tim es. H o w e v e r  this m e th o d  is  in ­

efficien t w h en  u sin g  lo w  num bers o f  param eters a n d  is  restrictive in p aram eter  

ranges. F o r e x a m p le  this m eth o d  w a s a p p lie d  to the I r ( 1 1 0 ) - ( 2 x l)  w ith  o n ly  the  

top tw o  in terlayer sp a cin g s varied in 0.05 steps o v e r  a ran ge o f  ±  0.4A. T h e y  

fo u n d  that 3 3 0  structural evalu atio n s w e re  n e e d e d  to  fin d the g lo b a l m in im u m  

w hereas an exh au stive  grid  search w o u ld  o n ly  ta k e  2 5 6  structures. T h e  e ffic ie n c y  

o f  the m eth o d  in creased  as the nu m ber o f  param eters in creased  but the ran ges o ve r  

w h ich  the param eters w e re  varied  also  d ecreased  m a k in g  it d iffic u lt to assess the  

q u ality  o f  the search. T h e  p ro b lem  w ith  u sin g  T en so r L E E D  fo r  o p tim iza tio n  is  

that it  is first and fo re m o st an  ap p roxim ation  m eth o d . T en so r L E E D  ca n  gen erate  

the gen eral shape o f  the param eter sp ace an d in  this w a y  it can  lo ca te  the m in ­

im um , b u t the R -fa cto rs  p ro d u ced  can d iffe r  sign ifican tly. F o r  e x a m p le  i f  the b est  

b it R -fa c to r  is at a d istan ce 0 .2  fro m  the start p o in t the T en sor L E E D  algo rith m  

w ill  find the m in im um  and estim ate th e R -fa c to r  as 0 .3. I f  the search is restarted  

on the m in im u m  the sam e result is fo u n d  b u t the a c c u ra cy  im p ro ve s an d  the R -  

facto r drops to 0 .25. T h is  m akes it d iffic u lt to u se  in  a g lo b a l search b e ca u se  not 

o n ly  do es the m eth o d  h a v e  to con ten d  w ith  a  p aram eter sp ace w ith  several m in im a  

b ut the a lgo rith m  w ill  p ro d u c e  spurious R -fa c to rs  fo r  trial structures.

W h ile  research w o rk  in to  E v o lu tio n a ry  S trate gie s d e tailed  in  this thesis w as  

u nderw ay, D o ll  an d V an H o v e  [4] in d e p e n d e n tly  a p p lie d  G e n e tic  A lg o r ith m s  to 

the p roblem . T h e y  fo u n d  that for the I r ( 1 1 0 ) - ( 2 x l)  [5] structure th ey c o u ld  lo ca te  

the g lo b a l m in im u m  w ith  an avera ge o f  3 1 4  structural evalu atio n s, w ith  800 struc­

tures b e in g  n eed ed  to a c h ie v e  a P g i 0 b a i in d istin g u ish a b le  fro m  1 (0.9998). T h is  

is a co n sid erab le  im p ro ve m en t on the S im u la te d  A n n e a lin g  m eth o d  [3]. It w as
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su g ge sted  b y  D o ll  and Van H o v e  [4] that an E v o lu tio n a ry  S tra te g y  (E S ) m ig h t  

im p ro ve further on th e G e n e tic  A lg o r ith m  ap p roach . A n  e x tre m e ly  sim p le  and  

p ro m isin g E v o lu tio n a ry  S tra te g y  is the D iffe re n tia l E v o lu tio n  m e th o d  d e v e lo p e d  

b y  S to m  and P rice  [7]. T h is  m eth o d  is v e ry  fa st an d  re m ark a b ly  sim p le  an d  is  

d escrib ed  in the n ext section .

4.4 Differential Evolution

4.4.1 Overview

D iffe re n tia l E v o lu tio n  (D E )  is a  g lo b a l search  strategy w h ic h  in  its  s im p lest fo r m  

w orks as fo llo w s . G iv e n  a  num ber o f  param eters D , on e in itia lly  creates an ar­

ray o f  N P, D  d im e n sio n al real v a lu e d  vectors. E a c h  m e m b e r o f  the v e c to r  corres­

p onds to a p aram eter in the L E E D  an alysis. T h e s e  param eter ve cto rs are ran d o m ly  

ch osen  and sh o u ld  u n ifo rm ly  c o v e r  the entire p aram eter space. T h is  array o f  v e c ­

tors is referred to as a target p o p u latio n  and e a c h  subsequ en t target p o p u la tio n  

created is referred to as a gen eration. T h e  R -fa c to r s  o f  each  o f  the param eter v e c ­

tors o f  this in itial target p o p u latio n  are evalu ated . F o r  a p articu lar target vector, 

three vecto rs are selected  at ran dom  fro m  the target p op u lation . A  m u tant v e cto r  

is created fro m  th ese b y  ad d in g the w e ig h te d  d iffe re n ce  o f  tw o  o f  the vecto rs to  

the third. F r o m  this m u tan t v e cto r a  trial v e cto r  is  created  b y  ra n d o m ly  m ix in g  

param eters fro m  the m u tant v e cto r an d the target v e cto r  in  a cro sso ver p roced ure. 

T h e  R -fa c to r  fo r  this trial v e cto r  is then e va lu a te d  an d i f  it has a  fitness better than  

that o f  the target v e c to r  it w ill  re p la ce  the target v e cto r  in the n ext p o p u latio n . 

T h is p roced ure is re p e a le d  fo r e ve ry  m e m b e r o f  th e current target p o p u latio n . In  

this w a y  a n ew  target p o p u latio n , or gen eratio n  is created. T y p ic a lly  this p ro ced -
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r
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F ig u re  4.2 : A  gen eral o v e rv ie w  o f  the D iffe re n tia l E v o lu tio n  algo rith m

ure is repeated u n til the target p o p u latio n  co n verg e s  tow ards so m e  o p tim u m  set o f  

param eters. T h e  p ro cess is  o u tlin ed  d ia g ra m m a tic a lly  in  figu re 4 .2  an d in  the n e x t  

section  e a ch  step o f  the p ro ccss sh all b e  d isc u sse d  in m ore d etail.

4.4.2 Population Initialisation

T h e  m o st co m m o n  ap p ro ach  is to gen erate a  u n ifo rm  ran do m  distribution  o f  v a l­

ues ab o u t the param eter sp ace, or a ltern ative ly  a ga u ssia n  d istrib u tion  ab o u t som e  

estim ated  ’ ’b e st” p aram eter set c o u ld  b e  u sed . B o th  m eth od s h a v e  b e en  in v e stig ­

ated here the results o f  w h ic h  w ill  b e  d iscu sse d  later.
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4.4.3 Mutation

In the in troduction to this section  an o u tlin e w a s  g iv e n  o f  the sim p lest D E  m eth od , 

w h e re b y three ve cto rs w e re  u sed  to gen erate a  target vector. A n  altern ative m eth od  

for gen eratin g target ve cto rs is  to ad d  the w e ig h te d  d iffe re n ce s  o f  fo u r ran d o m ly  

ch o sen  ve cto rs to th e b e st m em b er o f  a p o p u la tio n  (2). (T h e  b e st m e m b e r is  the  

m em b er o f  the p o p u la tio n  w ith  the lo w e s t R - f a c t o r ) . In  stricter term s, fo r  ea ch  

target v e cto r «,• o f  d im en sio n  D  w h ere i = l , 2  . . . N P  a m u tan t v e cto r  ?;,■ ca n  b e  

gen erated b y  either

V i  =  x i  +  F  ■ (x 2  -  x 3 ) (4 .1)

V i  =  X b e s t  +  F  ■ ( x  1 +  ®2 -  *1 -  x 2 ) (4.2)

w h ere x i  ,  x 2  ,  x 3  ,  x 4 are fo u r d iffe re n t v e cto rs  ra n d o m ly ch o se n  fro m  the  

p op u lation . F  is a real fa cto r  that con tro ls the siz e  o f  the v e c to r  d iffe re n ce , and  

is  e m p iric a lly  ch o se n  to b e  greater than 0 an d  less than 2.0. T h e  m o st c o m m o n  

valu es u sed  are b e tw e e n  0.5 and 1.0. H o w e v e r  th e v a lu e  o f  F  c a n  b e  fine tu n ed  to  

op tim ise  the p erfo rm a n ce  o f  the D E  a lgo rith m  for a  p articu lar c o s t  fu n ctio n . T h e  

tw o  m utation sch em es d e scrib ed  a b o v e  sh all b e  referred to as D E  m e th o d  (1 )  and  

D E  m eth od  (2) re sp ectively. B o th  m eth od s w e re  in ve stig a te d  an d  the e ffe c ts  o f  

in itial p o p u la tio n  c h o ic e  w e re  in vestiga te d  fo r  m e th o d  (2) an d  are d iscu sse d  later.

4.4.4 Crossover

To in crease d iversity  in  the trial p o p u la tio n  a cro sso ver operation is in tro du ced  

such that a trial v e cto r  is  fo rm ed  b y  ra n d o m ly  in te rch a n g in g the in d ivid u al  

param eters o f  the target vector, x ,  and m u tan t v e c to r  v ; a cco rd in g  to,
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Vij i f  ran d o m  no. <  C R  or j  =  a ran d o m  v e cto r  in d e x  
Uij =  { (4.3)

Xij i f  ran do m  no. > =  C R  an d j  !=  a ran d o m  v e c to r  in d e x

C R  is the cro sso ve r p ro b a b ility  [0 >  C R  <  1] w h ic h  is d eterm in ed  b y  the user. 

T h e  c h o ic e  o f  C R  d ep en d s on the D E  m e th o d  u sed. T h e  u se  o f  the ra n d o m ly  

ch o sen  in d e x  j  =  1 , 2 , . . .  D  to d eterm in e w h eth er cro sso ver o ccu rs is to ensure  

that the trial v e cto r  m  , co n ta in s at lea st o n e p aram eter from  th e m utant v e c to r  Wj.

4.4.5 Selection

T o d e c id e  w h eth er the trial v e cto r  sh o u ld  b e c o m e  a m e m b e r o f  th e n e x t gen eration , 

the R - factors o f  the trial an d the target v e c to r  are com p ared . T h e  v e cto r  w ith  the  

lo w e st R - facto r is  k e p t an d b e co m e s a m e m b e r o f  the n e x t gen eration . In the  

fo llo w in g  a n alysis the P e n d ry R -fa c to r  w a s u se d  to co m p a re  IV -sp e c tra  but in  

p ractice  an y R -fa c to r  can  b e  ap p lied .

4.5 Ir(110)-(2xl) Missing Row - Row Pairing Model

A s  o u tlin ed  in 4 .3  the I r ( 1 1 0 ) - ( 2 x l)  [5] h as b e en  u se d  to test the e ffic ie n c y  o f  

g lo b a l search algo rith m s in L E E D . In order to co m p are  D iffe re n tia l E v o lu tio n

[7] to altern ative algo rith m s the I r ( 1 1 0 ) - ( 2 x l)  [5] structure w a s  also  u se d  in this  

w ork. T h e o re tic a l IV -cu rv e s  w e re  gen erated  for the k n o w n  structure o f  I r ( l lO ) -  

(2 x 1 )  [5] an d u se d  and u se d  as p seu d o -ex p e rim e n ta l data. S ix  in tegral order and  

five  h a lf  order spots o ver a ran ge 4 5  e V  to 2 5 0  e V  w ere u sed. T h e  D iffe re n tia l  

E v o lu tio n  m eth o d  w a s a p p lie d  to the standard V an H o v e  an d T o n g  co d es  [10 ]  

T h e  tw o  form s o f  the D E  m eth od , (1 )  an d (2), m en tio n ed  a b o v e  w e re  tried and
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F ig u r e  4 .3: S c h e m a tic  D ia g ra m  o f  th e m u tatio n  an d cro sso ve r p ro cesse s in  the  

D iffe re n tia l E v o lu tio n  algo rithm , (a) A  m u tan t v e cto r  i is  fo rm e d  b y  c h o o sin g  

three ran do m  target vecto rs an d  ad d in g the w e ig h te d  d iffe re n c e  o f  tw o  o f  th em  to  

a third v e cto r  (b) A  trial v e cto r  is gen erated  b y  sw a p p in g  the param eters in the  

target v e cto r  w ith  param eters in  the m u tan t vector. S w a p p in g  is d eterm in ed  b y  the  

cro sso ver p ro b a b ility  C R . A  ran do m  n u m b er is  gen erated  fo r  e a ch  p aram eter in  

the vector. I f  this n u m b er is <  C R , then the param eters are sw a p p e d
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the e ffe c ts  o f  in itial p o p u la tio n  c h o ic e  on sp eed  o f  c o n v e rg e n c e  w a s  e x a m in e d  

fo r  D E  m e th o d  (2). F o r  D E  m eth o d  ( 1 )  cro sso ver p ro b ab ilitie s, C R  b e tw e e n  0.1  

and 0.5 w e re  fo u n d  to w o r k  b est. T h e  d a ta  p resen ted  here is  fo r  a p o p u latio n  

o f  20, a cro sso ver p ro b a b ility  C R  o f  0.4 and m utation v a lu e  F  o f  0.5. F o r  D E  

m eth od (2) crossover p ro b a b ilitie s  b e tw e e n  0.5 and 1.0  w e re  fo u n d  to w o r k  best. 

T h e  data p resen ted h ere is fo r  a p o p u latio n  o f  50  a cro sso ve r p ro b ab ility , C R  

o f  0.8 an d  th e m utation v a lu e , F  w a s  ch o se n  to 0.5. T h e  p erfo rm a n ce  o f  the  

algo rith m  dep end s to som e e xten t on the c h o ic e  o f  C R  and F. T h e  cro sso ve r and  

m utation p ro b ab ilities d is p la y e d  w e re  ch o se n  b a se d  on p re v io u s e x p e rie n ce  w ith  

the m e th o d  [9]. F o llo w in g  the m e th o d  o f  referen ces [ 3 ,4 ,6 ]  three param eters, the  

in terlayer sp a cin g b e tw e e n  th e first an d  se co n d  layers, the se co n d  an d third la y e r  

sp acin g an d the ro w  p a irin g in the se co n d  la y e r  w ere va rie d  o ve r  a lA  x  1A  x  lA  

param eter space.

4.6 Results

T o e x a m in e  the e ffic ie n c y  o f  the m eth o d , the statistical distrib u tion  o f  the n u m ­

ber o f  structures e valu a tio n s requ ired to o b tain  the g lo b a l m in im u m  m u st b e  e x ­

am ined. T o  gen erate such a  distribution the m eth o d  w a s  e x e cu te d  for 10 0  random  

in itial p op u lation s. T h e  algo rith m  w a s term inated w h en  the b e st p aram eter in  the  

p o p u latio n  w a s w ith in  0.0 5 o f  the actual param eter valu es w h ic h  are k n o w n  a p ri­

ori. (T h is  criteria w a s u se d  in  both  p revio u s op tim isation  m eth o d s [3 ,4 ]) . T h e  

n um ber o f  evalu a tio n s carricd  out is p lo tte d  in h isto gra m  fo rm  in  figu res 4 .5,4 .6  

and 4 .7 . F ittin g  a norm al distrib u tion  to th ese h istogram s, the ave ra ge  n um ber o f  

structural evalu atio n s n eed ed , nav can  b e  determ ined a lo n g  w ith  the varia n ce o f  

the distribution an . T h e  p ro b a b ility  o f  fin d in g  a g lo b a l m in im u m  after a certain
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3rd Layer 

2nd Layer 

Q  1st Layer

F ig u r e  4.4: A  to p  v ie w  o f  th e I r ( 2 x l)  su rface

n u m b er o f  structures, ntoi is fo u n d  fr o m

d i  \ 1 i n t o t  i  1 i x - n a v ) 2 , JPglobaiyntot) =  —F= —  / e x p { - ~    )dx  (4.4)
y / Z T r a n  J - o o  A  c r*

F r o m  th e p lo ts  sh o w n  in  figu res 4 .5  - 4 .7  it  w a s fo u n d  th at D E  m e th o d  (1 )  r e ­

qu ired  n av ± a  =  18 6  ±  86 structures on average. T h is  corresp o n d s to  a p ro b a b ility  

o f  fin d in g  the g lo b a l m in im u m , Pgi0bai o f  0.998 fo r  50 0  structures It w a s  fo u n d  

that D E  m e th o d  (2) req u ired  o n  a v e ra g e  nav ±  a  = 1 8 9  ±  1 2 1  structures w h ic h  

correspo n d s to a  p ro b ab ility , P g i o b a i o f  0.998 fo r  600 structures. D iffe re n tia l E v o l­

u tio n  M e th o d  (2) w ith  a  ga u ssia n  d e v ia te  p o p u la tio n  req u ired  nav ±  a = 1 4 3  ±  12 6  

structures w h ic h  correspo n d s to a  p ro b a b ility , P g i 0 b a i o f  0.998 fo r  60 0  structures.
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No. of evaluations to find global m i n i m u m

Figure 4.5: Histogram resulting from DE method (1) with a uniform initial popu­
lation
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No. of evaluations to find global minimum

Figure 4.6: Histogram resulting from DE method (2) with a uniform initial popu­
lation
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No. of evaluations to find global minimum

Figure 4.7: Histogram resulting from DE method (2) with a gaussian deviate in i­
tial parameter population
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M e th o d  u sed N o . o f  structures P g l o b a l

E x h a u s tiv e  Search 8000 1

S im u la te d  A n n e a lin g 2 5 0 0 0.998

G e n e tic  A lg o r ith m 800 0.998

D E  m e th o d (l) 500 0.998

D E  m eth o d (2) 600 0.998

T ab le  4.2: C o m p a riso n  o f  search strategies as a p p lie d  to th e I r ( 1 1 0 ) ( 2 x l)  su rface  

over a lA  x 1 A  x lA  param eter sp ace

4.7 Discussion

T h e  tw o  D iffe re n tia l E v o lu tio n  m ethod s d iffe r  in  th eir p erfo rm an ce. T h e  standard  

D iffe re n tia l E v o lu tio n  m e th o d  (1)  requires o n ly  a  sm a ll in itia l p o p u latio n , (ty p ic ­

a lly  5 tim es the n u m ber o f  param eters) and several gen eration s, in  this ca se  2 5 ,  

to fin d the g lo b a l m in im u m . In creasin g the size  o f  the p o p u la tio n  fo r  this m eth od  

do es n o t p ro d u ce  a m a rk e d  in crease in  the sp ee d  o f  co n v e rg e n ce . D iffe re n tia l  

E v o lu tio n  m eth o d  (2) h o w e v e r  requires a large in itia l p o p u la tio n , (ty p ic a lly  2 0  

tim es the n u m b er o f  p aram eters), bu t do es not requ ire severa l gen erations, 1 2  g e n ­

erations b e in g  n e e d e d  o n  a ve ra ge  in this case. T h e  results co m p a re  q u ite  fa v o ra b ly  

w h en  com p ared  w ith  p re v io u s g lo b a l search m eth o d s [3 ,4 ] T a b le  4.2.

T h e  D E  m ethod s w e re  4  tim es faster than the S im u la te d  A n n e a lin g  m e th o d  and  

1.3 3  tim es faster than th e G e n e tic  algo rith m

A  gaussian in itia l p o p u la tio n  w a s ch o se n  to see i f  so m e p rior k n o w le d g e  o f  

a syste m  c o u ld  in crease the sp eed o f  co n verg e n ce . C le a n  m e ta l su rface  re la x a ­

tion, fo r e xam p le , d o es n o t v a ry  grea tly  from  the gu e sse d  (b u lk -lik e ) structure. 

T h ere fo re  in this situation it w o u ld  b e  reaso n ab le  to distribute the in itia l para­

m eter estim ates aroun d their b u lk  valu es. It w a s also  h o p e d  that the gaussian  

p op u lation  c o u ld  c o m p le m e n t the ’ fin g e rp rin tin g’ tech n iq u e  [8]. F in g erp rin tin g  is
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a tech n iqu e w h e re b y L E E D  in ten sity spectra m easu red  fro m  an u n k n o w n  su rface  

structure are co m p a re d  to p re v io u sly  stu d ied  structures on the sam e or sim ilar m a ­

terials. It has b e en  sh o w n  that a g o o d  in itia l g u e ss  at a  structure can b e  ob tain ed  

from  this m ethod. H o w e v e r, the results w e re  d isa p p o in tin g . A lth o u g h  the m e th o d  

resu lted  in a sm aller a v e ra g e  num ber o f  trials there w a s q u ite  a  w id e  distrib ution  

w h ic h  resulted in  a large r n u m ber o f  structures b e in g  req u ired  to ach ie ve  a g lo b a l  

m in im u m  to a p ro b a b ility  o f  0.998 w h en  co m p a re d  to D E  m e th o d  (1).

T h e  m a jo rity  o f  the c a lcu la tio n s w e re  d o n e  on a standard P e n tiu m  10 0 M H z  

m a ch in e ru n n in g the L in u x  op eratin g system . A l l  c o d e  w a s  c o m p ile d  u sin g  gn u  

Fortran and on ave ra ge  it  to o k  b e tw ee n  1 8 -2 4  hours to fin d  a  glo b a l m in im u m  

(6 p h ase shifts w e re  u se d  in  the p su e d o -ex p e rm e n ta l d a ta  an d in  the search p ro ­

cess). T h e se  e xe cu tio n  tim es c o u ld  d e fin ite ly  b e  im p ro ve d  u sin g  a g o o d  w o rk sta ­

tion and an o p tim ize d  com p iler. (D o ll and V an  H o v e  q u o te  1 .2 5  hours fo r  a g e ­

netic a lgo rith m  to e v a lu a te  800 structures). T h e  results p resen ted  here show  that 

stoch astic search m eth o d s, such as the D iffe re n tia l E v o lu tio n  a lgo rith m , gre a tly  

redu ce the n u m b er o f  structures to b e  e va lu a te d  an d  p erm it the e valu a tio n  o f  

structural param eters on m o d e st co m p u ta tio n a l fa c ilitie s , an d in a re la tive ly  short 

tim e. A c c u m u la tio n  o f  the statistical d a ta  g iv e n  these co m p u ta tio n a l fa c ilitie s  

w a s le n g th y  and tim e  con sid eration s lim ite d  further in vestiga tio n s o f  th e sca lin g  

b eh avio r o f  the m eth o d  w ith  in creasin g param eters an d o f  fu lly  o p tim iz in g  the  

crossover p ro b ab ility , C R  and m utation rate F. S to m  [7] h as show n that D iffe r ­

ential E v o lu tio n  can  p ro v id e  a 5 0 %  in crease in  sp eed  o ve r a co n ven tio n a l g e n e tic  

algo rithm  so it is re aso n ab le  to assu m e th e v a lu e s  u se d  in  this an alysis are q u ite  

g o o d  alth o u gh  perhaps n o t fu lly  o p tim ize d . It h as b e en  n o te d  that g e n e tic  a l­

gorithm s and other sto ch astic  m eth od s can  fin d  th e gen eral lo catio n  o f  a  g lo b a l
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m in im u m  e x tre m e ly  q u ic k ly  b ut tak e q u ite  a lo n g  tim e  to lo c a te  the actu al m in ­

im um . R o u s |3] su g ge sts  a h yb rid  search strategy, b y  w h ic h  a g lo b a l search  

m ethod is e m p lo y e d  fo r a  co arse  search an d then a d e sce n t m e th o d  is u se d  to fin d  

the m in im u m  e xactly . A  p o ssib le  solu tion  to this w o u ld  b e  to u se the m u tatio n  

rate o f  D E  in a sim ilar w a y  to the artificial tem perature, T, in  S im u la te d  A n n e a l­

in g. In the D E  m e th o d  the size  o f  the m u tation rate c o u ld  b e  varie d  d e p e n d in g on  

the spread o f  param eter valu es. S o  for e x a m p le  a large spread c o u ld  resu lt in  a 

large in itia l m u tation rate bu t as the p o p u latio n  co n verg e s  the size  o f  the m u tatio n  

rate c o u ld  d ecrease such that sm aller steps are tak en  sp ee d in g co n verg e n ce  and  

en a b lin g the actu al g lo b a l m in im u m  to b e  d eterm in ed  q u ite  q u ick ly . T h is  id e a  has  

not b een  tested an d  is an area that requires further research. T h e  m ain  ad van ta ge  

to the D E  m eth o d  is its sheer sim p licity. It requires little  ad d ition al c o d e  to the  

standard V an H o v e  T o n g  co d es and it is e x tre m e ly  robust.

4.8 Conclusion

In this chapter an E v o lu tio n a ry  Strategy, D iffe re n tia l E v o lu tio n  m eth od  has b e en  

ap p lied to the g lo b a l search p ro b le m  in L E E D  an d has b e en  fou nd to b e  an e x ­

trem ely e ffe c tiv e  m eth od  fo r  g lo b a l o p tim izatio n . It is h o p e d  that ap p licatio n  o f  

the algo rith m  to m ore c o m p le x  system s w ill  p ro vid e  in fo rm a tio n  on h o w  the a l­

gorithm  scales w ith  the n u m ber o f  param eters an d p ro v e  its e lf  a  va lu a b le  to o l for  

L E E D  structural an alysis.
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C h a p t e r  5

S u m m a r y  a n d  C o n c l u s i o n

5.1 Summary

In this thesis the ge n e ra l th eo ry an d  a p p lica tio n  o f  L E E D  to th e study o f  su rface  

structure has b e en  ou tlin ed . A s  an e x a m p le  o f  the u se  o f  L E E D  results on the  

N i ( l l O )  and N i ( l l l )  su rfaces h a v e  b e en  p resen ted. T h e  c le a n  N i ( l l l )  su rface  

exh ib its no su rface  re la x a tio n  w h ic h  is to b e  e x p e c te d  o f  c lo s e  p a c k e d  surfaces. 

T h e  N i ( l l O )  su rface  w h ic h  is the m o st op en  o f  th e fa c e  cen tred  c u b ic , fe e , m etal 

fa ce s  show s an o sc illa to ry  re la xatio n  o f  the top th ree N i  layers.

In  L E E D  th eo retical cu rves are co m p a re d  to e x p erim e n t b y  re lia b ility  factors  

or R -fa cto rs. F o r  c o m p le x  system s m u ltip le  solu tion s can  e x ist to a p ro b le m  w ith  

o n ly  on e solution  b e in g  the true solution . T o  d e a l w ith  this p ro b le m  an E v o lu tio n ­

ary S trate gy c a lle d  D iffe re n tia l E v o lu tio n  w a s  a p p lie d  to th e p ro b le m  an d  results  

w ere presented. D iffe re n tia l e vo lu tio n  w a s fo u n d  to b e  e x tre m e ly  fa s t  at fin d in g  

the solution  co m p a re d  to altern ative m eth od s su ch  as S im u la te d  A n n e a lin g  and  

G e n e tic  A lg o rith m s. O v e r a ll the w o r k  p resen ted  in  this thesis has dem on strated  

that L E E D  is a  h ig h ly  accu rate tech n iq u e fo r  d e te rm in in g the structure o f  surfaces
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and c o u p le d  w ith  a g lo b a l search a lgo rith m  such as D iffe re n tia l E v o lu tio n  can  b e  

a p o w e rfu l to o l fo r th e a n alysis o f  su rface stniCtUres.
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